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SYSTEMS, METHODS, AND APPARATUSES RELATED TO VEHICLES WITH
REDUCED EMISSIONS

All subject matter of the Priority Applications and the Related Applications and of
any and all parent, grandparent, great-grandparent, atc. applications of the Priority
Applications and the Related Applications, including any pricrity claims, is incorporated

herain by reference to the extent such subject matter is not inconsistent herewith.

TECHNICAL FIELD

10001] This disclosure relates generally to vehicles with reduced emissions. More

particularly, this disclosure relates 1o sysiems, methods, and apparatuses related to

vehicles with reduced carbon dioxide emissions.

SUMMARY
[0602] This disclosure provides methods of sequestering emissions. A first method
may comprise operating an engine of a vehicle and then combining carbon dioxide from
an exhaust stream of the engine with a host material, and wherein the host material is
compatible with forming carbon dioxide clathrates with the carbon dioxide of the exhaust
stream. The first method may further comprise pressurizing and cocling the exhaust
stream and host material sufficient {o form carbon dioxide clathrates with the carbon
dioxide and the host material. The first method may also further comprise storing
formed carbon dioxide clathrates in an exhaust siorage vessel of the vehicle during
operation of the engine.
(608031 A second method may comprise storing gas clathrates in a clathrate storage
vessel, separating stored gas clathrates into at least one gas and a host material, and
operating an engine of a vehicle utilizing the at least one gas as fuel. The second
method may further comprise combining carbon dioxide from an exhaust stream of the
agnging with host material, wherein the host material is compatible with forming carbon
dioxide clathrates with the carbon dioxide of the exhaust stream. The second method
may further comprise pressurizing and cooling the exhaust stream and the host material

sufficient to form carbon dioxide clathrates with the carbon dioxide and the host
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material. The second method may also further comprise storing formed carbon dioxide
clathrates in the clathrate storage vessel during operation of the engine.

108041 A third method may comprise sioring fuel as a liguid or gas and operating an
engine of a vehicle using the fuel. The third method may further comprise combining an
exhaust stream of the engine with a host malerial, wherein the exhaust stream
comprises carbon dioxide and wherein the host material is compatible with forming
carbon dioxide clathrates with the carbon dioxide of the exhaust stream. The third
method may further comprise pressurizing and cooling the exhaust stream and host
material sufficient to form carbon dioxide clathrates with the carbon dioxide and the host
material. The third method may further comprise storing formed carbon dioxide
clathrates in an exhaust storage vessel of the vehicle during operation of the engine.
[06G05] This disclosure also provides vehicles with reduced emissions. Insome
embodiments, the vehicle comprises a separation systemn operably connected to the
fuel storage vessel and configured to dissociate the gas clathrates info a host material
and at least one gas. The vehicle may further comprise an engine operably conneacted
to the separation system and configured {o utilize the atl least one gas as fuel. The
vehicle may additionally comprise a clathrate formation system operably connected {o
the engine and configured {6 combine carbon dioxide from an exhaust stream from the
engine with host material to form carbon dioxide clathrates. The vehicle may further
comprise an exhaust storage vessel operably connected o the clathrate formation
systermn and configured {o store carbon dioxide clathrates.

108061 In some embodiments, the vehicle comprises a clathrale storage vessel
configured to store gas clathrates and carbon dioxide clathrates. The vehicle may
further comprise a separation system configured to dissociate the gas clathrates into a
host material and at least one gas and an engineg configured to utilize the at least one
gas as fuel. The vehicle may further comprise a clathrate formation system configured
to combine carbon dioxide from an exhaust stream from the engine, with host material
to form carbon dioxide clathrates.

(68871 Insome embodiments, the vehicle comprises an engine, a supply of host
material, and a clathrate formation system operably connecled to the enging, operably

connecied 1o the supply of host material, and configured to combine carbon dioxide
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from an exhaust stream from the engine with the host material to form carbon dioxide
clathrates. The vehicle may further comprise an exhaust storage vessel configured to
store carbon dioxide clathrates.

[6608] Insome embodiments, the vehicle comprises a clathrate storage vessel
configured io store gas clathrates at a first temperalure and a first pressure and an
engine operably connected o the clathrate storage vessel and configured to receive
discharged at least one gas from the clathrale storage vessel. The vehicle may further
comprise an exhaust delivery system operably connecled to the engine and configured
o introduce carbon dioxide from an exhaust stream from the engine into the clathrate
storage vessel at a lemperature and pressure substantially the same as the first
temperaiure and pressure. The clathrate storage vessel may be configured to
discharge the at least one gas and store carbon dioxide clathrates.

[6609] In some embodiments, the vehicle comprises a fuel storage vessel configured
to store gas clathrates and an exchange vessel operably connecied to the fuel storage
vessel and configured to receive the gas clathrates. The exchange vessel may be
configured o maintain the gas clathrates at a first temperature and a first pressure and
may be configured {0 exchange carbon dioxide for at least one gas within the gas
clathrates. The exchange vessel may be configured to discharge the at least one gas
and carbon dioxide clathrates. The vehicle may further comprise an engine operably
connected o the exchange vessel and configured o receive discharged gas from the
gxchange vessel. The vehicle may further comprise an exhaust delivery system
operably connected to the enging and configured to introduce carbon dioxide from an
exhaust stream from the engine into the exchange vessel at a temperature and
pressure substantially the same as the first temperature and pressure. The vehicle may
further comprise an exhaust storage vessel configured to receive the carbon dioxide
clathrates from the exchange vessel.

[6010] This disclosure also provides kits for reducing the emissions of existing
vehicles. The kits may comprise a host material storage vessel and a clathrate
formation system configured for operable connection to an engine of a vehicle,
configured o be operably connected (o the host material storage vessel, and configured

to combine an exhaust stream from the engine with host material to form carbon dioxide
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clathrates. The kits may further comprise an exhausl storage vessel configured o siore

carbon dioxide clathraies.

BRIEF DESCRIPTION OF THE DRAWINGS

100114] Figure 1 illusirates an embodiment of a vehicle configured {o sequester carbon

dioxide emissions.

[6612] Figure 2 illustrates another embodiment of a vehicle configured o sequester
carbon dioxide emissions.

[6813] Figure 3 illustrates another embodiment of a vehicle configured to sequester
carbon dioxide emissions.

[6614] Figure 4 illustrates another embodiment of a vehicle configured to sequester
carbon dioxide emissions.

[6815] Figure 5 illustrates another embodiment of a vehicle configured to sequester

carbon dioxide emissions.

DETAILED DESCRIPTION

[6016] Natural gas is a cleaner-burning fuel compared {o traditional fossil fusls.

However, natural gas at ambient temperatures and atmospheric pressure is a high-
volume gas. For an automobile o store a sufficient amount of natural gas for operation
comparable to that of a gasoline or diesel engine, it has been necessary (o increase the
density of the natural gas. One approach has been o liguefy the natural gas by cocling
the natural gas to about -162 degrees Centigrade. At that temperature, natural gas is a
liquid at essentially ambient pressure. Storage of liquid natural gas (LNG) requires the
use of special cryogenic equipment. Another approach has been to comprass the
natural gas to a pressure of about 200 {o 248 bars. At that pressure and ambient
temperalure, natural gas occupies about 1/100th the volume of natural gas at general
ambient temperatures and pressures. Storage of compressed natural gas (CNG)
requires the use of high-pressure storage vessels.

[6817] Gas clathrates are chemical substances in which certain gas molecules are
trapped in a cage or crystal iattice formed by certain host materials. In many cases, the

gas molecules stabilize the crystal latlice or cage, such thai the crystal Iattice or cage
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may maintain ifs structure at a much higher temperature and lower pressure than would
be possible without the presence of the gas molecules. Methane clathrates, for
gxampie, exist in nature, among other places, under sediments on the ocean floors.
(Gas clathrates may be able (o slore gases, such as methane, at volumes comparable to
CNG, but at much lower pressures and at much higher temperatures than LNG.

[8618] Clathrates can also be formed with carbon dioxide. Carbon dioxide clathrates
can be formed at temperatures and pressures similar to those that form gas clathrales
and with similar host materials.

[6619] Combustion of gas clathrates refers {0 dissociation of gas(es) from the
clathrate host maiterial and then combustion of the gas{es). During the process of
combustion of the gas(es) the host malerial may also be vaporized. This vaporization
does not constitute combustion. However, in some embodiments, the host maierial
may include elements that may be combustible under certain conditions. Dissociation
of gas{es) from the clathrate host material includes any process for separating the
gas{es} from the clathrate host material. This includes diffusion of the gas(es) away
from the solid clathrate host material and/or meiting of the dlathrate host material to
release the gas(es).

i

100201 The phrases “operably connected 1o,” “connected 10,” and “coupled 1©” refer o
any form of inferaction between two or more entities, including mechanical, elecirical,
magnetic, electromagnetic, fluid, and thermal interaction. Likewise, “fluidically
connecied 107 refers to any form of fluidic interaction between two or more entities. Two
entities may interact with each other even though they are not in direct contact with
each other. For exampile, two entities may interact with each other through an
intermediate entity.

[6021] The term “substantially” is used herein to mean almost and including 100%,
including at least about 80%, at least about 80%, at least about 81%, at least about
92%, at least about 93%, at least about 894%, at least about 95%, at least about 96%, at
least about 87%, at least about 98%, and at least about 98%.

16022] This disclosure provides methods of sequestiering emissions. A first method
may comprise operaling an engine of a vehicle and then combining carbon dioxide from

an exhaust stream of the engine with a2 host malerial, and wherein the host material is
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compatible with forming carbon dioxide clathrates with the carbon dioxide of the exhaust
stream. The first method may further comprise pressurizing and cocling the exhaust
stream and host material sufficient to form carbon dioxide clathrates with the carbon
dioxide and the host material. The first method may aiso further comprise storing
formed carbon dioxide ciathrales in an exhaust storage vessel! of the vehicle during
operation of the engine.

[6623] A second method may comprise storing gas clathrates in a clathraie storage
vessel, separating stored gas clathrates info at least one gas and a host material, and
operating an engine of a vehicle utilizing the at least one gas as fuel. The second
method may further comprise combining carbon dioxide from an exhaust stream of the
engine with host material, wherein the host material is compatible with forming carbon
dioxide clathrates with the carbon dioxide of the exhaust stream. The second method
may further comprise pressurizing and cooling the exhaust stream and the host material
sufficient {0 form carbon dioxide clathrates with the carbon dioxide and the host
material. The second method may also further comprise storing formed carbon dioxide
clathrates in the clathrate storage vessel during operation of the engine.

[6624] A third method may comprise sioring fuel as a liguid or gas and gperating an
engine of a vehicle using the fuel. The third method may further comprise combining an
gxhaust stream of the engine with a host material, wherein the exhaust stream
comprises carbon dioxide and wherein the host material is compatible with forming
carbon dioxide clathrates with the carbon dioxide of the exhaust stream. The third
method may further comprise pressurizing and cooling the exhaust stream and host
material sufficient to form carbon dioxide clathrates with the carbon dioxide and the host
material. The third method may further comprise storing formed carbon dioxide
clathrates in an exhaust storage vessel of the vehicle during operation of the engine.
[0825] The methods may further comprise removing stored carbon dioxide from the
vehicle when the vehicle is otherwize not in use. The methods may further comprise
reporting the amount of carbon dioxide removed from the vehicle. By way of non-
Himiting example, the reporting may comprise displaying the amount of carbon dioxide
removed from the vehicle in g location visible to an operator of the vehicle. By way of

non-iimiting example, the reporting may comprise wirelessly reporting the amount of
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carbon dicxide removed from the vehicle {0 an external agency. Likewise, the methods
may further comprise reporting the ratio of carbon dioxide removed from the vehicle 1o
carbon dicxide produced by the engine. By way of non-limiling example, the reporting
may comprise displaying the ratio of carbon dioxide removed from the vehicle to carbon
dioxide produced by the enging in a location visible to an operator of the vehicle. By
way of non-limiting example, the reporting may comprise wirelessly reporting the ratio of
carbon dioxide removed from the vehicle {0 carbon dioxide produced by the engine {0
an external agency.

[6626] In some embodiments of the first and third methods, removing stored carbon
dioxide from the vehicle comprises reducing the pressure and/or increasing the
temperature of the exhaust siorage vessel sufficient to dissociate the carbon dioxide
clathrates stored therein back into carbon dioxide and host material and venting
gaseous carbon dioxide from the exhaust storage vessel. For example, the exhaust
storage vessel may be warmed sufficient to liquely the host material and gasify the
carbon dioxide for venting. Heat to warm the exhaust storage vessel may come at least
partially from a source exiernal {o the vehicle. Heat 1o warm the exhaust storage vessel
may come at least partially from a source internal to the vehicle, such as an electric
resistance heater or from the engine. In some of such embodiments, the engine may or
may not be operating while heat is transferred from the engine o the exhaust storage
vessel. Engine coolant may be circulated from the engine to the exhaust storage vessel
to transfer heat {o the exhaust storage vessel. The exhaust stream may be diverted
from the exhaust storage vessel, vented to atmosphere, and heat from the diverted
exhaust stream transferred {0 the exhaust storage vessel o warm the exhaust storage
vessel.

[6027] Likewise, in some embodiments of the second method, removing stored
carbon dioxide from the vehicle comprises reducing the pressure and/or increasing the
ternperature of the clathrate storage vessel sufficient to dissodiate the carbon dioxide
clathrates siored therein back into carbon dioxide and host material and venting
gaseous carbon dioxide from the clathrate storage vessel.

[0028] The first method may further comprise reusing the dissociated host material

from the exhaust storage vessel to form gas clathrates with additiona!l af least one gas.
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Likewise, the second method may further comprise reusing the host material in the
clathrate storage vessel to form gas clathrates with additional at least one gas.

100291 In some embodiments of the first and the third methods, removing slored
carbon dioxide from the vehicle comprises removing solid carbon dioxide clathrates
from the exhaust storage vessel. Likewise, in some embodiments of the second
method, removing stored carbon dioxide from the vehicle comprises removing solid
carbon dioxide clathrates from the clathrate storage vessel.

18630] The first method may further comprise storing gas clathrates for use as fuel.
The stored gas clathrates may be separated into at ieast one gas and a host material.
The host material may be reused to form carbon dioxide clathrates. The at least one
gas may be used as fuel. In the second method, the host material may also be reused
to form carbon dioxide clathrates.

108311 The second method may further comprise tracking which clathrates comprise
gas clathrates and which clathrates comprise carbon dioxide clathrates. In some
embaodiments of the second method, separating stored gas clathrates comprises
dissociating primarily only gas clathrates without substantially dissociating stored
carbon dioxide clathrates.

[0632] The first and second methods may further comprise exchanging heat from the
exhaust stream to stored gas clathrates in order {6 separate stored gas clathrates info
the at least one gas and the host material and {o also cool the exhaust stream.
Pressurizing the exhaust stream may occur before or after exchanging heat with the
stored gas clathrates. When the pressurizing occurs after, the first and second methods
may further comprise exchanging heat a second time from the exhaust stream o the
stored gas clathrates after the exhaust stream has been pressurized, in order {0 further
cool the exhaust stream.

108331 The methods may further comprise exchanging heat from the exhaust stream
to a heat sink external to the vehicle, such as atmospheric air.

10834] In some embodiments of the third method, the fuel comprises gasoline, diessl,
compressed natural gas, and/or liquefied natural gas.

10835] The gas clathrates may comprise natural gas clathrates, methane clathrates,

ethane clathrates, propane clathrates, and hydrogen clathrates. Accordingly, the at
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least one gas may comprise natural gas, methane, ethane, propane, or hydrogen.
[8636] The host material may comprise water. The host material may further
comprise clathrate stabilizers. Examples of clathrate stabilizers include but are not
imited o carboxylic acids and/or carboxylate-containing compounds, such as lactic
acid, acetic acid, the lactate ion, or the acetate ion; sodium hydroxide and/or a sodium
ion; calcium hydroxide and/or a calcium ion; tetrahydrofuran; a surfactant, such as an
anionic surfactant, such as alkyi sulfates or alkyl aryl suifonates; an aphron; water
soluble salts; clay; oxide particles, such as magnesium oxide particles; organic
compounds, such as phenvl, phenol, alkoxyphenyl, or imidazole-containing compounds.
(86371 This disclosure also provides vehicles with reduced emissions. Figure 1
Hiustrates a vehicle 100 comprising a fuel storage vessel 10 configured fo store gas
clathrates. Vehicle 100 also comprises a separation system 20 operably connected to
the fuel storage vessel and configured to dissociate the gas clathrates info a host
materiai and at least one gas. Vehicle 100 further comprises an engine 30 operably
connected (o the separation system 20 and configured to ulilize the at least one gas as
fuel. Vehicle 100 additionally comprises a clathrate formation system 40 operably
connecied (o the engine 30 and configured o combine carbon dioxide from an exhaust
stream from the engine 30 with host material to form carbon dioxide clathrates. Vehicle
100 further comprises an exhaust storage vessel 50 operably connected to the clathrate
formation system 40 and configured {o store carbon dioxide clathrates.

[6038] Fuel storage vessel 10 may be configured to receive the at least one gas and
the host material and form the gas clathrales within the fuel storage vessel 10, The fuel
storage vessel 10 may be configured to agitate the at least one gas and the host
material at a first temperature and a first pressure compatible with forming the gas
clathrates from the at least one gas and the host matenial. For example, the fuel
storage vessel 10 may comprise a mixing element [ocated within the fuel storage vessel
10 that is configured {o agitate the at least one gas and the host material.

108391 The fuel storage vessel 10 and the exhaust storage vessel 50 may each
independently comprise high-surface-area materials configured for forming clathrates
(i.e., gas clathrales in fuel storage vessel 10 and carbon dioxide clathrates in exhaust

storage vessel 50) on the surface of the materials. By way of non-limiting example, the
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high-surface-area material may comprise a graphene-based material, an activated
carbon, and/or a metal organic framework, such as a bidentate carboxylic comprising
ligand, a tridentate carboxylic comprising ligand, an azole comprising ligand, or a
sguaric acid comprising ligand.

108401  In some embodiments, the fuel slorage vessel 10 is configured o be
detachable and reatiachable from the remainder of the vehicle 100. In such
embodiments, the fuel storage vessel 10 may be configured 1o be exchanged with a
different fuel storage vessel 10 that has been pre-filled with gas clathrates.

108411 The fuel storage vessel 10 may be configured o receive gas clathrates as a
solid andfor as a slurry. The fuel storage vessel 10 may be configured to maintain gas
clathrates as a slurry during storage or as a solid during storage. The solid gas
clathrates may be one cohesive solid or may be solid pelists and/or chunks.

108421 The fuel storage vessel 10 and the exhaust storage vessel 50 may each
independently comprise a refrigeration system configured to maintain an intemal
ternperature of about 0 degrees Centigrade o about 25 degrees Centigrade. The fusl
storage vessel 10 and/or the exhaust storage vessel 50 may be configured to maintain
an internal temperature of about O degrees Centigrade to about 20 degrees Centigrade.
The fuel storage vessel 10 and/or the exhaust storage vessel 50 may be configured to
mainiain an internal temperature of about O degrees Centigrade 1o about 15 degrees
Centigrade. The fuel storage vessel 10 and/or the exhaust storage vessel 50 may be
configured {0 maintain an internal temperature of about O degrees Centigrade to about
10 degrees Centigrade, including from about 4 degrees Centigrade to about 10 degress
Centigrade.

[0843] The refrigeration system for each vessel may independently comprise a heat
pipe. The refrigeration system may also comprise a vapor compreassion system. The
vapor compression system may utilize a chiorcfiucrocarbon, a chioroflucroolefin, a
hydrochlorofluorocarbon, a hydrochloro-fluoreclefin, a hydrofluorooiefin a
hydrochioroolefin, a hydrooiefin, a hydrocarbon, a perflucrosiefin, a perflucrocarbon, a
perchioroolefin, a perchicrocarbon, and/or a halon. The refrigeration system may
comprise a vapor absorption system. The vapor absorption system may ulilize water,

ammonia, and/or lithium bromide. The refrigeration sysiem may comprise a gas cycle

10
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refrigeration system, such a3 one that utilizes air. The refrigeration system may
comprise a stirling cycle refrigeration system. The stirling cycle refrigeration system
may utiize helium. The stirling cycie refrigeration system may comprise a free piston
stirling cooler. The refrigeration system may comprise a thermosleciric refrigeration
sysiem.

[0644] The fuel storage vessel 10 and the exhaust storage vessel 50 may each
independently comprise insulation. The insulation may comprise at least one material
configured to and compatible with maintaining desired temperatures within each vessel.
Examples of such materiais include, but are not limited to, calcium silicate, celluiar
glass, elastomeric foam, fiberglass, polyisocyanurate, polystyrene, and polyurethane,
The insulation may comprise at least one vacuum layer and/or muiti-layer insulation.
The insulation may releasably surround at least a portion of an outer surface of the
vessel and/or the insulation may be altached to at least a portion of a surface of the
vesseal, including an outer and/or inner suface.

[6048] The fuel storage vessel 10 and the exhaust storage vessel 50 may each be
comprised of structural materials configured to and compatible with maintaining desired
termnperatures and pressures within each respective vessel. The structural material may
comprise aluminum, brass, copper, ferretic steel, carbon steel, stainless steel,
polytetrafluorcethylene (PTFE), polychiorotrifiuorcethvlene (PCTFE), vinviidene
poivilucride (PVDF), polyvamide (PA}, polyvpropylene (PP), nitrile rubber (NBR),
chioroprene (CR), chiorofiucrocarbons (FKM), and/or compaosite materials, including
composite materials comprising carbon fibers, glass fibers, and/or aramid fibers.

16047] The fuel storage vessel 10 and the exhaust storage vessel 50 may each
independently be designed {0 maintain an internal pressure of about 1 bar 10 about 30
bar, an internal pressure of about 10 bar to about 30 bar, an internal pressure of about
10 bar {o about 15 bar, an internal pressure of about 15 bar to about 27 bar, or an
internal pressure of about 20 bar to about 27 bar. Each of the vessels may be designed
to leak or vent before burst, Each of the vessels may independently further comprise a
pressure relief device operably connected to the vessel and configured {0 reduce
pressure within the vessel. Examples of g pressure relief device include, but are not

limited to, a pressure relief valve and a rupture disc.

11
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[0048] Vehicle 100 may further comprise a pressurizing device operably connecled (o
the fuel storage vessel 10 and configured to maintain pressure within the fuel storage
vessel 10. Examples of a pressurizing device include a moveable press integrated with
the vessel, wherein the moveable press is configured to maintain pressure within the
vessel, For example, the moveable press may include, but is not limited to, a hydraulic
press or an electromagnetically activated press. In other examples, the pressurizing
device may comprise a compressor. Examples of a compressor include, but are not
fimited to, a centrifugal compressor, a mixed-flow compressor, an axial-flow
COmMpPressor, a reciprocaling comprassor, a rotary screw comprassor, a rotary vane
compressor, a scroll compressor, and a diaphragm compressor.

1084981 Vehicle 100 may further comprise a pressurizing device operably connected o
the exhaust storage vessel 50 and configured to maintain pressure within the exhaust
storage vessel 50. Examples of a pressurizing device include a moveable press
integrated with the vessel, wherein the moveable press is configured to maintain
pressure within the vessel. For example, the moveable press may include, but is not
fimited {o, a hydraulic press or an electromagnetically activated press. In other
gxamples, the pressurizing device may comprise a comprassor. Examples of a
compressor include, but are not limited to, a centrifugal compressor, a mixed-flow
compressor, an axial-flow compressor, a reciprocating compressor, a rotary screw
compressor, a rofary vane compressor, a scrolt compressor, and a diaphragm
COMpPressor.

1085071 Vehicle 100 may further comprise a pressure monitoring device operably
connected o the fuel storage vessel 10 and configured to monitor an intemal pressure
of the fuel storage vessel 10. Yehicle 100 may further comprise a pressure monitoring
device operably connecied t© the exhaust storage vessel 50 and configured 1o monitor
an internal pressure of the exhaust storage vessel 50, In either embodiment, the
pressure monitoring device may independently comprise a piezoresistive strain gauge,
a capacitive sensor, an electromagnetic sensor, a piezoelactric sensor, an oplical
sensor, a potentiomelric sensor, a thermal conductivity sensor, and/or an ionization

SENSor.
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10651] Vehicle 100 may further comprise a heating system configured and located to
impart heat energy to the fuel storage vessel 10. The healing system may be located
internal or exiernal to the vessel. For example, the heating sysiem may be inlegrated
into or atiached [o a portion of a surface of the fuel storage vessel 10, including external
or internal surfaces. The heating system may be configured o transfer heat energy
from the cocolant used to cool the engine 30. Likewise, the heating system may be
configured {0 fransfer heat energy from heat generated by the engine 30 in any fashion,
such as from an exhaust stream generated by the engine 30. Alternatively or in addition
thereto, the heating system may ulilize solar energy, ambient temperatures, electric
resistance heating elements, microwave heating, electromagnetic heating, and/or
dielectric heating to impart heat energy.

18652] Vehicle 100 may further comprise a temperature monitoring system configured
o monifor the internal temperature of the fuel storage vessel 10 and/or the exhaust
storage vessel 0. The temperature monitoring system may comprise a thermostat, a
thermistor, a thermocouple, and/or a resistive temperature detector.

[6653] Vehicle 100 may further comprise an emergency codling system configured to
rapidly cool the fuel storage vessel 10,

10054] Vehicle 100 may further comprise a control system configured to monitor both
pressure and temperature of the fuel storage vessel and to requlate at least one of
pressure and temperature in order {o maintain the gas clathrate within a clathrate
stability range.

[0855] The separation system 20 may comprise a separation vessel operably
connected © the fuel storage vessel 10, In such embaodiments, the separation system
20 may further comprise a valve operably connected between the separation vessel and
the fuel storage vessel 10. The valve may comprise a passive valve, such as, for
gxample, a ball check valve, a diaphragm check valve, a swing check valve, a stop
check valve, or a lift check valve. The valve may comprise an active valve, such as, for
gxample, a globe valve, a butlerfly valve, a gate valve, or a ball valve.

[6056] Vehicle 100 may further comprise a transport device operably connected to
the fuel storage vessel 10 and operably connected to the separation vessel and

configured to transfer gas clathrates from the fuel storage vessel 10 to the separation

13



WO 2015/017267 PCT/US2014/048157

vessel. The transport device may be configured to transport the gas clathrales as a
slurry and/or as a solid, such as solid chunks or pellets.

108571 The transport device may be at least partiaily located inlernally within the fuel
storage vessel 10. Likewise, the transport device may be at least partially external to
the fuel storage vessel 10, Accordingly, the iransport device may be at least partially
integrated into a portion of a surface, including an infernal or external surface, of the fuel
storage vessel 10. Additionally, the transport device may be at least partially integrated
into a portion of a surface, including an internal or external surface, of the separation
vessel Likewise, the fransport device may be at least partially internal and/or external
to the separation vessel.

[60858] The transport device may be configured for moving solid gas clathrate. The
transport device may be configured for moving gas clathrate slurry. The transport
device may be configured to be hydraulically, mechanically, and/or slectricaily actuated.
[0058] The transport device may comprise an extruder and/or a pump. When the
transport device comprises a pump, the inlet of the pump may be operably connected to
the fuel storage vessel 10 and an outlet of the pump may be operably connected to the
separation system 20. Examples of the pump include, but are not limited to, a positive
displacement pump, a lobe pump, an external gear pump, an internal gear pump, a
peristallic pump, a screw pump, a progressive cavity pump, a flexible impeller pump, a
rotary vane pump, and a centrifugal pump. The pump may be any pump compatible
with pumping a gas clathrate slurry.

108607 The separation system 20 may be configured to control the rate of dissociation
of the gas clathrates by regulating at least one of the temperature and the pressure of
the gas clathrates within the separation vessel. The separation vessel may be
configured to operate at ambient temperature. The separation vessel may be
configured 10 operate at a temperature that is about the same as an operating
termperature of the fuel storage vessel 10, The separation vessel may be configured to
operate at a temperature that is higher than an operating temperature of the fuel
storage vessel 10.

10061] The separation system 20 may comprise insulation configured to maintain an

internal temperature of the separation vessel. The insulation may comprise at least one
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material configured to and compalible with maintaining refrigerated lemperatures within
the separation vessel. Examples of such malerials include, but are not limited to,
calcium silicate, cellular glass, elastomeric foam, fiberglass, polyisocyanurate,
polystyrene, and polyurethane. The insulation may comprise at least one vacuum laysr
and/or multi-layer insulation. The insulation may be attached to atlgast a portion of a
surface of the vessel, including an outer and/or inner surface.

108621 Vehicle 100 may further comprise a refrigeration system configured to
maintain an internal temperature of the separation vessel within a setrange. The set
range may be from aboui 0 degrees Centigrade to about 25 degrees Centigrade,
including from about 0 degrees Centigrade {0 about 20 degrees Centigrade, including
from about O degrees Centigrade to about 15 degrees Centigrade, including from about
0 degrees Centigrade to about 10 degrees Cenligrade, and including from about 4
degrees Centigrade (o about 10 degrees Centigrade.

[0083] The refrigeration system may comprise a heat pipe configured and located {o
conirol the temperature of the separation vessel. The refrigeration system may also
comprise a vapor comprassion system. The vapor compression system may utilize a
chiorofiucrocarbon, a chlorofluoroolefin, a hydrochlorofluorccarbon, a hydrochlore-
flucroolefin, a hydrofluoracliefin, a hydrochioroolefin, a hydroolefin, a hydrocarbon, a
perfluoraciefin, a perflucrocarbon, a perchioroolefin, a perchlorocarbon, and/or a halon.
The refrigeration system may comprise a vapor absorption system. The vapor
absorption system may utilize water, ammaonia, and/or lithium bromide. The
refrigeration system may comprise a gas cycle refrigeration system, such as one that
utilizes air. The refrigeration system may comprise a stirling cycle refrigeration sysiem.
The stirling cycle refrigeration system may utilize helium. The stirling cycle refrigeration
system may comprise a free piston stirling cooler. The refrigeration system may
comprise a thermoelectric refrigeration system.

[6064] The separation system 20 may comprise a heating system configured and
ocated to impart heat energy o the separation vessel. The heating system may be
located internal or external to the vessel. For example, the healing system may be
integrated inte or attached (o a portion of a surface of the separation vessel, including

external or internal surfaces. The heating system may be independently configured to
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transfer heat energy from the coolant used o cool the engine 30. Likewise, the heating
aystem may be configured (o transfer heat energy from heat generated by the engine 30
in any fashion, such as from an exhaust stream generated by the engine 30. In some
embaodiments, the separation system 20 and the clathrale formation system 40 may be
thermaliy linked (e.q., by a heat exchanger, a heal pump, or a heat pipe). This thermal
ink may be configured o transfer heat released during formation of carbon dioxide
clathrates (ihereby helping o cool the clathrate formation system 40) to the separation
system 20 to supply heat {¢ aid in dissociating gas clathrates. Alternatively or in
addition thereto, the heating system may utilize solar energy, ambient temperatures,
electric resistance heating elements, microwave healing, electromagnetic heating,
and/or dielectric heating {0 impart heat energy.

[8665] The separation system 20 may be configured to maintain a lower pressure in
the separation vessel than a pressure maintained in the fuel storage vessel 10. The
separation system 20 may be configured to maintain a pressure in the separation vessel
sufficient to dissociale at least some of the gas clathrates into the at least one gas and
the host material and also maintain a pressure greater than the pressure required for
delivering fuel {0 the engine 30.

[0086] The separation system 20 may be configured to maintain an internal pressure
in the separation vessel of about ambient pressure to about 30 bar. Separation system
20 may be configured to maintain an internal pressure in the separation vessel of about
5 bar to about 20 bar. Separation system 20 may be configured to maintain an internal
pressure in the separation vessel of about 10 bar 1o about 15 bar. Separation system
20 may be configured to maintain an internal pressure in the separation vessel of about
ambient pressure to about 10 bar. Separation system 20 may be configured (¢ maintain
an internal pressure in the separation vessel of about ambient pressure. The
separation vessel may be designed {0 leak or vent before burst.

[6067] The separation system 20 may further comprise a pressure reducing valve
operably connected to the fuel storage vessel 10 and the separation vessel, wherein the
pressure reducing valve is configured 1o reduce the pressure of gas clathrates
transferred from the fuel storage vesse! 10 to the separation vessel.
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10068] Separation system 20 may be configured to receive a continuous supply of
gas clathrates while vehicle 100 is operating. Alternatively, separation system 20 may
be configured to periodically receive a batch of gas clathrates while vehicle 100 is
operating. Furthermore, separation system 20 may be configured to receive a variable
supply of gas clathrates based on fuel requirements of the engine 30. Likewise, the
separation system 20 may be configured to control the rate of dissociation of the gas
clathrates based on fuel requirements of the 30, such as by regulating at least one of
the temperature and the pressure of the gas clathrates within the separation vessel.
[60868] The separation vessel may comprise a chamber configured to dissociate the
gas clathrates into af least one gas and host material. Alternatively or in addition
thereto, the separation vessel may comprise a conduit configured to continuously
dissociate the gas clathrates into at least one gas and host material.

[8870] The separation vessel comprises a host material outlet configured for
removing the host material from the separation vessel.

[6871] The separation system 20 may further comprise a temperature monitoring
system configured o monitor the internal temperature of the separation vessel. The
ternperature monitoring system may comprise a thermostat, a thermistor, a
thermocouple, and/or a resistive temperature detector.

1608721 Vehicle 100 may further comprise an emergency cooling system configured o
rapidly cool the separation vessel.

[6873] The separation system 20 may further comprise a pressure monitoring device
operably connected to the separstion vessel and configured o monitor an internal
pressure of the separation vesseal. The pressure monitoring device may independently
comprise a piezoresistive strain gauge, a capacitive sensor, an electromagnestic sensor,
a piezoelectric sensor, an optical sensor, a potentiometric sensor, a thermal conductivity
sensor, and/or an ionization sensor.

[6074] The separation system 20 may further comprise a pressure relief device
operably connected to the separation vessel and configured to reduce pressure within
the separation vessel. Examples of a pressure relief device include, but are not limited

to, a pressure relief valve and a ruplure disc.
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10875] The separation system 20 may further comprise a pressurizing device
operably connecled (o the separation vessel and configured to maintain pressure within
the separation vessel, Examples of a pressurizing device include a moveable press
integrated with the vessel, wherein the moveable press is configured o maintain
pressure within the vessel. For example, the moveable press may include, but is not
fimited to, a hydraulic press or an electromagnetically activated press. In other
gxamples, the pressurizing device may comprise a compressor. Examples of a
compressor include, but are not limited 1o, a centrifugal compressor, a mixed-flow
compressor, an axial-flow compressor, a reciprocating compressor, a rotary screw
cOMprassor, a rofary vane compressor, a scroll compressor, and a diaphragm
COMpPressor.

[8676] The separation vessel may comprise a gas outlet configured for removing
dissociated at least one gas from the separation vessel. The separation system 20 may
further comprise a control valve operably connected to the gas cutlet and to the engine
30, wherein the control valve is configured o control release of stored at least one gas
from the separation vessel. The separation systemn 20 may further comprise a melering
systemn configured to control introduction of stored at least one gas to the engine 30
The metering system may comprise a gas flow meter configured o measure the flow
rate of the stored at least one gas released from the separation vessel. The separation
system 20 may further comprise a transport device configured to transport the
dissociated at least one gas from the separation vessel to the engine 30, wherein the
transport device is operably connectad o the separation vessel and to the engine 30
The transport device may be configured o control the transport of the dissociated at
least one gas based on fuel requirements of the engine 30, The transport device may
comprise a compressor. Examples of a compressor include, but are not limited {o, a
centrifugal compressor, a mixed-flow compressor, an axial-flow compressor, a
reciprocating compressor, a rotary screw Compressar, a rotary vans comprassor, a
scroll compressor, and a diaphragm compressor.

[6077] Vehicle 100 may further comprise a gas storage vessel configured to store the
dissociated at least one gas removed from the separation sysiem 20, wherein the gas

storage vessel is operably connecled to the separation sysiem 20 and is opserably

18



WO 2015/017267 PCT/US2014/048157

conneactad to the engine 30. In such embodiments, the vehicle 100 may further
comprise a control valve operably connected to the gas storage vessel and to the
engine 30, wherein the control valve is configured o control release of stored at least
one gas from the gas storage vessel. Vehicle 100 may further comprise a metering
system configured to control introduction of stored at least one gas to the engine 30.
The meilering system may comprise a gas flow meter corfigured to measure the flow
rate of the stored at least one gas released from the gas storage vessel. Vehicle 100
may further comprise a transport device configured o trangport the dissociated at least
one gas from the gas storage vessel to the engine 30, wherein the transport device is
operably connected to the gas storage vessel and o the engine 30. The transport
device may be configured o control the transport of the dissociated at least one gas
based on fuel requirements of the engine 30. The transport device may comprise a
compressor. Examples of a compressor include, but are not limited to, a cenirifugal
comprassor, a mixed-flow compressor, an axial-flow compressor, a reciprocating
compressor, a rotary screw compressor, a rotary vane compressor, a scroll compressor,
and a diaphragm comprassor.

[60878] Vehicle 100 may further comprise a control valve operably connected o the
separation system 20 and to the gas storage vessel, wherein the control valve is
configured to control release of stored at least one gas from the separation vessel.
Vehicle 100 may further comprise a melering system configured to control infroduction
of stored at least one gas from the separation system to the gas storage vessel. The
metering systerm may comprise a gas flow meter configured to measure the flow rate of
the stored at least one gas released from the separation vessel. Vehicle 100 may
further comprise a transport device configured to transport the dissociated at least one
gas from the separation vessel (o the gas storage vessel, wherein the transport device
is operably connected o the separation vessel and to the gas storage vessel. The
transport device may be configured (o control the transport of the dissociated at least
one gas based on fuel requirements of the engine 30. The transport device may
comprise a compressor. Examples of a compressor include, but are not limited {o, a

centrifugal compressor, a mixed-flow compressor, an axial-flow compressor, a
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reciprocaling compressor, a rolary screw compressor, a rotary vane compressor, a
scroll compressor, and a diaphragm compressor.

108791 In some embodiments, the separation system 20 is integrated with the fuel
storage vessel 10 and the separation system 20 is configured o control the rate of
dissociation of the gas clathrates by regulating at least one of the temperature and the
pressure of the gas clathrates within the fuel storage vessel 10. For example, the
temperature and the pressure may be varied o a second temperature and a second
pressure during dissociation of the gas clathrates. The second temperature may be
about § degrees Centigrade to about 25 degrees Centigrade, about 0 degrees
Centigrade to aboui 20 degrees Centigrade, about O degrees Centigrade to about 15
degrees Centigrade, about 0 degrees Centigrade to about 10 degrees Centigrade, or
about 4 degrees Centigrade to about 10 degrees Centigrade. The second pressure
may be about ambient pressure to about 30 bar, ahout 5 bar to about 20 bar, about 10
bar to about 15 bar, or about ambient pressure to about 10 bar.

[60880] Insuch embodiments, the fuel storage vessel 10 may comprise a gas outlet
configured and located for removing gas from the fuel storage vessel 10. The gas may
comprise dissociated al least one gas located within the fuel storage vessel 10.

[0681] The separation system 20 may further comprise a heat pipe configured and
located o modulate the temperature of the fuel storage vessel 10, The separation
system 20 may further comprise a heating system configured and located to impart heat
energy to the fuel storage vessel 10. The healing system may be configured o transfer
heat energy from the coolant used o cool the enging 30. Likewise, the healing system
may be configured o ransfer heat energy from heat generated by the engine 30 in any
fashion, such as from an exhaust stream generated by the engine 30. Alternatively or in
addition thersto, the healing system may utilize solar energy, ambient temperatures,
glectric resistance heating elemaents, microwave heating, slectromagnetic heating,
and/or dielectric heating to impart heat enargy. The heating system may be located
internal or external to the fuel storage vessel 10. For example, the heating system may
be integrated into or atlached (o a portion of a surface of the fuel storage vessel 10,

including external or internatl surfaces.
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[0082] The separation system 20 may be configured to reduce the pressure in the
fuel storage vessel 10 sufficient to dissociate at least some of the gas clathrates into the
at least one gas and the host malerial, but still maintain a pressure greater than the
pressure required for delivering dissocialed gas to the engine 30.

10883] The vehicle 100 may comprise a cocling device configured to reduce the
temperature of the dissociated at least one gas prior to introduction of the dissociated at
least one gas to the engine 30. The cocling device may comprise g heat exchanger.
The heat exchanger may be configured o be cooled by ambient air. The heat
exchanger may be configured to be cooled by a coolant also used o cool the engine 30,
The heat exchanger may be configured {o be cooled by the fuel storage vessel 10. The
heat exchanger may be configured to be cooled by the separation system 20. The
cooling device may comprise a refrigerated coil configured o cool the at least one gas.
[6884] The vehicle 100 may comprise a transport device configured to transport the
dissociated at least one gas from the separation system 20 to the engine 30, wherein
the transport device is operably connecled (o the separation system 20 and to the
engine 30. The transport device may be configured to control the transport of the
dissociated at least one gas based on fuel reguirements of the engine 30. The transport
device may comprise a compressor. Examples of a compressor include, but are not
limited o, a centrifugal compressor, a mixed-flow compressor, an axial-flow
compressor, a reciprocating compressor, a rofary screw compressor, a rotary vane
compressor, a scroll comprassor, and a diaphragm compressor. In such embodiments,
the vehicle 100 may further comprise a cooling device, such as the cooling device
disclosed above, configurad to reduce the temperature of the dissociated at least one
gas prior to infroduction of the dissociated at least one gas to the engine 30.

160685] The vehicle 100 may comprise a maeisture-removal system configured (o
remove water from the dissociated at least one gas prior {o introduction of the
dissociated at least one gas o the engine 30. The moisture-removal system may
comprise, by way of non-limiting example, a dehumidifier, a dryer, or a molecular sieve
column. In some embodimentis, the moisture-removal system is part of the separation

system 20.
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[0086] The vehicle 100 may comprize a host material slorage vessel configured (o
supply host material o the clathrate formation system 40, wherein the host material
storage vessel is operably connected to the clathrate formation system 40. The vehicle
100 may comprise a transport device configured to transport host material from the host
material storage vessel to the clathrate formation system 40. The transport device may
further be configured o transport host material from the separation system 20 to the
host material storage vessel. The host material storage vessel may be configured to
store previously unused host material.

(68871 The vehicle 100 may comprise a filter configured {o separate non-carbon
producis from the exhaust stream.

[6888] The vehicle 100 may comprise a catalytic converter configured to convert
carbon monoxide and uncombusted hydrocarbons {0 carbon dioxide.

[6889] The ciathrate formation system 40 may be configured to utilize combustion
produced water as at least a portion of the host material in the formation of carbon
dioxide clathrates. In addition to carbon dioxide clathrates, the clathrate formation
system 40 may be configured o alsc form carbon monoxide clathrates and partially
combusted hydrocarbon clathrates. For example, the clathrate formation system 40
may be configured to control the pressure and temperature of the exhaust stream and
the host material sufficient {o form partially combusted hydrocarbon clathrates with
partiaily combusted hydrocarbons and host material, to form carbon monoxide
clathrates with carbon monoxide and host material, and/or to form carbon dioxide
clathrates with carbon dioxkide and host material. Likewise, the exhaust siorage vessel
53 may also be configured to store carbon monoxide clathrates and peartially combusted
hydrocarbon clathrates in addition to carbon dioxkide clathrates.

[6880] The clathrate formation system 40 may comprise a cooling system configured
to cool the exhaust stream. The cooling system may be operably connected with the
separation system 20 and may be configured to transfer heat from the exhaust stream
to the separation system 20. The codling system may comprise a heat exchanger
configured to transfer heat from the exhaust stream o an external heat sink, such as

ambient air.
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108811 The clathrate formation system 40 may comprise a pressurization sysiem.

The pressurization system may comprise a compressor. Examples of a compressor
include, but are not limited to, a centrifugal compressor, a mixed-flow compressor, an
axial-fiow compressor, a reciprocating compressor, a rotary screw compressor, a rotary
vane compressor, a scroll compressor, and a diaphragm comprassor.

18692] The clathrate formation system 40 may comprise a formation vessel operably
connected to the exhaust storage vessel 50.

[8683] The clathrate formation system 40 may further comprise a carbon dioxide
removal system configured 1o separate carbon dioxide from the exhaust stream and
deliver the removed carbon dioxide to the formation vessel. The carbon dioxide
removal system may comprise a removal vessel operably connected to the exhaust
stream and the formation vessel.

[6694] The removal vessel may be configured to contact the exhaust stream with at
least one separation fluid. The separation fluid may comprise a chemical solvent. The
separation fluid may comprise a physical solvent. Examples of the separation fluid
include fluids comprising an alkanolamine, a monoethanolamine, a diethanolamine, a
methyldiethanolamine, a triethanolamine, and/or piperazine. The separation fluid may
be a liquid. The separation fluid may comprise host material.

[6885] The vehicle 100 may further comprise a regeneration system configured o
separate carbon dioxide from the separation fluid and operably coupied to the removal
vessel. The regeneration system may comprise a regeneration vessel operably coupled
to the removal vessel and configured to heat the separation fluid. The regeneration
vessel may be configured to operate on a batch basis. The regeneration vessel may be
configured 10 operate on a continuous basis. The regeneration vessel may comprise a
tank. The regeneration vessel may comprise a conduit.

100961 In some embodiments, the removal vessel is configured o contact the exhaust
stream with an alkali carbonate, such as sodium carbonate and/or potassium carbonate.
In such embodiments, the vehicle 100 may further comprise a regeneration system
configured to separate carbon dioxide from the alkali carbonate and operably coupled to
the removal vessel. The regeneralion system may comprise a regeneration vessel

operably coupled to the removal vessel and configured to heat the alkali carbonate.
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The regeneration vessel may be configured to operate on a batch basis oron a
continuous basis. The regeneration vessel may comprise a lank and/or a conduil,
108971  In some embodiments, the removal vessel comprises a membrane configured
to separate carbon dioxide from the exhaust stream. The membraneg may comprise a
polymer, such as a cellulose acetate polymer, a polyimide polymer, a polyamide
poiymer, a polycarbonate polymer, a polysulfone polvmer, and/or a polvetherimide
polymer. The membrane may comprise flat sheets. The flat sheets may be spiral-
wound. The membrane may comprise hollow fibers.

[6698] The removal vessel may be configured to operate on a batch basis. For
exampie, the removal vessel may comprise a tank. The removal vessel may he
configured {0 operate on a continuous hasis. For example, the removal vessel may
comprise a conduit.

[606989] The ciathrate formation system 40 may be configured o conirol the rate of
formation of the carbon dioxide clathrates by regulating at least one of the temperature
and the pressure of exhaust gases within the formation vessel. The formation vessel
may be configured {0 operate at a temperature and/or a pressure that is about the same
as an operating temperature of the fuel siorage vessel 10.

10810081 The formation vessel may further comprise insulation configured to maintain
an internal temperature of the formation vessel. The insulation may comprise at least
one material configured to and compatible with maintaining desired temperatures within
the formation vessel. Examples of such materials include, but are not imited to,
calciumn silicate, cellular glass, elastomeric foam, fiberglass, polyisocyanurate,
polystyrene, and polyurethane. The insulation may comprise at least one vacuum layer
and/or muiti-layer insulation. The insulation may releasably surround at least a portion
of an outer surface of the vessel and/or the insulation may be attached to atleast a
portion of a surface of the vessel, including an outer and/or inner surface.

(68101} The vehicle 100 may further comprise a refrigeration system configured to
maintain an internal temperature of the formation vessel within a setrange. The
refrigeration system may also be configured to cool the exhaust stream. The
refrigeration system may be integrated with a refrigeration system of the fuel storage

vessel 10, if present. The sel range may be from about § degrees Centigrade o about
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25 degrees Centigrade, including from about 0 degrees Centigrade to about 20 degrees
Centigrade, including from about 0 degrees Centigrade o about 15 degrees Centigrade,
including from about O degrees Centigrade to about 10 degrees Centigrade, and
including from about 4 degrees Centigrade (o about 10 degrees Centigrade.

1001027 The refrigeration system may comprise a heat pipe configured and located (o
control the temperature of the formation vessel. The heat pipe may be operably
connected to the separation system. The refrigeration system may also comprise a
vapor compression system. The vapor compression system may utilize a
chioroflucrocarbon, a chiorofluorcolefin, a hydrochlorofluorocarbon, a hydrochloro-
fluoroolefin, a hydrofluoroclefin, a hydrochioroolefin, a hydroolefin, a hydrocarbon, a
perfluoroolefin, a perfluorocarbon, a perchloroolefin, a perchiorocarbon, and/or a halon.
The refrigeration system may comprise a vapor absorption system. The vapor
absorption sysiem may utilize water, ammonia, and/or lithium bromide. The
refrigeration system may comprise a gas cycle refrigeration system, such as one that
utilizes air. The refrigeration system may comprise a stirling cycle refrigeration system.
The stirling cvcle refrigeration system may utilize helium. The stirling cycle refrigeration
systemn may comprise a free piston stirling cooler. The refrigeration system may
comprise a thermoelectric refrigeration system.

1681031 The clathrate formation system 40 may be configured 1o generate an intermnal
pressure in the formation vessel of about ambient pressure to about 30 bar, an internal
pressure of about 10 bar to about 30 bar, an internal pressure of about 10 bar to about
15 bar, an internal pressure of about 15 bar to about 27 bar, or an internal pressure of
about 20 bar {0 about 27 bar. The formation vessel may be designed o leak or vent
before burst, Each of the vessels may independently further comprise a pressure relief
device operably connecied 1 the vessel and configured 1o reduce pressure within the
vessel. BExamples of a pressure relief device include, but are not imited o, a pressure
relief valve and a rupture disc.

1001041 The clathrate formation system 40 may be configured (o pressurize the
exhaust stream in the formation vessel without substantially increasing back pressure
on the exhaust ports of the engine 30. in such embodiments, the clathrate formation

system 40 may comprise a valve operably connected (o the formation vessel, wherein
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the valve is configured o control introduction of the exhaust stream to the formation
vessel. The clathrale formation system 40 may be configured {0 sequentially introduce
batches of the exhaust stream to the formation vessel. For example, infroduction of the
exhaust stream batches to the formation vessel may be timed to coincide with the
closing of exhaust ports of the engine 30.

186105] The clathrate formation system 40 may further comprise at least one holding
vessel for temporarily storing the exhaust stream at a low pressure prior to introduction
of the exhaust stream to the formation vessel for pressurizing. The low pressure may
be less than the pressure at which carbon dioxide clathrates are formed in the formation
vessel. The low pressure may be substantially equal {0 what the pressure of the
exhaust siream at an exhaust port of the engine 30 would be if the clathrate formation
system 40 and the exhaust storage vessel 50 were not connected o the engine 30.
The low pressure may be about egual to atmospheric pressure.

[081068] The clathrate formation system 40 may comprise a compressor, wherein an
inlet of the compressor is operably connected to exhaust ports of the engine 30 and an
outlet of the compressor is operably connected to the formation vessel. The
compressor may be configured to reduce back pressure on exhaust ports of the engine
30 to be substantially equal to what the pressure at the exhaust ports would be if the
clathrate formation system 40 and exhaust storage vessel 50 were not connected {o the
exhaust stream. The compressor may be configured {6 minimize back pressure on the
exhaust ports of the engine 30 while pressurizing the formation vessel. Examples of a
compressor include, but are not limited to, a centrifugal compressor, a mixed-flow
compressor, an axial-flow compressor, a reciprocating compressor, a rolary screw
compressor, a rotary vane compressor, a soroll compressor, and a diaphragm
COMPressor.

1081071 The formation vessel may comprise a chambaer configured to form balches of
carbon dioxkide clathrates and/or the formation vessel may comprise a conduit operably
connected to the exhaust storage vessel 50 and configured o continuously form carbon
dioxide clathrates.

108108} The clathrate formation system 40 may comprise a moveabile press integrated

with the formation vessel and configured {o pressurize the formation vessel. For
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gxample, the moveable press may include, but is not limited to, a hydraulic press or an
electromagnetically activated press.

1081081 The clathrate formation system 40 may further comprise a temperature
monitoring system configured to monitor the internal temperature of the formation
vessel, The temperature moniforing sysiem may comprise a thermostat, a thermistor, a
thermocouple, and/or a resistive temperature detector.

1081101 The clathrate formation system 40 may further comprise a pressure monitoring
device operably connecied ¢ the formation vessel and configured to monitor an internal
pressure of the formation vessel. For example, the pressure monitoring device may
comprise a plezoresistive strain gauge, a capacitive sensor, an electromagnetic sensor,
a piezoelectric sensor, an oplical sensor, a potentiometric sensor, a thermal conductivity
sensor, and/or an ionization sensor.

1081111 The clathrate formation system 40 may further comprise a pressure relief
device operably connected to the formation vessel and configured to reduce pressure
within the formation vessel. Examples of a pressure relief device include, but are not
firmited to, a pressure relief valve and a rupture disc.

(681121 The vehicle 100 may further comprise a transport device operably connecled
to the formation vessel and the exhaust storage vessel 50 and configured {o transfer
carbon dioxide clathrates from the formation vessel to the exhaust storage vessel 50.
The transport device may be configured {o transport the carbon dioxide clathraies as a
slurry and/or as a solid, such as solid chunks or pelieis.

081131 The transport device may be at least partially located internally within the
formation vessel. Likewise, the transport device may be at least partially external {0 the
formation vessel. Accordingly, the transport device may be at least partially integrated
into a portion of a surface, including an internal or external surface, of the formation
vessel Additionally, the transport device may be at least partially integrated info a
portion of a surface, including an internal or external surface, of the exhaust storage
vessel 50, Likewise, the transport device may be at least partially intermnal andfor
external 1o the exhaust storage vessel! 50.

108114} The transport device may be configured for moving solid carbon dioxide

clathrate. The transport device may be configured for moving solid carbon dioxide
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slurry. The transport device may be condigured to be hydraudically, mechanically, and/or
electrically actuated.

1001151 The transport device may comprise an extruder andfor a pump. When the
transport device comprizes a pump, the inlet of the pump may be operably connecled to
the formation vessel and an outlet of the pump may be operably connected o the
exhaust storage vessel 50. Examples of the pump include, but are not limited to, a
positive displacement pump, a lobe pump, an external gear pump, an internal gear
pump, a peristaltic pump, a screw pump, a progressive cavily pump, a Tlexible impeller
pump, a rotary vane pump, and a centrifugal pump. The pump may be any pump
compatible with pumping a carbon dioxide clathrate slurry.

[081168] The clathrate formation system 40 may be integrated with the exhaust storage
vessel 50. The clathrate formation system 40 may be configured ¢ form carbon dioxide
clathrates by reguiating at least one of the temperature and the pressure of carbon
dioxide and host material within the exhaust storage vessel 50 to be compatible with
forming carbon dioxide clathrates. For example, the temperature may be regulated o
be about § degrees Centigrade to about 25 degrees Centigrade, may be requiated {o be
about { degrees Centigrade to about 20 degrees Centigrade, may be regulated to be
about  degrees Centigrade to about 15 degrees Centigrade, may be regulated to be
about { degrees Cenligrade to about 10 degrees Centigrade, or may be requlated {oc be
about 4 degrees Centigrade to about 10 degrees Centigrade. In another example, the
pressure may be regulated to be about 1 bar to about 30 bar, the pressure may be
regulated {0 be about 10 bar o about 30 bar, the pressure may be regulated {0 be about
10 bar to about 15 bar, the pressure may be regulated 1o be about 15 bar to about 27
bar, or the pressure may be regulated to be about 20 bar to about 27 bar.

160117} Likewise, the exhaust storage vesseal 50 may be configured to agitate the
carbon dioxide and the host material at a termperature and a pressure compatible with
forming the carbon dioxide clathrates. For exampie, the exhaust storage vessel 50
may comprise a mixing element located within the exhaust storage vessel 50 and
configured o agitate the carbon dioxide and the host material.

108118} The clathrate formation system 40 may further comprise a heat pipe

configured and located to modulate the temperature of the exhaust storage vessel 50.
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1081181 The clathrate formation system 40 may be configured 1o receive a continuous
supply of carbon dioxide or may be configured to periodically receive a balch of carbon
dioxide, while the vehicle 100 is operaling. The clathrate formation system 40 may be
configurad o receive a variable supply of the exhaust stream based on the guaniily of
gxhaust produced by the engine 30.

1861201 The exhaust storage vessel 50 may be configured {0 receive the carbon
dioxide clathrates as a solid and/or as a slury.

1861211 The exhaust storage vessel 50 may be configured for removal of stored
carbon dioxide from the vehicle 100 when the vehicle 100 is otherwise notin use. The
exhaust storage vessel 50 may be configured to reduce the pressure and/or increase
the temperature of the exhaust storage vessel 50 sufficient to dissociate the stored
carbon dioxide clathrates into carbon dioxide and host material. For example, the
exhaust storage vessel 50 may be configured to sufficiently warm stored carbon dioxide
clathrates so as o liguefy the host material and gasify the carbon dioxide. The exhaust
storage vessel 50 may comprise an outlet configured for removal of dissociated carbon
dioxide. The exhaust storage vessel 50 may also comprise an outlet configured for
removai of dissociated host material.

10012271 Vehicle 100 may further comprise a heating systermn configured and located to
impart heat energy {0 the exhaust storage vessel 50, The heating system may be
focated internal or external to the vessel. For example, the heating system may be
integrated into or attached to a portion of a surface of the exhaust storage vessel 50,
including external or internal surfaces. The healing system may be independently
configured to transfer heat energy from the coolant used t© cool the engine 30,
Likewise, the healing system may be configured {o transfer heat energy from heat
generated by the engine 30 in any fashion, such as from an exhaust stream generated
by the engine 30. For example, the heating system may be configured to divert the
exhaust stream from the clathrate formation system 40 and also configured to transfer
heat from the diverted exhaust stream 1o the exhaust storage vessel 50, In that
example, the healing system may be further configured to divert the exhaust stream
from the exhaust storage vessel 50 and vent the exhaust stream to atmosphere,

Alternatively or in addition thereto, the heatling system may ulilize sclar energy, ambient
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temperatures, electric resistance heating slements, microwave heating, electromagnelic
heating, and/or dielectric heating {o impart heat energy.

1001237 The vehicle 100 may further comprise a recycle system configured to transfer
dissociated host material from the exhaust slorage vessel 50 to the fuel storage vessel
10. The recycle system may comprise a filter configured to clean dissociated host
material prior to transfer of the dissociated host material 1o the fuel storage vessel 10.
The recycle sysiem may comprise a transfer device configured to fransfer the
dissociated host material to the fuel storage vessel 10.

1681241 The exhaust storage vesse! 50 may be configured for removal of solid and/or
slurry carbon dioxide clathrates from the exhaust storage vessel 50.

1681251 The exhaust storage vesse! 50 may be configured {o maintain carbon dioxide
clathrates as a solid and/or slurry until removal of carbon dioxide from the vehicle 100 is
intended.

1001281 The exhaust storage vessel 50 may be configured to be detachable and
reattachable from the remainder of the vehicle 100, For example, the exhaust storage
vessel 50 may be configured to be exchanged with a different exhaust storage vessel
50 that has been emptied of carbon dioxide clathrates.

1081271 The vehicle 100 may further comprise a sensor configured (o monitor the
amount of carbon dioxide clathrates in the exhaust siorage vessel 50. The sensor may
be configured to measure a mass of the carbon dioxide clathrates. The sensor may be
configured {0 measure a vapor pressure of carbon dioxide gas present in the exhaust
storage vessel 0. The sensor may be configured 1o determine a concentration of
carbon diokide present in the exhaust storage vessel 50, The sensor may be
configured o monitor the amount of carbon dioxide removed from the exhaust storage
vessel 50.

1001281 The vehicle 100 may alternatively comprise a dissociation vessel operably
connecied © the exhaust storage vessel 50 and configured to receive carbon dioxide
clathrates from the exhaust storage vessel 30, The dissociation vessel may be
configured for removal of stored carbon dioxide from the vehicle 100 when the vehicle
100 is otherwise not in use. The dissocialion vessel may be configured (o reduce the

pressure and/or increase the temperature of the dissociation vessel sufficient to
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dissociate the stored carbon dioxide clathrates into carbon dioxide and host material.
(061291 The vehicle 100 may further comprise a temperature monitoring system
configured o monitor the internal temperature of the exhaust storage vessel! 50. The
termnperature monitoring system may comprise a thermostat, a thermistor, a
thermocouple, and/or a resistive temperature detector.

1861301 The vehicle 100 may further comprise a control system configured {0 moniior
both pressure and temperature of the exhaust storage vessel 50 and configured to
requlate at least one of pressure and temperature in order to maintain the carbon
dioxide clathraie within a clathrate stability range.

18061311 The vehicle 100 may further comprise a recycle system configured to transfer
dissociated host material from the separation system 20 to the clathrate formation
system 40. The recycle system may further comprise a host material storage vessel
configured {0 store dissociated host material from the separation system 20. The
recycle system may comprise a transfer device configured o transfer the dissociated
host material to the clathrate formation system 40, The recycle system may comprise a
filter configured to clean dissociated host material prior to transfer of the dissociated
host material {o the clathrate formation system 40; e.g., to remove a clathrate stabilizer
mare suitable for gas clathrates than for carbon dioxide clathrates. The recycie system
may comprise a supply reservoir configured o add a component {o the host material
prior 1o fransfer of the dissociated host material to the clathrate formation system 40;
&.g., 1o add a clathrate stabilizer more suitable for carbon dioxide clathrates than for gas
clathrates.

1601327 Figure 2 Hlustrates an additional embodiment of a vehicle with reduced
grissions. Figure 2 liustrates a vehicle 200 comprising a clathrate storage vessel 110
configured to store gas clathrates and carbon dioxide clathrates. The gas clathrales
and the carbon dioxicde clathrates may be stored within a common compartment or
within separate compartments within the clathrate storage vessel 110, For example,
separate compartments may have fixed, predefined volumes and locations, or may be
variably partitioned, e.g., by a flexible bladder or by a slidable partition. The functions of
the fuel storage vessel 10 and the exhaust storage vessel 50 of the vehicle 100 may be

performed by the clathrate storage vessel 110 of the vehicle 200. Accordingly, the
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disclosure regarding the fuel siorage vessel 10 and the disclosure regarding the
exhaust storage vessel 50 may be applicable to the clathrate storage vessel 110 and
vice versa. Likewise, the disclosure regarding the separation system 20 and the
clathrate formation system 40 may apply {0 the separation system 120 and the clathrale
formation sysiem 140 of the vehicle 200 and vice versa.

1861331 The separation system 120 may be configured to dissociate the gas clathrates
into a host material and at least one gas. The vehicle 200 may further comprise an
engine 130 configured o utilize the at least one gas as fuel. The clathrate formation
system 140 may be configured 1o combine carbon dioxide from an exhaust stream from
the engine 130 with host material to form carbon dioxide clathrates.

1081341 The vehicle 200 may further comprise a control system configured {o feed
primarily stored gas clathrates 1o the separation system 120 without feeding stored
carbon dioxide clathrates o the separation sysiem 120,

[08135] The vehicle 200 may further comprise a fracking system configured to monitor
which clathrates comprise gas clathrates and which clathrates comprise carbon dioxide
clathrates. The tracking system may comprise an oplical tracking system, a mechanical
tracking system, a magnetic sensor, and/or a hall effect sensor.

1001381 The clathrate storage vessel 110 may be configured (o receive the at least one
gas and the host material and configured o form the gas clathrates within the clathrate
storage vessel 110, similar as disclosed above for the fuel storage vessel 10, The
clathrate storage vessel 110 may comprise high-surface-area materials configured for
forming clathrates on the surface of the materials. The high-surface-area maternials may
be configured for forming gas clathrates and carbon dioxide clathrates, where formation
depends upon the conditions within the clathrate storage vessel 110 and the gases
present. The high-surface-area materials may be the same as disclosed above for the
fuel storage vessel 10. The high-surface-area materials may comprise partof a
moveable surface operably connected to the separation system 120, such as a
conveyor belt, rotatable drum or disk, and/or moveabile string.

1601377 The clathrate storage vessel 110 may be configured to be detachable and
reattachable from the remainder of the vehicle 200, For example, the clathraie storage

vessel 110 may be configured {0 be exchanged with a different clathrate storage vessel
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110 that has had carbon dioxide clathrates removed and been pre-filled with gas
clathrates.

1001387 The clathrate storage vessel 110 may be configured {o receive the gas
clathrates as a slurry or a solid. The clathrate storage vessel 110 may be configured to
mainiain the gas clathrates as a slurry or a solid, such as solid pellets or chunks.
18061391 The clathrate storage vessel 110 may comprise insulation. The disclosure
regarding insulation options for the fuel storage vessel 10 also apply to the insulation
options for the clathrate storage vessel 110. Likewise, the clathrate storage vessel 110
may comprise a refrigeration system configured to maintain an internal temperature of
the clathrale storage vessel 110 within a seirange. The disclosure regarding
refrigeration system options and set range options for the fuel storage vessel 10 aiso
applies to refrigeration system options and set range options for the clathrate storage
vessel 110, Similarly, the structural material options disclosed for the fuel siorage
vessel 10 also apply to the structural material options for the clathrate storage vessel
110.

1081481 The vehicle 200 may further comprise a sensor configured {0 monitor the
amount of gas clathrates and/or carbon dioxide clathrales in the clathrate storage
vessel 110, The disclosure regarding sensor options for vehicle 100 also applies {o the
sensor options for vehicle 200.

1001411 The clathrate storage vessel 110 may be designed to maintain an internal
pressure of about 1 bar {o about 30 bar, including the narrower ranges disclosed for the
fuel storage vessel 10. The disclosure regarding options for the fuel storage vessel 10
also apply to the options for the clathrate storage vessel 110, For example, the
clathrate storage vessel 110 may be designed o leak or vent before burst. in other
examples, the clathrate storage vessel 110 may be operably connected {0 a pressure
monitoring device, a pressurizing device, and/or a pressure relief device. The
disciosure regarding pressure monitoring device, pressurizing device, and/or pressure
relief device options for the vehicle 100 also applies to pressure monitoring device,
pressurizing device, and/or pressure relief device options for the vehicle 200.

1081421 The vehicle 200 may further comprise a heating system configured and

located to impart heat energy {o the clathrate storage vessel 110, The vehicle 200 may
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further comprise a temperature monitoring system configured to monitor the internal
termnperature of the clathrale storage vessel 110, The vehicle 200 may further comprise
an emergency cooling sysiem configured to rapidly cool the clathrate storage vessel
110. The vehicle 200 may further comprise a control system configured to monitor both
pressure and temperature and 1o regulale at least one of the pressure and temperature
in order to maintain clathrate within a clathrate stability range. The disclosure regarding
a healing system, a3 temperature monitoring system, an emergency cooling system, and
a control system for the vehicle 100 and the fuel storage vessel 10 also applies to the
same for the vehicle 200 and the clathrate storage vessel 110.

1861431 In some embodiments of the vehicle 200, the separation system 120
comprises a separation vessel operably connected o the clathrate storage vessel 110.
The separation system 120 may further comprise a valve operably connected between
the separation vessel 120 and the clathrate storage vessel 110, The valve may
comprise a passive valve, such as, for example, a ball check valve, a diaphragm check
valve, a swing check valve, a stop check valve, or a lift check valve. The valve may
comprise an aclive valve, such as, for example, a globe valve, a bullerfly valve, a gate
valve, or a ball vaive.

1001441 The vehicle 200 may further comprise a transport device operably connected
to the clathrate storage vessel 110 and operably connected to the separation vessel
and configured (o transfer gas clathrates from the clathrate storage vessel 110 to the
separation vessel. The transport device may comprise a moveable surface, such as a
conveyor belt, a rotating drum, a string, and/or a rotating disk. The moveable surface
may comprise a high-surface-area material, such as the high-surface-area malerials
disclosed above for the fuel storage vessel 10. The disclosure regarding options for a
transport device operably connected o the fuel storage vessel 10 and the separation
vessel of vehicle 100 also applies (o options for a transport device operably connecied
to the clathrate storage vessel 110 and the separation vessel of the vehicle 200.
1081451 The separation system 120 may be configured to control the rate of
dissociation of the gas clathrates by regulating at least one of the temperature and the
pressure of the gas clathrates within the separation vessel. The separalion vessel may

be configured (o operate at ambient temperature. The separation vessel may be
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configured {0 operate at a temperature that is about the same as an operating
ternperature of the clathrale storage vessel 110. The separation vessel may be
configured o operate at a temperaiure that iz higher than an operating temperalure of
the clathrale storage vesse! 110.

1001467 The separation system 120 may further comprise insulation configured to
maintain an internal temperature of the gseparation vessel. The vehicle 200 may further
comprise g refrigeration system configured 1o maintain an internal temperature of the
separation vessel within a setrange. The refrigeration system may be integrated with
the refrigeration system of the clathrate storage vessel 110. The disclosure regarding
options for ingulation and a refrigeration system, including the set range, for the
separation vessel of vehicle 100 also applies o options for insulation and a refrigeration
system for the separation vessel of the vehicle 200.

1081471 The separation system 120 may further comprise a heat pipe configured and
tocated o control the temperature of the separation vessel. The separation system 120
may further comprise a heating system configured and located to impart heat energy {o
the separation vessel. In some embodiments, the separation system 120 and the
clathrate formation system 140 may be thermally linked {(e.q., by a heat exchanger, a
heat pump, or a heat pipe). This thermal link may be configured to transfer heat
released during formation of carbon dioxide clathrates (thereby helping to cool the
clathrate formation sysiem 140) to the separation system 120 to supply heat to aid in
dissociating gas clathrates. The disclosure regarding options for a heating systemn of the
separation vessel of vehicle 100 also applies to options for & heating system of the
separation vessel of the vehicle 200.

1001481 The separation system 120 may be configured to maintain a lower pressure in
the separation vessel than a pressure maintained in the clathrate storage vessel 110,
The separation system 120 may be configured to maintain a pressurg in the separation
vessel sufficient to dissociate atl least some of the gas clathrales into the at least one
gas and the host material and also maintain a pressure greater than the pressure
required for delivering fuel to the engine 130.

1001487 The separation system 120 may be configured to maintain an internal

pressure in the separation vessel of about ambient pressure to about 30 bar.
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Separation system 120 may be configured to mainiain an internal pressure in the
separation vessel of about 5 bar to about 20 bar. Separalion system 120 may be
configured to maintain an internal pressure in the separation vessel of about 10 bar to
about 15 bar. Separation system 120 may be configured (o maintain an internal
pressure in the separation vessel of about ambient pressure o about 10 bar.
Separation system 120 may be configured {o maintain an internal pressure in the
separation vessel of about ambient pressure. The separation vessel may be designed
to leak or vent before burst.

(681501 The separation system 120 may further comprise a pressure reducing valve
operably connected to the clathrale storage vessel 110 and the separation vessel,
wherein the pressure reducing valve is configured o reduce the pressure of gas
clathrates transferred from the clathrate storage vessel 110 to the separation vessel.
(681511 The separation vessel of the separation system 120 may comprise a chamber
configured o dissociate the gas clathrates into the at least one gas and the host
material. The separation vessel of the separation system 120 may comprise a conduit
configured o continuocusly dissociate the gas clathrates into the at least one gas and
the host material.

1081521 The separation vessel of the separation systemn 120 may comprise a host
material outlet configured for removing the host material from the separation vessel.
[08153] The separation system 120 may further comprise a temperature monitoring
systemn configured to maonitor the internal temperature of the separation vessel, The
separation sysiem 120 may further comprise an emergency cooling system configurad
to rapidly cool the separation vessel. The separation systemn 120 may further comprise
a pressure monitoring device operably connecied to the separation vessel and
configured to monitor an intemnal pressure of the separation vessel. The separation
system 120 may further comprise a pressure relief device operably connected to the
separation vesse! and configured o reduce pressure within the separation vessel. The
separation systemn 120 may further comprise a pressurizing device operably connected
to the separation vessel and configured o maintain pressure within the separation
vessel The disclosure regarding options for a temperature monitoring system, an

emergency cooling system, a pressure monitoring device, a pressure relief device, and
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a pressurizing device for the separation system 10 also apply to options for the same for
the separation system 120.

1001547 The separation vessel of the separalion system 120 may comprise a gas
outlet configured for removing dissociated at least one gas from the separation vessel.
The separation system 120 may further comprize a control valve operably connecled (o
the gas outlet and to the engine 130, wherein the control valve is configured to control
release of stored at least one gas from the separation vessel. The separation system
120 may further comprise a metering system configured to control introduction of stored
at least one gas to the engine 130. The metlering system may comprise a gas flow
meter configured to measure the flow rate of the stored at ieast one gas released from
the separation vessel. The separation system 120 may further comprise a transport
device configured {o transport the dissociated at least one gas from the separation
vessel {o the engine 130, wherein the transport device is operably connected to the
separation vessel and 1o the engine 130, The transport device may be configured (o
conirol the fransport of the dissociated at least one gas based on fuel requirements of
the engine 130. The transport device may comprise a compressor, including, but not
limited {0, a compressor exemplified in the disclosure regarding the separation sysiem
20,

16815851 The vehicle 200 may further comprise a gas storage vessel configured to store
the dissociated at least one gas removed from the separation sysiem 120, wherein the
gas storage vessel is operably connected to the separation system 120 and is operably
connected to the engine 130, In such embodiments, the vehicle 200 may further
comprise a control valve operably connected to the gas storage vessel and to the
engine 130, wherein the conlrol valve is configured o control release of stored at least
one gas from the gas storage vessel. The vehicle 200 may further comprise a melering
system configured {o control introduction of stored at least one gas to the engine 130.
The metering system may comprise a gas flow meter configured to measure the flow
rate of the stored at least one gas released from the gas storage vessel. The vehicle
200 may further comprise a transport device configured o transport the dissociated at
least one gas from the gas storage vessel (o the engine 130, wherein the transport

device is operably connected to the gas storage vessel and to the engine 130. The
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transport device may be configured to control the transport of the dissociated at least
one gas based on fuel requirements of the engine 130. The transport device may
comprise a comprassor, including, but not imited to, a compressor exemplified in the
disclosure regarding the separation system 20.

[08158] The vehicle 200 may further comprise a control valve operably connecied o
the separation system 120 and o the gas storage vessel, wherein the control valve is
configured to control release of stored at least one gas from the separation vessel. The
vehicle 200 may further comprize a metering svstem configured fo control introduction
of stored at least one gas from the separation system to the gas storage vessel. The
metering system may comprise a gas flow meter configured to measure the flow rate of
the stored at least one gas released from the separation vessel. The vehicle 200 may
further comprise a fransport device configured o transport the dissociated at least one
gas from the separalion vessel 1o the gas storage vessel, wherein the transport device
is operably connected 1o the separation vessel and to the gas storage vessel. The
fransport device may be configured o control the transport of the dissociated at least
one gas based on fuel requirements of the engine 130, The transport device may
comprise a compressor, including, but not limited {o, a compressor exemplified in the
disclosure regarding the separation system 20.

(681571 The vehicle 200 may further comprise a cooling device configured to reduce
the temperature of the dissociated at least one gas prior {o introduction of the
dissociated at least one gas o the engine 130. The cooling device may comprise a
heat exchanger. The heat exchanger may be configured to be cooled by ambient air.
The heat exchanger may be configured to be cooled by a coolant also used to cool the
gngine 130. The heat exchanger may be configured 1o be cooled by the clathrate
storage vessel 110. The heat exchanger may be configured to be cooled by the
separation system 120. The cooling device may comprise a refrigerated coil configured
to cool the at least one gas.

108158} The vehicle 200 may further comprise a fransport device configured {o
transport the dissocialed at least one gas from the separation system 120 to the engine
130, wherein the transport device is operably connecled (o the separation system 120

and to the enging 130. The transport device may be configured to control the transport
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of the dissociated at least one gas based on fuel requirements of the engine 130. The
transport device may comprise a compressaor. Examples of a compressor include, but
are not lirnited to, a cenirifugal compressor, a mixed-flow compressor, an axial-flow
COMpressor, a reciprocating compressor, a rofary screw comprassor, a rotary vane
compressor, a scroll compressor, and a diaphragm compressor. in such embodimenis,
the vehicle 200 may further comprise a cooling device, such as the cooling device
disclosed above, configured to reduce the temperature of the dissociated al least one
gas prior to introduction of the dissociated atl least one gas to the engine 130.

1681581 The vehicle 200 may comprise a moisture-removal system configured o
remove water from the dissociated at least one gas prior to introduction of the
dissociated at least one gas to the engine 130. The moisture-removal system may
comprise, by way of non-limiting example, a dehumidifier, a dryer, or a molecular sieve
column. In some embodiments, the moisture-removal system is part of the separation
system 120.

(601601 The separation system 120 may be configured {0 receive a continuous supply
of gas clathrates while the vehicle 200 is operating. The separation system 120 may be
configured o pericdically receive a batch of gas clathrates while the vehicle 200 is
operating. The separation system 120 may be configured to receive a variable supply
of gas clathrates based on fuel requirements of the engine 130. The separation system
120 may be configured to control the rate of dissociation of the gas clathrates based on
fuel requirements of the engine 130.

081611 The vehicle 200 may comprise a host material storage vessel configured {o
supply host material to the clathrate formation system 140, wherein the host material
storage vessel is operably connected to the clathrate formation system 140, The
vehicle 200 may comprise a transport device configured to transport host material from
the host material storage vessel to the clathrate formation system 140, The transport
device may further be configured to transport host material from the separation system
120 o the host material storage vessel. The host material storage vessel may be
configured to store previcusly unused host material.

1001627 The vehicle 200 may comprize a filter configured {0 separaie non-carbon

producis from the exhaust stream.
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1001637 The vehicle 200 may comprise a calalytic converter configured to convert
carbon monoxide and uncombusted hydrocarbons o carbon dioxide. Examples of
partiaily combusted hydrocarbons inciude hydrocarbons with one, two, or three carbons.
(061641 The clathrate formation system 140 may be configured to utilize combustion
produced water as at least a portion of the host material in the formation of carbon
dioxide clathrates. In addition to carbon dioxide clathrates, the clathrate formation
system 140 may be configured to also form carbon monoxide clathrates and partiaily
combusted hydrocarbon clathrates. For example, the clathrate formation systemn 140
may be configured to conirol the pressure and temperature of the exhaust stream and
the host material sufficient to form partially combusted hydrocarbon clathrates with
partiaily combusted hydrocarbons and host material, to form carbon monoxide
clathrates with carbon monoxide and host material, and/or to form carbon dioxide
clathrates with carbon dioxide and host material.

[08165] The clathrate formation system 140 may comprise a cooling system
configured o cool the exhaust stream. The codling system may be operably connected
with the separation system 120 and may be configured to transfer heat from the exhaust
stream 1o the separation system 120. The codling system may comprise a heat
exchanger configured 1o transfer heat from the exhaust stream {o an exiernal heat sink,
such as ambient air.

[00168] The clathrate formation system 140 may comprise a pressurization system.
The pressurization system may comprise a compressor. Examples of a compressor
include, but are not limited to, a centrifugal compressor, a mixed-flow compressor, an
axial-flow compressor, a reciprocating compressor, a rotary screw compressor, a rotary
vane compressor, a scroll compressor, and a diaphragm comprassor.

(681677 The clathrate formation system 140 may comprise a formation vessel operably
connectad {o the clathrate storage vessel 110,

(601681 The clathrate formation system 140 may further comprise a carbon dioxide
removal system configured o separate carbon dioxide from the exhaust stream and
deliver the removed carbon dioxide to the formation vessel. The carbon dioxide
removal system may comprise a removal vessel operably connected to the exhaust

stream and the formation vessel.
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1001697 The removal vessel may be configured to conlact the exhaust stream with at
least one separation fluid. The separation fluid may comprise a chemical solvent. The
separation fiuid may comprise a physical solvent. Examples of the separation fluid
include fluids comprizsing an alkanolaming, a monoethanolaming, a diethanolamine, a
methyldiethanolamine, a triethanolamine, andfor piperazine. The separation fluid may
be a liguid. The separation fluid may comprise host material.

1081701 The vehicle 200 may further comprise a regeneration system configured to
separate carbon dioxide from the separation fluid and operably coupled 1o the removal
vessel. The regeneration system may comprise a regeneration vessel operably coupled
to the removal vessel and configured to heal the separation fluid. The regeneration
vessel may be configured to operate on a batch basis. The regeneration vessel may be
corfigured to operate on a continuous basis. The regeneratlion vessel may comprise a
tank. The regeneration vessel may comprise a conduit.

1001711 In some embodiments, the removal vessel is configured to contact the exhaust
stream with an alkali carbonate, such as sodium carbonate and/or potassium carbonate.
In such embodiments, the vehicle 200 may further comprise a regeneration system
configured to separate carbon dioxide from the alkall carbonate and operably coupled o
the rermoval vessel. The regeneration system may comprise a regeneration vessel
operably coupled to the removal vessel and configured o heat the alkali carbonate.

The regeneration vessel may be configured to operate on a batch basis oron a
continuous basis. The regeneration vessel may comprise a tank and/or a conduit,
1081721 In some embodiments, the removal vessel comprises a membrane configured
to separate carbon dioxide from the exhaust stream. The membrane may comprise a
polymer, such as a cellulose acetate polymer, a polyimide polymer, a polyamide
polymer, a polycarbonate polymer, a polysulfone polymer, and/or a polyetherimide
polymer. The membrane may comprise flat sheels. The flat sheets may be spiral-
wound. The membrane may comprise hollow fibers.

1081731 The removal vessel may be configured to operate on a batch basis. For
example, the removal vessel may comprise a tank. The removal vessel may be
configured o operate on a continuous basis. For example, the removal vessel may

comprise a conduit.
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1001747 The clathrate formation system 140 may be configured o control the rale of
formation of the carbon dioxide clathrates by regulating at least one of the temperature
and the pressure of exhaust gases within the formation vessel. The formation vessel
may be configured o operate at a temperature and/or a pressure that is about the same
as an operaling temperature of the clathrate storage vessel 110,

1861751 The formation vessel may further comprise insulation configured to maintain
an internal femperature of the formation vessel. The insulation may comprise at least
one material configured to and compatible with maintaining desired temperatures within
the formation vessel. Examples of such materials include, but are not imited to,
calcium silicate, cellular glass, elastomeric foam, fiberglass, polyisocyanurate,
polystyrene, and polyurethane. The insulation may comprise at least one vacuum layer
and/or mulli-layer insulation. The insulation may releasably surround at least a portion
of an outer surface of the vessel and/or the insulalion may be atlached o at least a
portion of a surface of the vessel, including an outer and/or inner surface.

168178} The vehicle 200 may further comprise a refrigeration systern configured o
maintain an internal temperature of the formation vessel within a setrange. The
refrigeration system may also be configured to cool the exhaust stream. The
refrigeration system may be integrated with a refrigeration system of the clathrate
storage vessel 110, if present. The set range may be from about § degrees Centigrade
to about 25 degrees Centigrade, including from about O degrees Centigrade to about 20
degrees Centigrade, including from about 0 degrees Centigrade to about 15 degrees
Centigrade, including from about 0 degrees Centigrade to about 10 degrees Centigrade,
and including from about 4 degrees Centigrade {o about 10 degrees Centigrade.
10817771 The refrigeration system may comprise a heat pipe configured and located to
control the temperature of the formation vessel. The heat pipe may be operably
connectad to the separation system. The refrigeration systern may also comprise a
vapor comprassion system. The vapor compression system may utilize a
chioroflucrocarbon, a chicrofluoroclefin, a hydrochlorofluorocarbon, a hydrochioro-
fluoroolefin, a hydrofluoroolefin, a hydrochioroolefin, a hydroolefin, a hydrocarbon, a
perfluorooiefin, a perflucrocarbon, a perchioroolefin, a perchiorocarbon, and/or a halon.

The refrigeration system may comprise a vapor absorption system. The vapor
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absorption sysiem may utilize water, ammonia, and/or lithium bromide. The
refrigeration system may comprise a gas cycle refrigeration system, such as one that
utilizes air. The refrigeration system may comprise a stirling cycle refrigeration system.
The stirling cvcle refrigeration system may ufilize helium. The stirling cycle refrigeration
system may comprise a free piston stifling cocler. The refrigeration system may
comprise a thermoelectric refrigeration system.

1081781 The clathrate formation system 140 may be configured o generate an internal
pressure in the formation vessel of about ambient pressure to about 30 bar, an internal
pressure of about 10 bar {o about 30 bar, an internal pressure of about 10 bar to about
15 bar, an internal pressure of about 15 bar to about 27 bar, or an internal pressure of
about 20 bar to about 27 bar. The formation vessel may be designed to leak or vent
before burst. Each of the vessels may independently further comprise a pressure relief
device operably connected o the vessel and configured to reduce pressure within the
vessel. Examples of a pressure relief device include, but are not imited to, a pressure
relief valve and a rupture disc.

(081791 The clathrate formation system 140 may be configured o pressurize the
exhaust stream in the formation vessel without substantially increasing back pressure
on the exhaust ports of the engine 130, In such embodiments, the clathrate formation
system 140 may comprise a valve operably connected o the formation vessel, wherein
the valve is configured to contral introduction of the exhaust stream to the formation
vessel. The clathrate formation system 140 may be configured (o sequentially introduce
batches of the exhaust stream to the formation vessel. For example, introduction of the
exhaust stream batches to the formatlion vessel may be timed to coincide with the
closing of exhaust poris of the engine 130.

(601807 The clathrate formation system 140 may further comprise at least one holding
vessel for temporarily storing the exhaust stream at a low pressure prior to introduction
of the exhaust stream to the formation vessel for pressurizing. The low pressure may
be less than the pressure al which carbon dioxide clathrates are formed in the formation
vessel. The low pressure may be substantially equal o what the pressure of the
exhaust stream at an exhaust port of the enging 130 would be if the clathrate formation

aystem 140 and clathrate storage vessel 110 were not connecled to the engine 130.
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The low pressure may be about egual to atmospheric pressurs.

(061811 The clathrate formation system 140 may comprise a compressor, wherein an
inlet of the compressor is operably connected to exhaust ports of the engine 130 and an
outlet of the compressor is operably connected (o the formation vessel. The
compressor may be configured to reduce back pressure on exhaust ports of the engine
130 {0 be substantially equal to what the pressure at the exhaust ports would be if the
clathrate formation system 140 and clathrate storage vessel 110 were not connected o
the exhaust stream. The compressor may be configured to minimize back pressure on
the exhaust poris of the engine 130 while pressurizing the formation vessel. Examples
of a compressor include, but are not limiled to, a centrifugal compressor, a mixed-flow
compressor, an axial-flow compressor, a reciprocating compressor, a rotary screw
comprassor, a rotary vane compressor, a scroll compressor, and a diaphragm
COMpPressor.

1001821 The formation vessel may comprise a chamber configured to form batches of
carbon dioxide clathrates and/or the formation vessel may comprise a conduit operably
connected to the clathrate storage vessel 110 and configured to continuousiy form
carbon dioxide clathrates.

001831 The clathrate formation system 140 may comprise a moveable press
integrated with the formation vessel and configured to pressurize the formation vessel.
For example, the moveable press may include, but is not limited {o, a hydraulic press or
an electromagnstically activated press.

108184} The clathrate formation system 140 may further comprise a iemperature
monitoring system configured to monitor the internal temperature of the formation
vessel The termperature monitoring system may comprise a thermostat, a thermistor, a
thermocouple, and/or a resistive temperalure detecior.

1081851 The clathrate formation system 140 may further comprise a pressure
monitoring device operably connected to the formation vessel and configured 1© moniior
an internal pressure of the formation vessel. For example, the pressure monitoring
device may comprise a piezoresistive strain gauge, a capacitive sensor, an
glectromagnetic sensor, a piezoelectric sensor, an optical sensor, a potentiometric

sensor, a thermal conductivily sensor, and/or an ionization sensor.
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[081868] The clathrate formation system 140 may further comprise a pressure relief
device operably connected to the formation vessel and configured to reduce pressure
within the formation vessel. Examples of a pressure relief device include, but are not
limited to, a pressure relief valve and a rupture disc.

1001877 The vehicle 200 may further comprize a transport device operably connecied
to the clathrate storage vessel 110, operably connected to the formation vessel, and
operably connected to the separation vessel, wherein the transport device is configured
to transfer gas clathrates from the clathraie storage vessel 110 10 the separation vessel
and is aiso configured to transfer carbon dioxide clathrates from the formation vessel o
the clathrate storage vessel 110.

(681881 The transport device may comprise a moveable surface, such as a conveyor
beit, a rotating drum, a siring, and/or a rotating disk. The moveable surface may
comprise a high-surface-area malerial, such as the high-surface-area materials
disclosed above for the fuel storage vessel 10, The transport device may be configured
to transport the gas clathrates and carbon dioxide clathrates as a solid.

1061881 The vehicle 200 may further comprise a tracking system configured to monitor
the position of the moveable surface to determine which clathrates comprise gas
clathrates and which clathrates comprise carbon dioxide clathrates. The fracking
system may comprise an optical fracking system, a mechanical tracking system, a
magnetic sensor, and/or a hall effect sensor.

1601901 Additionally, the separation system 120 may be configured {o dissociate
substantially all of the gas clathrates located on a portion of the moveable surface
transported o the separation system 120, such that when that portion of the moveable
surface is transported o the clathrate formation system 140, then that portion of the
moveable surface is substantially free from gas clathrates.

1081911 Allernatively, the vehicle 200 may further comprise a transport device operably
connected © the clathrate storage vessel 140 and operably connected to the formation
vessel and configured {o transfer carbon dioxide clathrates from the formation vessel (o
the clathrale storage vessel 140, In this embodiment, the transport device is
independent of the separation vessel. In this embodiment, the transport device may

also comprise a moveable surface, such as a conveyor bell, a rotating drum, a string,
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and/or a rotating disk. The moveable surface may comprise a high-surface-area
material, such as the high-surface-area materials disclosed above for the fusel storage
vessel 10. The transport device may be configured to transport the carbon dioxide
clathrates as a slurry and/or as a solid, such as solid chunks or peliets.

1001921 The transport device may be at least partially localed internally within the
formation vessel. Likewizse, the transport device may be at least partially external to the
formation vessel. Accordingly, the transport device may be at least partiaily integraied
into a portion of a surface, including an internal or external surface, of the formation
vessel, Additionally, the transport device may be at least partially integrated into a
portion of a surface, including an internal or external surface, of the clathrate storage
vessel 110, Likewise, the trangport device may be at least partially internal and/or
external to the clathrate storage vessel 110.

1081931 The transport device may be configured for moving solid carbon dioxide
clathrate. The transport device may be configured for moving carbon dioxide clathrate
sturry. The transport device may be configured to be hydraulically, mechanically, and/or
electrically actuated.

1681941 The transport device may comprise an extruder andfor a pump. When the
fransport device comprises a pump, the inlet of the pump may be operably connected {0
the formation vessel and an outlet of the pump may be operably connected o the
clathrate storage vessel 110. Examples of the pump include, but are not limited to, a
positive displacement pump, a lobe pump, an external gear pump, an internal gear
pump, a peristaltic pump, a screw pump, a progressive cavity pump, a flexible impeller
pump, a rotary vane pump, and a centrifugal pump. The pump may be any pump
compatible with pumping a carbon dioxide clathrate siurry.

[68195] The clathrate formation systemn 140 may be configured to receive a continuous
supply of carbon dioxide or may be configured o periodically receive a batch of carbon
dioxide, while the vehicle 200 is operating. The clathrate formation system 40 may be
configured 10 receive a variable supply of the exhaust stream based on the quantity of
exhaust produced by the engine 130,

1001961 The ciathrate storage vessel 110 may be configured o receive the carbon

dioxide clathrates as a solid and/or as a slurry.
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1001977 The clathrate storage vessel 110 may be configured for removal of stored
carbon dioxide from the vehicle 200 when the vehicle 200 is otherwise notin use. The
clathrate storage vessel 110 may be configured 1o reduce the pressure and/or increase
the temperature of the clathrale storage vessel 110 sufficient to dissociate the stored
carbon dicxide clathrates into carbon dioxide and host material. For example, the
clathrate storage vessel 110 may be configured to sufficiently warm stored carbon
dioxide clathraies so as o liquefy the host material and gasify the carbon dioxide. The
clathrate storage vessel 110 may comprize an outlel configured for removal of
dissociated carbon dioxide. The clathrate storage vessel 110 may also comprise an
outlet configured for removal of dissociated host material.

1681981 The vehicle 200 may further comprise a heating system configured and
located to impart heat energy {o the clathrate storage vessel 110. The healing system
may be located internal or external to the vessel. For example, the heating system may
be integrated into or attached to a portion of a surface of the clathrale storage vessel
110, including external or internal surfaces. The heating system may be independently
configured o ransfer heat energy from the coolant used 1o cool the enging 130,
Likewise, the heating sysiem may be configured to transfer heat energy from heat
generated by the engine 130 in any fashion, such as from an exhaust stream generated
by the engine 130. For example, the heating system may be configured to divert the
axhaust stream from the clathrate formation system 140 and also configured to transfer
heat from the diverted exhaust stream to the clathrate storage vessel 110, In that
gxampie, the heating system may be further configured {o divert the exhaust stream
from the clathrate storage vessel 110 and vent the exhaust stream to atmosphere.
Alternatively or in addition therelo, the healing systern may utilize solar energy, ambient
ternperatures, electric resistance healing elements, microwave heating, electromagnetic
heating, and/or dielectnic heating to impart heat energy.

1601991 The clathrate storage vessel 110 may be configured for removal of solid
and/or slurry carbon dioxide clathrates from the clathrate storage vessel 110,

1602007 The clathrate storage vessel 110 may be configured to maintain carbon
dioxide clathrates as a solid and/or sturry until removal of carbon dioxide from the

vehicle 200 is intended.
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1002017 The vehicle 200 may comprise a dissociation vessel operably connected to the
clathrate storage vessel 110 and configured (o receive carbon dioxide clathrates from
the clathrate slorage vessel 110. The dissociation vessel may be configured for
removal of stored carbon dioxide from the vehicle 200 when the vehicle 200 is
otherwize not in use. The dissociation vessel may be configured to reduce the pressure
and/or increase the temperature of the dissociation vessel sufficient to dissociate the
stored carbon dioxide ciathrates into carbon dioxide and host material.

1062021 The vehicle 200 may further comprise a recycle system configured to transfer
dissociated host material from the separation system 120 to the clathrate formation
system 140. The recycle system may further comprise a host material storage vessel
configured {0 store dissociated host material from the separation system 120, The
recycle system may comprise a transfer device configured o transfer the dissociated
host material to the clathrate formation system 140. The recycle system may comprise
a filter configured to clean dissociated host material prior to transfer of the dissociated
host material {o the clathrate formation system 140; e.g., 1o remove a clathrate stabilizer
mare suitable for gas clathrates than for carbon dioxide clathrates. The recycie system
may comprise a supply reservoir configured o add a component {o the host material
prior o fransfer of the dissociated host material 1o the clathrate formation system 140;
&.g., 1o add a clathrate stabilizer more suitable for carbon dioxide clathrates than for gas
clathrates.

1602031 Figures 1 and 2 illustrate vehicles that utilize gas clathrates to store fusl for the
vehicles. Figure 3 flustrates an additional embaodiment of a vehicle with reduced
emissions, but where gas clathrates are not used o store the fuel for the vehicle.

Figure 3 iilustrates a vehicle with a conventional fuel source, such as gasoling or diesel,
that utilizes clathrates to caplure carbon dioxide emissions. Figure 3 Hiustrates a
vehicle 300 comprising a clathrate formation system 240 and an exhaust storage vessel
250, Accordingly, the disclosure regarding the clathrate formation system 40 and the
gxhaust storage vessel 50 may apply to the clathrate formation system 240 and the
exhaust storage vesse! 250 of the vehicle 300 and vice versa.

1002047 The vehicle 300 comprises an engine 230, a supply of hosi material, a

clathrate formation system 240 operably connected {o the engine 230, operably
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connected to the supply of host maierial, and configured to combine carbon dioxide
from an exhaust stream from the engine with the host material to form carbon dioxide
clathrates. The vehicle 300 may further comprise an exhaust storage vessel configured
to store carbon dioxide clathrates.

1002057 The vehicle 300 may be any number of conventional vehicles, such as, for
example, a locomotive, a tractor configured Tor attachment {0 a semi-trailer, a bus, a
car, or a pick-up truck. The engine 230 may be any number of conventional engines,
such asg, for exampie, a gasolineg engine, a diesel engine, or a natural gas engine.
10062061 The disclosure regarding the host materials of the vehicles 100 and 200
applies equally {o the host material of the vehicle 300. The vehicle 300 may further
comprise a host material storage vessel 260 configured to supply host material o the
clathrate formation system 240, wherein the host material storage vessel 260 is
operably connected to the clathrate formation system 240. The vehicle 300 may further
comprise a transport device configured o transport host material from the host material
storage vessel 200 o the clathrate formation system 240. The host material storage
vessel 260 may be configured to receive previcusly unused and/or recycled host
material.

1002071 The vehicle 300 may comprise a filler configured {0 separate non-carbon
products from the exhaust stream.

1002081 The vehicle 300 may comprise a catalylic converter configured to convert
carbon monoxide and uncombusted hydrocarbons o carbon dioxide.

1002091 The clathrate formation system 240 may be configured o uliize combustion
produced waler as at least a portion of the host material in the formation of carbon
dioxide clathrates. In addition {o carbon dioxide clathrales, the clathrate formation
system 240 may be configured o also form carbon monoxide clathrates and partially
combusted hydrocarbon clathrates. For example, the clathrate formation system 240
may be configured {0 control the pressure and temperature of the exhaust stream and
the host material sufficient to form partially combusted hydrocarbon ciathrates with
partiaily combusted hydrocarbons and host material, to form carbon monoxide
clathrates with carbon monoxide and host material, and/or to form carbon dioxide

clathrates with carbon dioxide and host material. Likewise, the exhaust storage vesssl
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250 may aiso be configured o form carbon monoxide clathrates and partially
combusted hydrocarbon clathrates in addition to carbon dioxide clathrates.

1082107 The clathrate formation system 240 may comprise a cooling system
configurad to cool the exhaust stream. The cooling system may comprise a heat
gxchanger configured (o transfer heal from the exhaust stream {o an exiernal heat sink,
such as ambient air,

1082111 The clathrate formation system 240 may comprise a pressurization system.
The pressurization system may comprise a compressor. Examples of a compressor
inciude, but are not limited to, a centrifugal compressor, a mixed-flow compressor, an
axial-flow compressor, a reciprocating compressor, a rotary screw compressor, a rotary
vane compressor, a scroll compressor, and a diaphragm compressor.

1062121 The clathrate formation system 240 may comprise a formation vessel operably
connected to the exhaust storage vessel 250.

1002131 The clathrate formation system 240 may further comprise a carbon dioxide
removal system configured {o separate carbon dioxide from the exhaust stream and
deliver the removed carbon dioxide to the formation vessel. The carbon dioxide
removal system may comprise a removal vessel operably connected 1o the exhaust
streamn and the formation vessel.

1602141 The removal vessel may be configured to contact the exhaust stream with at
least one separation fluid. The separation fluid may comprise a chemical solvent. The
separation fluid may comprise a physical solvent. Examples of the separation fluid
include fluids comprising an alkanclamine, a moncethanolaming, a diethanclamine, a
methyldisthanolaming, a trigthanclaming, and/or piperazine. The separation fluid may
be a liquid. The separation fluid may comprise host material.

(602151 The vehicle 300 may further comprise a regeneration system configured to
separate carbon dioxide from the separation fluid and operably coupled to the removal
vessel. The regeneration system may comprise a regeneration vessel operably coupled
to the removal vessel and configured {0 heat the separation fluid. The regeneration
vessel may be configured o operate on a batch basis. The regeneration vessel may be
configured o operate on a continuous basis. The regeneration vessel may comprise a

tank. The regeneration vessel may comprise a conduit.
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108216} In some embodiments, the removal vessel is configured to contact the exhaust
stream with an alkali carbonate, such as sodium carbonate and/or potassium carbonate.
in such embodiments, the vehicle 300 may further comprise a regeneration system
configurad to separate carbon dioxide from the alkali carbonate and operably coupled to
the removal vessel. The regeneralion system may comprise a regeneration vessel
operably coupled to the removal vessel and configured to heat the alkali carbonale.

The regeneration vessel may be configured to operate on a batch basisoron a
cortinuous basis. The regeneration vessel may comprise a tank and/or a conduit.
1082171 In some embodiments, the removal vessel comprises a membrane configured
to separate carbon dioxide from the exhaust stream. The membrane may comprise a
polymer, such as a cellulose acetate polymer, a polyimide polymer, a polyamide
poiymer, a polycarbonate polymer, a polysulfone polvmer, and/or a polvetherimide
polymer. The membrane may comprise flat sheets. The flat sheets may be spiral-
wound. The membrane may comprise hollow fibers.

(602181 The removal vessel may be configured o operate on a batch basis. For
example, the removal vessel may comprise a tank. The removal vessel may be
configured {0 operate on a continuous basis. For example, the removal vessel may
comprise a conduit.

(602181 The clathrate formation system 240 may be configured to control the rate of
formation of the carbon dioxide clathrates by regulating at least one of the temperature
and the pressure of exhaust gases within the formation vessel. The formation vessel
may further comprise insulation configured o maintain an internal temperature of the
formation vessel. The insulation may comprise at least one material configured to and
compatible with maintaining desired temperatures within the formation vessel.
Examples of such materials include, but are not limited to, calcium silicate, celiular
giass, elastomeric foam, fiberglass, polvisocyanurate, polystyrene, and polyurethane.
The insulation may comprise at least one vacuum layer and/or multi-layer insulation.
The insulation may releasably surrcund at least a portion of an cuter surface of the
vessel and/or the insulation may be attached o at least a portion of a surface of the

vessel, including an outer and/or inner surface.
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1062281 The vehicle 300 may further comprise a refrigeration system configured o
maintain an internal temperature of the formation vessel within a setrange. The
refrigeration system may also be configured o cool the exhaust stream. The selrange
may be from about O degrees Centigrade to about 25 degrees Centigrade, including
from about O degrees Centigrade to aboul 20 degrees Centigrade, including from about
0 degrees Centigrade to about 15 degrees Centligrade, including from about O degrees
Centigrade to about 10 degrees Centigrade, and including from about 4 degrees
Centigrade to about 10 degrees Centigrade.

1082211 The refrigeration system may comprise a heat pipe configured and iocated o
conitrol the temperature of the formation vessel. The refrigeration system may also
comprise a vapor compression system. The vapor compression system may utilize a
chiorofiuorocarbon, a chiorofluoroclefin, a hydrochioroflucrocarbon, a hydrochloro-
fluorgolefin, a hydrofluorcolefin, a hydrochloroolefin, a hydroolefin, a hydrocarbon, a
perflucrcolefin, a perflucrocarbon, a perchloroolefin, a perchlorocarbon, and/or a halon.
The refrigeration system may comprise a vapor absorption system. The vapor
absorption system may utilize water, ammonia, and/or lithium bromide. The
refrigeration system may comprise a gas cycle refrigeration system, such as one that
utilizes air. The refrigeration system may comprise a stirling cycle refrigeration system.
The stirling cycle refrigeration system may ulilize helium. The stirding cycle refrigeration
system may comprise a free piston stirling codler. The refrigeration system may
comprise a thermoelectric refrigeration system.

1082221 The clathrate formation system 240 may be configured o generate an intermal
pressure in the formation vessel of about ambient pressure to about 30 bar, an internal
pressure of about 10 bar {o about 30 bar, an internal pressure of about 10 bar to about
15 bar, an internal pressure of about 15 bar to about 27 bar, or an intemal pressure of
about 20 bar to about 27 bar. The formation vessel may be designed to leak or vent
before burst, The formation vessel may further comprise a pressure relief device
operably connected to the vessel and configured o reduce pressure within the vessel,
Examples of a pressure relief device include, but are not limited to, a pressure relief
valve and a rupture disc.

(062231 The clathrate formation system 240 may be configured to pressurize the

52



WO 2015/017267 PCT/US2014/048157

gxhaust siream in the formation vessel without substantially increasing back pressure
on the exhaust ports of the engine 230. In such embodiments, the clathrate formation
system 240 may comprise a valve operably connected {o the formation vessel, wherein
the valve is configured to control introduction of the exhaust stream to the formation
vessel. The clathrate formation system 240 may be configured {0 sequentially introduce
batches of the exhaust stream to the formation vessel. For example, introduction of the
exhaust siream balches 0 the formation vessel may be timed o coincide with the
closing of exhaust ports of the engine 230.

1082241 The clathrate formation system 240 may further comprise at least oneg holding
vessel for temporarily storing the exhaust stream at a low pressure prior to introduction
of the exhaust stream {o the formation vessel for pressurizing. The low pressure may
be less than the pressure at which carbon dioxide clathrates are formed in the formation
vessel, The low pressure may be substantially equal to what the pressure of the
axhaust stream at an exhaust port of the engine 230 would be if the clathrate formation
system 240 and the exhaust storage vessel 250 were not connected to the engine 230,
The low pressure may be about equal to atmospheric pressure.

[682258] The clathrate formation system 240 may comprise a compressor, wheregin an
inlet of the compressor is operably connected to exhaust ports of the engine 230 and an
cutlet of the compressor is operably connected to the formation vessel. The
compressor may be configured to reduce back pressure on exhaust ports of the engine
230 to be substantially equal to what the pressure at the exhaust poris would be if the
clathrate formation system 240 and exhaust storage vessel 250 were not connected {o
the exhaust stream. The compressor may be configurad to minimize back pressure on
the exhaust ports of the engine 230 while pressurizing the formation vessel. Examples
of a compressor include, but are not limited to, a centrifugal compressor, a mixed-flow
compressor, an axial-flow compressor, a reciprocating comprassor, a rotary screw
compressor, a rolary vane compressor, a scroll compressaor, and a diaphragm
COMpressor.

1602261 The formation vessel may comprise a chamber configured (o form balches of
carbon dicxide clathrates and/or the formation vessel may comprise a conduit operably

connecied 1o the exhaust storage vessel 250 and configured to continuously form
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carbon dioxide clathrates.

(8062277 The clathrate formation system 240 may comprise a moveable press
integrated with the formation vesse!l and configured o pressurize the formation vessel.
For example, the moveable press may include, but iz not limited to, g hydraulic press or
an electromagnetically activated press.

106228] The clathrate formation system 240 may further comprise a temperature
monitoring system configured to monitor the internal temperature of the formation
vessel. The temperature monitoring system may comprise a thermostal, a thermistor, a
thermocouple, and/or a resistive temperature detector.

1062291 The clathrate formation system 240 may further comprise a pressure
monitoring device operably connected to the formation vessel and configured to monitor
an internal pressure of the formation vessel. For example, the pressure monitoring
device may comprise a piezoresistive sirain gauge, a capacitive sensor, an
electromagnetic sensor, a piezoelectiic sensor, an optical sensor, a potentiometric
sensor, a thermal conductivity sensor, and/or an ionization sensor.

1002301 The clathrate formation system 240 may further comprise a pressure relief
device operably connected to the formation vessel and configured to reduce pressure
within the formation vessel. Examples of a pressure relief device include, but are not
limited {o, a pressure relief valve and a rupture disc.

(002311 The vehicle 300 may further comprise a transport device operably connecied
to the formation vessel and the exhaust storage vessel and configured to transfer
carbon dioxide clathrates from the formation vessel 1o the exhaust storage vessel. The
transport device may be configured o transport the carbon dioxide clathrates as a slurry
and/or as a solid, such as solid chunks or pelists.

1602327 The transport device may be at least partially located internally within the
formation vessel. Likewise, the transport device may be al least partially external to the
formation vessel. Accordingly, the transport device may be at least partially integrated
into a portion of a surface, including an internal or exiernal surface, of the formation
vessel. Additionally, the transport device may be al least partially integrated into a

portion of a surface, including an internal or external surface, of the exhaust storage
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vessel 250, Likewise, the transport device may be at least partially internal and/or
external to the exhaust storage vessel 250.

1002331 The transport device may be configured for moving solid carbon dioxide
clathrate. The fransport device may be configured for moving carbon dioxide clathrate
slurry. The fransport device may be configured to be hydraulically, mechanically, and/or
electrically actuated.

16062341 The transport device may comprise an extruder andior a pump. When the
transport device comprises a pump, the inlet of the pump may be operably connected to
the formation vessel and an outlet of the pump may be operably connected {o the
exhaust storage vessel 250. Examples of the pump include, but are not limited 1o, a
positive displacement pump, a lobe pump, an exiernal gear pump, an internal gear
pump, a peristaltic pump, a screw pump, a progressive cavity pump, a flexible impeller
pump, a rotary vane pump, and a centrifugal pump. The pump may be any pump
compatible with pumping a carbon dioxide clathrate slurry.

[682358] The clathrate formation system 240 may be integraied with the exhaust
storage vessel 250. The cdlathrate formation system 240 may be configured o form
carbon dioxide clathrates by regulating at least one of the lemperature and the pressure
of carbon dioxide and host material within the exhaust storage vessel 250 to be
compatible with forming carbon dioxide clathrates. For example, the temperature may
be reguiated to be about  degrees Centigrade to about 25 degrees Centigrade, may be
regulated to be about G degrees Centigrade to about 20 degrees Centigrade, may be
regulated {0 be about § degrees Centigrade {0 about 15 degrees Centigrade, may be
regulated to be about ¢ degrees Centigrade to about 10 degrees Centigrade, or may be
regulated {0 be about 4 degrees Centigrade 1o about 10 degrees Centigrade. In
another example, the pressure may be regulated to be about 1 bar {o about 30 bar, the
pressure may be regulated {o be about 10 bar to about 30 bar, the pressure may be
regulated to be about 10 bar to about 15 bar, the pressure may be regulated {0 be about
15 bar (o about 27 bar, or the pressure may be regulated 1o be about 20 bar to about 27
bar.

106236] Likewise, the exhaust storage vessel 250 may be configured to agitate the

carbon dioxide and the host material at a temperaiure and a pressure compatible with
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forming the carbon dioxide clathrates. For example, the exhaust storage vessei 250
may comprise a mixing element located within the exhaust storage vessel 250 and
configured io agitate the carbon dioxide and the host material.

1002377 Additionally, the exhausl storage vessel 250 may comprise high-surface-area
materiais configured for forming carbon dioxide clathrates on the surface thereof, By
way of non-limiting example, the high-surface-area maternial may comprise a graphene-
based material, an activated carbon, and/or a melal organic framework, such as a
bidentate carboxylic comprising ligand, a tridentate carboxylic comprising ligand, an
azole compriging ligand, or a squaric acid comprising ligand.

106238] The clathrate formation system 240 may further comprise a heat pipe
configured and located 0 modulate the temperature of the exhaust storage vessel 250.
1862381 The clathrate formation system 240 may be configured o receive a continuous
supply of carbon dioxide or may be configured to periodically receive a batch of carbon
dioxide, while the vehicle 300 is operating. The clathrate formation system 240 may be
configured o receive a variable supply of the exhaust stream based on the guantity of
exhaust produced by the engine 230,

1602401 The exhaust storage vessel 250 may be configured to receive the carbon
dioxide clathrates as a solid and/or as a slurry.

(602411 The exhaust storage vessel 250 may be configured for removal of stored
carbon dioxide from the vehicle 300 when the vehicle 300 is otherwise not in use. The
exhaust storage vessel 250 may be configured {o reduce the pressure andfor increase
the temperature of the exhaust storage vessel 280 sufficient to dissociate the stored
carbon dioxide clathrales into carbon dioxide and host material. For exampie, the
aexhaust storage vessel 250 may be configured o sufficiently warm stored carbon
dioxide clathrates 50 as to liquefy the host material and gasify the carbon dioxide. The
gxhaust storage vessel 250 may comprise an oullet configured for removal of
dissociated carbon dioxide. The exhaus! storage vessel 250 may also comprise an
outlet configured for removal of dissociated host material.

1602427 Vehicie 300 may further comprise a heating system configured and located {0
impart heat energy o the exhaust storage vessel 250. The heating system may be

located internal or external to the vessel. For example, the healing system may be
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integrated into or attached (o a portion of a surface of the exhaust storage vessel 250,
including external or internal surfaces. The heating system may be independently
configured io transfer heat energy from the coolant used {o cool the engine 230.
Likewise, the heating system may be configured to transfer heat energy from heal
genearated by the enging 230 in any fashion, such as from an exhaust stream generated
by the engine 230. For example, the heating system may be configured o divert the
exhaust stream from the clathrate formation system 240 and also configured to transfer
heat from the diverted exhaust stream (o the exhaust storage vessel 250, In that
gxampie, the heating system may be further configured to divert the exhaust stream
from the exhaust storage vessel 250 and vent the exhaust stream to atmosphere,
Alternatively or in addition thereto, the heating system may utilize solar energy, ambient
temperatures, electric resistance heating elements, microwave heating, electromagnstic
heating, and/or diglectric heating to impart heat energy.

1002431 The vehicle 300 may further comprise a recycle system configured {o transfer
dissociated host material from the exhaust storage vessel 250 to the host material
storage vessel 260. The recycle system may comprise a filter configured {0 clean
dissociated host material prior to transfer of the dissociated host material {0 the host
material storage vessel 280, The recycle system may comprise a transfer device
configured {0 transfer the dissociated host material to the host material storage vessel
280.

1602441 The exhaust storage vessel 250 may be configured for removal of solid andfor
slurry carbon dioxide clathrates from the exhaust storage vessel 250

1602451 The exhaust storage vessel 250 may be configured to maintain carbon dioxide
clathrates as a solid and/or slurry until removal of carbon dioxide from the vehicle 300 is
intended.

1002481 The exhaust storage vessel 250 may be configured to be detachable and
reattachable from the remainder of the vehicle 300. For example, the exhaust storage
vessel 250 may be configured o be exchanged with a different exhaust storage vessel
250 that has been emptied of carbon dioxide clathrates.

1002477 The vehicle 300 may further comprise a sensor configured {o monitor the

amount of carbon dioxide clathrates in the exhaust storage vessel 250, The sensor
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may be configured to measure a mass of the carbon dioxide clathrales. The sensor
may be configured {0 measure a vapor pressure of carbon dioxide gas present in the
gxhaust storage vessel 250. The sensor may be configured o determing a
concentration of carbon dioxide present in the exhaust storage vessel 250. The sensor
may be configured to monitor the amount of carbon dioxide removed from the exhaust
storage vessel 250.

1682481 The vehicle 300 may alternatively comprise a dissociation vessel operably
connected to the exhaust storage vessel 250 and configured to receive carbon dioxide
clathrates from the exhaust storage vessel 250. The dissociation vessel may be
corfigured for removal of stored carbon dioxide from the vehicle 300 when the vehicle
300 is otherwise not in use. The dissociation vessel may be configured 1o reduce the
pressure and/or increase the temperature of the dissociation vessel sufficient to
dissociate the stored carbon dioxide clathrates into carbon dioxide and host material.
1062481 The vehicle 300 may further comprise a temperature monitoring system
configured o monitor the internal temperature of the exhaust storage vessel 250. The
temperature moniforing system may comprise a thermostat, a thermistor, a
thermocouple, and/or a resistive temperature detector.

1002501 The vehicle 300 may further comprise a control system configured (o monifor
both pressure and temperature of the exhaust storage vessel 250 and configured i
regulate at least one of pressure and temperature in order o maintain the carbon
dioxide clathraie within a clathrate stability range.

10825171 The exhaust storage vessel 250 may comprise insulation. The insulation may
comprise al least one material configured o and compatible with maintaining desired
temperatures within each vessel. Examples of such materials include, but are not
limited to, calcium silicate, celiular glass, elastomeric foam, fiberglass, polyisocyanurate,
polystyrene, and polyurethane. The insulation may comprise at least one vacuum layer
and/or mulli-layer insulation. The insulation may releasably surround at least a portion
of an outer surface of the vessel and/or the insulation may be atlached to at least a
portion of a surface of the vessel, including an outer and/or inner surface.

1082521 The exhaust storage vessel 250 may comprise a refrigeration sysiem

configured to maintain an inlernal temperature of about § degrees Centigrade to about
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25 degrees Centigrade. The exhaust storage vessel 250 may be configured to maintain
an internal temperature of about 0 degrees Centigrade {o about 20 degrees Centigrade.
The exhaust storage vessel 250 may be configured to maintain an internal temperalure
of about O degrees Centigrade 1o about 15 degrees Centigrade. The exhaust storage
vessel 250 may be configured to maintain an inlernal temperature of about 0 degrees
Centigrade to aboui 10 degrees Centigrade, including from about 4 degrees Centigrade
to about 10 degrees Centigrade.

1062531 The refrigeration system may comprise a heat pipe. The refrigeration sysiem
may also comprise a vapor compression system. The vapor compression system may
utilize a chiorcfluorocarbon, a chlorofiuoroolefin, a hydrochiorofiuorocarbon, a
hydrochloro-fluoroclefin, a hydrofiuoroolefin, a hydrochioroclefin, a hydroolefin, a
hydrocarbon, a perfluoroolefin, a perfluorocarbon, a perchioroclefin, a perchlorocarbon,
and/or a halon. The refrigeration sysiem may comprise a vapor absorption system.
The vapor absorption system may utilize water, ammonia, and/or lithium bromide. The
refrigeration system may comprise a gas cycle refrigeration system, such as one that
utilizes air. The refrigeration system may comprise a stirling cycle refrigeration system.
The stirling cycle refrigeration system may ulilize helium. The stirding cycle refrigeration
system may comprise a free piston stirling cooler. The refrigeration system may
comprise a thermoelectric refrigeration system.

1002541 The formation vessel, if present, and the exhaust storage vesse! 250 may
gach be comprised of structural materials configured o and compatible with maintaining
desired temperatures and pressures within each respective vessel. The structural
material may comprise aluminum, brass, copper, ferretic steel, carbon stesl, stainless
steel, polytetrafiuorcethylens (PTFE), polychiorotriflucrosthylene (PCTFE), vinylidene
poivfluoride (PVDF), polyamide (PA), polypropylene (PP), nitrile rubber (NBR),
chioroprene (OR), chiorofiuorocarbons (FKM), and/or composite materials, including
compaosite materials comprising carbon fibers, glass fibers, and/or aramid fibers.
1002551 The exhaust storage vessel 250 may be designed to maintain an internal
pressure of about 1 bar (o about 30 bar, an internal pressure of about 10 bar {o about
30 bar, an internal pressure of about 10 bar to about 15 bar, an internal pressure of

about 15 bar to about 27 bar, an internal pressure of about 20 bar to about 27 bar. The
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vessel may be designed to leak or vent before burst. The vessel may further comprise
a pressure relief device operably connected to the vesse! and configured 1o reduce
pressure within the vessel. Examples of g pressure relief device include, but are not
limited to, a pressure relief valve and a rupture disc.

1002567 The vehicle 300 may further comprise a pressurizing device operably
connected to the exhaust storage vessel 250 and configured to maintain pressure within
the exhaust storage vessel 250. Examples of a pressurizing device include a moveable
press infegrated with the vessel, wherein the moveable press is configured to maintain
pressure within the vessel. For example, the moveable press may include, butis not
fimited to, a hydraulic press or an electromagnetically activated press. In other
gxamples, the pressurizing device may comprise a compressor. Examples of a
compressor include, but are not limited to, a centrifugal compressor, a mixed-flow
compressor, an axial-flow compressor, a reciprocating compressor, a rotary screw
compressor, a rofary vane compressor, a scrolt compressor, and a diaphragm
COMpPressor.

10625771 Vehicle 300 may further comprise a pressure monitoring device operably
connected (o the exhaust storage vessel 250 and configured to monitor an internal
pressure of the exhaust storage vessel 250, The pressure monitoring device may
comprise a piezoresistive strain gauge, a capacitive sensor, an electromagnetic sensor,
a piezoslectric sensor, an optical sensor, a potentiometric sensor, a thermal conductivity
sensor, and/or an ionization sensor.

1002581 This disclosure also provides kits for reducing the emissions of existing
vehicles. The kils may comprise the host material storage vessel 260, the clathrate
formation system 240, and the exhaust storage vessel 250 disclosed above for the
vehicle 300. The clathrate formation system 240 may be configured for operable
connection to an engine of a vehicle, configured to be operably connecied o the host
material storage vessel 260, and configured to combine an exhaus! stream from the
engine with host material to form carbon dioxide clathrates. The exhaust siorage vessel
250 may be configured o store carbon dioxide clathrates. I should be undersiood that
any and all of the disclosure above regarding the vehicle 300, other than the disciosure

apecific to the enging 230, may apply to the Kits. Additionally, the kits include the option
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that any components disclosed for the vehicle 300 as being operably connected {o
anather component may instead be configured for operable connection.

1002597 In some embodiments, the kits are configured o be mounted underneath the
trunk area of a vehicle. in other embodiments, the kils are configured o be mounted in
the trunk of the vehicle.

1862601 The kits may be for any number of conventional vehicles, such as, for
gxample, a locomotive, a tractor configured for attachment {¢ a semi-irailer, a busg, a
car, or a pick-up truck. The Kits may be used with any number of conventional engines,
such as, for exampie, a gasoline engine, a diesel engine, or a natural gas engine.
1062611 The Kits may comprise a host material storage vessel 260 configured o supply
host material to the clathrate formation system 240, whersin the host material storage
vessel 260 is operably connected 1o the clathrate formation system 240. The kits may
further comprise a transport device configured to transport host material from the host
material storage vessel 260 {o the clathrate formation system 240. The host material
storage vessel 260 may be configured 1o receive previously unused andfor recycled
host material,

1602627 The Kits may comprise a filter configured {0 separate non-carbon products
from the exhaust stream.

(602631 The Kits may comprise a catalylic converter configured to convert carbon
monoxide and uncombusted hydrocarbons to carbon dioxide. Alternatively, the kits may
be configured {o ulilize an exisling catalytic converter of a vehicle to convert carbon
maonoxide and uncombusted hydrocarbons to carbon dioxide.

(60284} The clathrate formation systemn 240 of the kils may be configured to ulilize
combustion produced water as at least a portion of the host material in the formation of
carbon dioxide clathrates. In addition to carbon dioxide clathrates, the clathrate
formation system 240 may be configured to also form carbon monoxide clathrates and
partiaily combusted hydrocarbon clathrates. For example, the clathrate formation
system 240 may be configured 1o control the pressure and temperature of the exhaust
stream and the host material sufficient to form partially combusted hydrocarbon
clathrates with partially combusted hydrocarbons and host material, to form carbon

monoxide clathrates with carbon monoxide and host material, and/or to form carbon
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dioxide clathrates with carbon dioxide and host material. Likewise, the exhaust storage
vessel 250 may also be configured to form carbon monoxide clathrates and partially
combusied hydrocarbon clathrates in addition to carbon dioxide clathrates.

1062651 The clathrate formation system 240 of the kils may comprise a cooling sysiem
configured o cool the exhaust stream. The cooling system may comprise a heat
exchanger configured to transfer heat from the exhaust stream {0 an external heat sink,
such as ambient air.

1062661 The clathrate formation system 240 of the kils may comprise a pressurization
system. The pressurization system may comprise a compressor. Examples of a
compressor include, but are not limited to, a centrifugal compressor, a mixed-flow
compressor, an axial-flow compressor, a reciprocating compreassor, a rotary screw
cOMprassor, a rofary vane compressor, a scroll compressor, and a diaphragm
COMpPressor.

1002671 The clathrate formation system 240 of the kils may comprise a formation
vessel operably connected o the exhaust storage vessel 250.

1002681 The clathrate formation system 240 of the kits may further comprise a carbon
dioxide removal system configured ¢ separate carbon dioxide from the exhaust stream
and deliver the removed carbon dioxide o the formation vessel. The carbon dioxide
removal system may comprise a removal vessel configured 1o be operably connected to
the exhaust stream and the formation vessel.

1682681 The removal vessel of the kits may be configured o contact the exhaust
stream with at least one separation fluid. The separation fluid may comprise a chemical
solvent. The separation fluid may comprise a physical solvent. Examples of the
separation fluid include fluids comprising an alkanclamine, a monocethanolamine, a
digthanclamine, a methyldiethanolamine, a triethanolamine, and/or piperazine. The
separation fluid may be a liquid. The separation fluid may comprise host material.
1602707 The Kits may further comprise a regeneration system configured to separate
carbon dioxide from the separation fluid and operably coupled {o the removal vessel.
The regeneration system may comprise a regeneration vessel operably coupled to the
removal vessel and configured o heat the separation fluid. The regeneration vessel

may be configured o operate on a batch basis. The regeneralion vessel may be
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configured o operate on a continuous basis. The regeneration vessel may comprise a
tank. The regeneration vessel may comprise a conduit.

1002717 In some embodiments of the Kits, the removal vessel is configured to contact
the exhaust stream with an alkali carbonate, such as sodium carbonate and/or
potassium carbonate. In such embodiments, the vehicle 300 may further comprise a
regeneration system configured to separate carbon dioxide from the alkali carbonate
and operably coupled to the removal vessel. The regeneration sysiem may comprise a
regeneration vessel operably coupled o the removal vessel and configured to heat the
alkali carbonate. The regeneration vessel may be configured to operate on a batch
basis or on a continuous basis. The regeneration vessel may comprise a tank and/or a
conduit.

1862721 In some embodiments of the kits, the removal vessel comprises a membrane
configured o separate carbon dioxide from the exhaust siream. The membrane may
comprise a polymer, such as a celliulose acetate polymer, a polvimide polymer, a
polyamide polymer, a polycarbonate polymer, a polysuifone polymer, andfor a
polyetherimide polymer. The membrane may comprise flat sheets. The flat sheels may
be spiral-wound. The membrane may comprise hollow fibers.

1002731 The removal vessel of the kits may be configured {o operate on a batch basis.
For example, the removal vessel may comprise a tank. The removal vessel may be
configured o operate on a continuous basis. For example, the removal vessel may
comprise a conduit.

1002741 The clathrate formation system 240 of the kits may be configured to control the
rate of formation of the carbon dioxide clathrates by reguiating at least one of the
temperature and the pressure of exhaust gases within the formation vessel. The
formation vessel may further comprise insulation configured to maintain an internal
temperature of the formation vessel, The insulation may comprise at least one malerial
configured to and compatible with maintaining desired temperatures within the formation
vessel, Examples of such materials include, but are not limited {o, calcium silicate,
cellular glass, elastomeric foam, fiberglass, polyisocyanurate, polystyrene, and
polyurethane. The insulation may comprise at least ong vacuum layer and/or mulli-

layer insulation. The insulation may releasably surround at least a portion of an outer
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surface of the vessel and/or the insulation may be attached to atlgast a portion of a
surface of the vessel, including an outer and/or inner surface.

108275} The kits may further comprise a refrigeration system configured to maintain an
internal temperature of the formation vessel within a set range. The refrigeration
system may also be configured to cool the exhaust siream. The set range may be from
about 0 degrees Centigrade to about 25 degrees Centigrade, including from about 0
degrees Centigrade (o about 20 degrees Centigrade, including from about O degrees
Centigrade to aboui 15 degrees Centigrade, including from about O degrees Centigrade
to about 10 degrees Centigrade, and including from about 4 degrees Centigrade {0
about 10 degrees Centigrade.

(8082761 The refrigeration system may comprise a heat pipe configured and located {o
conitrol the temperature of the formation vessel. The refrigeration system may also
comprise a vapor compression gystem. The vapor compression system may ulilize a
chioroflucrccarbon, a chiorofluorociefin, a hydrochloroflucrocarbon, a hydrochioro-
fluorcolefin, a hydrofluorcolefin, a hydrochioroolefin, a hydroolefin, a hydrocarbon, a
perfluorcolefin, a perfluorocarbon, a perchloroolefin, a perchliorocarbon, andfor a halon.
The refrigeration system may comprise a vapor absorption system. The vapor
absorption system may utilize water, ammonia, and/or lithium bromide. The
refrigeration system may comprise a gas cycle refrigeration system, such as one that
utilizes air. The refrigeration system may comprise a stirling cycle refrigeration system.
The stirling cycle refrigeration system may ulilize helium. The stirding cycle refrigeration
system may comprise a free piston stirling cooler. The refrigeration system may
comprise a thermoelectric refrigeration system.

1082777 The clathrate formation system 240 of the kits may be configured to generate
an internal pressure in the formation vessel of about ambient pressure to about 30 bar,
an internal pressure of about 10 bar to about 30 bar, an internal pressure of about 10
bar to about 15 bar, an internal pressure of about 15 bar {0 about 27 bar, or an internal
pressure of about 20 bar to about 27 bar. The formation vessel may be designed {o
leak or vent before burst. The formation vessel may further comprise a pressure relief
device operably connected {0 the vessel and configured o reduce pressure within the

vessel. Examples of a pressure relief device include, but are not limited to, a pressure
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relief valve and a rupture disc.

(062781 The clathrate formation system 240 of the kils may be configured (o pressurize
the exhaust siream in the formation vessel without substantially increasing back
pressure on the exhaust ports of the engine 230. In such embodiments, the clathrale
formation sysiem 240 may comprise a vaive operably connected {o the formation
vessel, wherein the valve is configured o control introduction of the exhaust stream {o
the formation vessel. The clathrate formation system 240 may be configured {o
sequentially infroduce batches of the exhaust stream {o the formation vessel. For
gxampie, introduction of the exhaust stream baiches to the formation vessel may be
timed o coincide with the closing of exhaust ports of the engine 230.

1082781 The clathrate formation system 240 of the kits may further comprise at least
one holding vessel for temporarily storing the exhaust siream at a low pressure prior o
introduction of the exhaust stream {0 the formation vessel for pressurizing. The iow
pressure may be less than the pressure at which carbon dioxide clathrates are formed
in the formation vessel. The low pressure may be substantially eqgual to what the
pressure of the exhaust stream at an exhaust port of the engine 230 would be if the
clathrate formation system 240 and the exhaust storage vessel 250 were not connected
to the engine 230. The low pressure may be about egqual fo atmospheric pressure.
(682807 The clathrate formation system 240 of the kils may comprise a compressor,
wherein an inlet of the compressor is configured {0 be operably connected to exhaust
ports of the engineg 230 and an cutlet of the compressor is configured to be operably
connectad to the formation vessel. The compressor may be configured (o reduce back
pressure on exhaust ports of the engine 230 to be substantially equal to what the
pressure at the exhaust ports would be if the clathrate formation system 240 and
exhaust storage vesse! 250 were not connected to the exhaust stream. The
compressor may be configured to minimize back pressure on the exhaust ports of the
engine 230 while pressurizing the formation vessel. Examples of a compressor include,
but are not limited to, a cenirifugal compressor, a mixed-flow compressor, an axial-flow
compressor, a reciprocating compressor, a rotary screw compressor, a rotary vane
compressor, a scroll compressor, and a diaphragm compressor.

(062811 The formation vessel of the Kils may comprise a chamber configured to form
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batches of carbon dioxide clathrates and/or the formation vessel may comprise a
conduit operably connected to the exhaust storage vessel 250 and configured to
continuously form carbon dioxide clathrates.

(062821 The clathrate formation system 240 of the kils may comprise a8 moveable
press integrated with the formation vessel and configured to pressurize the formation
vessel. For example, the moveable press may include, but is notlimited to, a hydraulic
press or an electromagnetically aclivated press.

1062831 The clathrate formation system 240 of the kils may further comprise a
temperature monitoring system configured to monitor the internal temperature of the
formation vessel. The temperature monitoring system may comprise a thermostal, a
thermistor, a thermocouple, and/or a resistive temperature detector.

1062841 The clathrate formation system 240 of the kits may further comprise a
pressure monitoring device operably connecied {o the formation vessel and configured
to monitor an internal pressure of the formation vessel. For example, the pressure
monitoring device may comprise a piezoresistive sirain gauge, a capacitive sensaor, an
electromagnetic sensor, a piezoelectric sensor, an optical sensor, a polentiometric
sensor, a thermal conductivity sensor, and/or an ionization sensor.

[06285] The clathrate formation system 240 of the kits may further comprise a
pressure relief device operably connected to the formation vessel and configured to
reduce pressure within the formation vessel. Examples of a pressure relief device
include, but are not limited 1o, a pressure relief valve and a ruplure disc.

(0028681 The kils may further comprise a transport device operably connected to the
formation vessel and the exhaust storage vessel and configured {o transfer carbon
dioxide clathrates from the formation vessel {6 the exhaust storage vessel. The
transport device may be configured (o transport the carbon dioxide clathrates as a slurry
and/or as a solid, such as solid chunks or pelists.

1602877 The transport device may be at least partially located internally within the
formation vessel. Likewise, the trangport device may be al least partially external to the
formation vessel. Accordingly, the transport device may be at least partially integrated
into a portion of a surface, including an internatl or external surface, of the formation

vessel. Additionally, the transport device may be at least partially integrated inlo a
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portion of a surface, including an internal or external surface, of the exhaust storage
vessel 250. Likewise, the transport device may be al least partially internal and/or
gxternal to the exhaust slorage vessel 250,

(062881 The transport device may be configured for moving solid carbon dioxide
clathrate. The transport device may be configured for moving carbon dioxide clathrate
sturry. The transport device may be configured to be hydraulically, mechanically, and/or
glectrically actuated.

1862881 The transport device may comprise an extruder and/or a pump. When the
fransport device comprises a pump, the inlet of the pump may be operably connected to
the formation vessel and an outlet of the pump may be operably connected to the
exhaust storage vessel 250, Examples of the pump include, but are not limited to, a
positive displacement pump, a lobe pump, an external gear pump, an internal gear
pump, a peristaltic pump, a screw pump, a progressive cavity pump, a flexible impeller
pump, a rotary vane pump, and a centrifugal pump. The pump may be any pump
compatible with pumping a carbon dioxide clathrate siurry.

1002801 The clathrate formation system 240 of the kits may be integrated with the
exhaust storage vessel 250. The clathrate formation system 240 may be configured to
form carbon dioxide clathrates by regulating at least one ¢f the temperature and the
pressure of carbon dioxide and host material within the exhaust storage vessel 250 {o
be compatible with forming carbon dioxide clathrates. For example, the lemperature
may be regulated {0 be about O degrees Centigrade to about 25 degrees Centigrade,
may be regulated to be about O degrees Centigrade to about 20 degrees Centigrade,
may be regulated 10 be about O degrees Centigrade 1o about 15 degrees Centigrade,
may be regulated to be about O degrees Centigrade to about 10 degrees Centigrade, or
may be regulated 10 be about 4 degrees Centigrade 10 about 10 degrees Centigrade. In
another example, the pressure may be regulated to be about 1 bar to about 30 bar, the
pressure may be regulated to be about 10 bar 1o about 30 bar, the pressure may be
regulated {0 be about 10 bar t0 about 15 bar, the pressure may be regulated {0 be about
15 bar to about 27 bar, or the pressure may be regulated to be about 20 bar {0 about 27

bar.

87



WO 2015/017267 PCT/US2014/048157

1002917 Likewise, the exhaust storage vessel 250 of the Kits may be configured to
agitate the carbon dioxide and the host material at a temperaiure and a pressure
compatible with forming the carbon dioxide clathrates. For example, the exhaust
storage vessel 250 may comprise a mixing element located within the exhaust storage
vessel 250 and configured to agitate the carbon dioxide and the host material.

1062921 Additionally, the exhaust storage vessel 250 of the kits may comprise high-
surface-area materials configured for forming carbon dioxide clathrates on the surface
thereof. By way of non-limiting example, the high-surface-area material may comprise a
graphene-based material, an activated carbon, and/or a metal organic framework, such
as a bidentate carboxylic comprising ligand, a tridentate carboxylic comprising ligand,
an azole comprising ligand, or a squaric acid comprising ligand.

1062931 The clathrate formation system 240 of the kils may further comprise g heat
pipe configured and locaied to modulate the temperalure of the exhaust storage vessel
250.

1682941 The clathrate formation system 240 of the kits may be configured to receive a
continuous supply of carbon dioxide or may be configured to periodically receive a
batch of carbon dioxide, while the vehicle 300 is operating. The clathrate formation
system 240 may be configured 1o receive a variable supply of the exhaust stream based
on the quantity of exhaust produced by the engine 230.

1002851 The exhaust storage vessel 250 of the kits may be configured {o receive the
carbon dioxide clathrates as a solid and/or as a slury.

1002961 The exhaust storage vessel 250 of the kits may be configured for removal of
stored carbon dioxide from the vehicle 300 when the vehicle 300 is otherwise not in use.
The exhaust siorage vessel 250 may be configured to reduce the pressure and/or
increase the temperature of the exhaust storage vessel 250 sufficient to dissociate the
stored carbon dioxide clathrates into carbon dioxide and host material. For example,
the exhaust storage vessel 250 may be configured to sufficiently warm stored carbon
dioxide clathraies so as o liquefy the host material and gasify the carbon dioxide. The
exhaust storage vessel 250 may comprise an outlet configured for removal of
dissociated carbon dioxide. The exhaust storage vessel 250 may also comprise an

outlet configured for rermnoval of dissociated host material.
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1002977 The kils may further comprise a heating system configured and located to
impart heal energy o the exhaust storage vessel 250. The healing system may be
localed internal or exiernal to the vessel. For example, the heating system may be
integrated into or attached to a portion of a surface of the exhaust slorage vessel 250,
including external or internal surfaces. The heating system may be independently
corfigured o transfer heat energy from the coolant used 1o cool the engine 230.
Likewise, the heating system may be configured o transfer heat energy from heat
generated by the engine 230 in any fashion, such as from an exhaust stream generated
by the engine 230. For example, the heating system may be configured to divert the
exhaust stream from the clathrate formation system 240 and also configured to transfer
heat from the diverted exhaust stream o the exhaust storage vessel 250. In that
exampie, the heatling system may be further configured to divert the exhaust stream
from the exhaust storage vessel 250 and vent the exhaust stream o atmosphere.
Alternatively or in addition therelo, the heating system may utilize solar energy, ambient
termnperatures, electric resistance heating elements, microwave heating, slectromagnetic
heating, and/or dielectric heating to impart heat energy.

(602981 The kits may further comprise a recycle system configured to transfer
dissociated host material from the exhaust storage vessel 250 to the host material
storage vessel 200, The recycle system may comprise a filter configured o clean
dissociated host material prior to transfer of the dissociated host material {6 the host
material storage vessel 280, The recycle system may comprise a transfer device
configured io transfer the dissociated host material to the host malerial storage vessel
260,

1002991 The exhaust storage vessel 250 of the kits may be configured for removal of
solid and/or slurry carbon dioxide clathrates from the exhaust storage vessel 250
1083007 The exhaust storage vessel 250 of the kits may be configured to maintain
carbon dioxide clathrales as a solid and/or sturry until removal of carbon dioxide from
the vehicle 300 is intended.

1603017 The exhaust storage vessel 250 of the kils may be configured to be
detachable and reattachable from the remainder of the vehicle 300. For example, the

exhaust storage vessel 250 may be configured {o be exchanged with a different exhaust
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storage vessel 250 thatl has been emplied of carbon dioxide clathrates.

(803021 The kits may further comprise a sensor configured to monitor the amount of
carbon dioxide clathrates in the exhaust storage vesssel 250, The sensor may be
configured to measure a mass of the carbon dioxide clathrates. The sensor may be
configured {0 measure a vapor pressure of carbon dioxide gas present in the exhaust
storage vessel 250. The sensor may be configured to determine a concentration of
carbon dioxide present in the exhaust storage vessel 250. The sensor may be
configured to monitor the amount of carbon dioxide removed from the exhaust storage
vessel 250.

1863031 The kits may alternatively comprise a dissociation vessel operably connected
o the exhaust storage vessel 250 and configured to receive carbon dioxide clathrates
from the exhaust storage vessel 250, The dissociation vessel may be configured for
removal of stored carbon dioxide from the vehicle 300 when the vehicle 300 is
otherwise not in use. The dissociation vessel may be configured to reduce the pressure
and/or increase the temperature of the dissociation vessel sufficient to dissociate the
stored carbon dioxide clathrates into carbon dioxide and host material.

1683041 The kits may further comprise a temperature monitoring system configured to
monitor the internal temperature of the exhaust storage vessel 250, The temperature
monitoring system may comprise a thermostat, a thermistor, a thermocouple, and/or a
resistive temperature detector.

(6083051 The Kits may further comprise a control system configured {o monitor both
pressure and temperature of the exhaust storage vessel 250 and configured {o regulate
at least one of pressure and temperature in order o maintain the carbon dioxide
clathrate within a clathrate stability range.

16030861 The exhaust storage vessel 250 of the Kils may comprise insulation. The
insulation may comprise at least one material configured to and compatible with
maintaining desired temperatures within each vessel. Examples of such materials
include, but are not limited to, calcium silicate, cellular glass, elastomeric foam,
fiberglass, polyisocyanurate, polystyrene, and polyurethane. The insulation may
comprise at least one vacuum layer and/or multi-layer insulation. The insulation may

releasably surround at least a portion of an outer surface of the vessel and/or the
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insulation may be atlached (o at least a portion of a surface of the vesssl, including an
outer andfor inner surface.

1083077 The exhaust storage vessel 250 of the kits may comprise a refrigeration
aystem configured to maintain an internal temperature of about 0 degrees Centigrade to
about 25 degrees Cenligrade. The exhaust storage vessel 250 may be configured (o
maintain an internal temperature of about O degrees Centigrade {o about 20 degrees
Centigrade. The exhaust storage vessel 250 may be configured to maintain an internal
temperature of about 0 degrees Centigrade {0 about 15 degrees Centigrade. The
exhaust storage vessel 250 may be configured to maintain an internal temperature of
about 0 degrees Centigrade to about 10 degrees Centigrade, including from about 4
degrees Centigrade (o about 10 degrees Centigrade.

1806308] The refrigeration system may comprise a heat pipe. The refrigeration sysiem
may also comprise a vapor compression system. The vapor compression system may
utilize a chiorofluorocarbon, a chlorofluorcolefin, a hydrochiorofiuorccarbon, a
hydrochioro-fluorociefin, a hydrofiuorgolefin, a hydrochioroclefin, a hydroclefin, a
hydrocarbon, a perfiucroolefin, a perfiucrocarbon, a perchiorociefin, a perchlorocarbon,
and/or a halon. The refrigeration system may comprise a vapor absorption system.
The vapor absorption system may utilize water, ammonia, and/or lithium bromide. The
refrigeration system may comprise a gas cycle refrigeration system, such as one that
utilizes air. The refrigeration systemn may comprise a stirling cycle refrigeration system.
The stirling cycle refrigeration system may ulilize helium. The stirding cycle refrigeration
system may comprise a free piston stirling cooler. The refrigeration system may
comprise a thermoelectric refrigeration system.

1083091 The formation vessel, if present, and the exhaust storage vesse! 250 of the
kits may each be comprised of structural materials configured o and compatible with
maintaining desired temperatures and pressures within each respective vessel. The
structural material may comprise aluminum, brass, copper, ferretic steel, carbon steel,
stainless steel, polvietrafluorcethviene (PTFE), polychiorotriffucroethylens (PCTFE],
vinylidene polyflucride (PVDF), polyamide (PA), polypropylens (PP), nitrile rubber
(NBR}, chicroprene (CR), chiorofluorocarbons (FKM), and/or composite malerials,

including compaosite materials comprising carbon fibers, glass fibers, and/or aramid
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fibers.

(803107 The exhaust slorage vessel 250 of the kils may be designed to maintain an
internal pressure of about 1 bar o about 30 bar, an internal pressure of about 10 bar o
about 30 bar, an internal pressure of about 10 bar to about 15 bar, an internal pressure
of about 15 bar to about 27 bar, an internal pressure of about 20 bar to about 27 bar.
The vessel may be designed to leak or vent before burst. The vessel may further
comprise a pressure relief device operably connected to the vessel and configured to
reduce pressure within the vessel. Examples of a pressure relief device include, but are
not limited o, a pressure relief valve and a rupture disc.

1863111 The kits may further comprise a pressurizing device operably connecied o the
exhaust storage vessel 250 and configured to maintain pressure within the exhaust
storage vessel 250. Examples of a pressurizing device include a moveable press
integrated with the vessel, wherein the moveable press is configured to maintain
pressure within the vessel. For example, the moveable press may include, but is not
limited o, a hydraulic press or an electromagnetically activated press. In other
examples, the pressurizing device may comprise a compressor. Examples of a
compressor include, but are not limited to, a centrifugal compressor, a mixed-flow
compressor, an axial-flow compressor, a reciprocating comprassor, a rotary screw
compressor, a rofary vane compressor, a scroll compressor, and a diaphragm
COMpPressor.

1683121 The kits may further comprise a pressure monitoring device operably
connected to the exhaust storage vessel 250 and configured to monitor an internal
pressure of the exhaust storage vessel 250, The pressure monitoring device may
comprise a piezoresistive strain gauge, a capacitive sensor, an electromagnetic sensor,
a piezoelectric sensor, an optical sensor, a potentiometric sensor, a thermal conductivity
sensor, and/or an ionization sensor.

1603131 Figures 4 and 5 illustrate additional embodiments of a vehicle with reduced
grissions. In the embodiments llustrated in Figures 4 and 5, the fuel is stored in gas
clathrates, similar as in the embodiments Hlustrated in Figures 1 and 2. Unlike the
gmbodiments fliustrated in Figures 1 and 2, the gas clathrates do not undergo a

dissociation process during the release of the fuel. Also unlike the embodiments
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Hiustrated in Figures 1-3, carbon dioxide clathrates are not formed by associating
carbon dioxide with a liquid host material. Instead, in the embodiments illustrated in
Figures 4 and 5, exhausi gas molecules, such as carbon dioxide, are exchanged with
the fuel molecules, such as methane, withoul dissociating the clathraie struciure.
Without wishing to be bound by theory, it is believed that at appropriate temperatures
and pressures, exhaust gas molecules, such as carbon dioxide, are thermodynamicaily
favored over fuel molecules, such as methane, in the clathrate struciure. Therefore,
exhaust gas molecules, such as carbon dioxide, may diffuse into the gas clathrate
structure and liberate fuel molecules, such as methane, without the host material
changing phase to liquid. Therefore, aithough the exchange process may resuit in the
formation of carbon dioxide clathrates, the carbon dioxide clathrates are not formed
from liguid host material.

1083141 Figure 4 iliusirates a vehicle 400 with gas clathrates and carbon dioxide
clathrates stored in the same vessel, clathrate storage vessel 310, Accordingly, the
disclosure regarding the clathrate storage vessel 110 of the vehicle 200 may be
applicable to the clathrate storage vessel 310 and vice versa. Figure S fllustrates a
vehicle 500 comprising a fuel storage vessel 410 and an exhaust storage vessel 450 for
separately storing the gas clathrates and the carbon dioxide clathrates. Accordingly,
the disclosure regarding the fuel storage vessel 10 and the exhaust siorage vessel 50 of
the vehicle 100 may apply 1o the fuel storage vessel 410 and the exhaust storage
vessel 450 of the vehicle 500 and vice versa. For example, the disclosure above
regarding the chemical composition of the gas clathrales, the at least one gas, and the
host material of the vehicle 100 and the vehicle 200 also applies to the same for the
vehicle 400 and the vehicle 500.

1603151 The vehicle 400 comprises a clathrate storage vessel 310 configured to store
gas clathrates at a first temperature and a first pressure. The vehicle 400 may further
comprise an enging 330 operably connectad to the clathrate storage vessel 310 and
configured o receaive discharged at least one gas from the clathrate siorage vessel 310.
The vehicle 400 may further comprise an exhaust delivery system operably connecled
io the engine 330 and configured to introduce carbon dioxide from an exhaust stream

from the engine 330 into the clathrate storage vessel 310 at a temperature and pressure
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substantially the same as the first temperature and pressure. The clathrate storage
vessel 310 may be configured {o discharge the al least one gas and siore carbon
dioxide clathraies.

[80316] The clathrate storage vessel 310 may be configured to control the rate of
gxchange of carbon dioxide for the at least one gas by regulating at least ong of the
temperature and the pressure of the clathrate storage vessel 310.

1683171 The ciathrale storage vessel 310 may be configured o spontaneously
exchange carbon dioxide for the at least one gas within the gas clathrates without
substantially melting any host material of the gas clathrates, wherein gas clathrates are
converted to carbon dioxide clathrates and the at least one gas is released.

1683181 The clathrale storage vessel 310 may be configured o receive the at least one
gas and the host material and configured {o form the gas clathrates within the clathrate
storage vessel 310, similar as disclosed above for the clathrate storage vessel 110, For
example, the clathrate storage vessel 310 may be configured {o agitate, such as with a
mixing element, the at least one gas and the host material at a temperature and a
pressure compatible with forming the gas clathrates from the at least one gas and the
host material. The clathrate storage vessel 310 may comprise high-surface-area
materiais configured for forming clathrates on the surface of the materials. The high-
surface-area materials may be configured for forming gas clathrates and carbon dioxide
clathrates, where formation depends upon the conditions within the clathrate storage
vessel 310 and the gases present. The high-surface-area materials may be the same
as disclosed above for the fuel storage vessel 10 and the clathrate storage vessel 110
1603181 The clathrate storage vessel 310 may be configured to be detachable and
reattachable from the remainder of the vehicle 400, For example, the clathrale storage
vessel 310 may be configured {0 be exchanged with a different clathrate storage vessel
310 that has had carbon dioxide clathrates removed and been pre-filled with gas
clathrates.

1083207 The clathrate storage vessel 310 may be configured o receive the gas
clathrates as a slurry or a solid. The clathrate storage vessel 310 may be configured {©
mainiain the gas clathrates as a slurry or a solid, such as solid pellets or chunks.

(863217 The clathrate storage vessel 310 may comprise insulation. The disclosure
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regarding insulation options for the fuel storage vessel 10 and the clathrate storage
vessel 110 also apply o the insulation oplions for the clathrate storage vessel 310.
106322} Likewise, the clathrate storage vessel 310 may comprise a refrigeration
aystem configured to maintain an internal temperature of the clathrate storage vessel
310 within a set range. The disclosure regarding refrigeration sysiem options and set
range options for the fuel storage vessel 10 and the clathrate storage vessel 110 also
applies to refrigeration system options and set range options for the clathraie storage
vessel 310. Similarly, the structural material options disclosed for the fuel storage
vessel 10 and the clathrate storage vessel 110 also apply to the structural material
options for the clathrate storage vessel 310.

1683231 The vehicle 400 may further comprise a sensor configured o monitor the
amount of gas clathrates and/or carbon dioxide clathrates in the clathrate storage
vessel 310, The disclosure regarding sensor oplions for the vehicle 100 and the vehicle
200 also apply to the sensor options for the vehicle 400,

1603241 The ciathrate storage vessel 310 may be designed to maintain an internal
pressure of about 1 bar to about 30 bar, including the narrower ranges disclosed for the
fuel storage vessel 10 and the clathrate storage vessel 110. The clathrate storage
vessel 310 may be designed to leak or vent before burst. The clathrate storage vessel
310 may be operably connected {o a pressure monitoring device, a pressurizing device,
and/or a pressure relief device., The disclosure regarding a pressure monitoring device,
a pressurizing device, and/or a pressure relief device oplions for the vehicle 100 and the
vehicle 200 also applies 1o pressure monitoring device, pressurizing device, and/or
pressure relief device options for the vehicle 400

1083251 The vehicle 400 may further comprise a heating system configured and
located to impart heat energy to the clathrate storage vessel 310, The vehicle 400 may
further comprise a temperature monitoring system configured to monitor the internal
ternperature of the clathrate storage vessel 310, The vehicle 400 may further comprise
an emergency cooling system configured to rapidly cool the clathrate storage vessel
310. The vehicle 400 may further comprise a control system configured {6 monitor both
pressure and temperature and to regulale at least one of the pressure and temperalure

in order to maintain clathrate within a clathrate stability range. The disclosure regarding

75



WO 2015/017267 PCT/US2014/048157

a healing system, a temperature monitoring system, an emergency cooling system, and
a control system for the vehicle 100 and the vehicle 200 and their respective vessels
also applies to the same for the vehicle 400 and the clathrate storage vessel 310.
(003261 The clathrate storage vessel 310 may comprise a conduit configured as a plug
flow reactor and/or a chamber configured as a batch reactor.

1863271 The clathrate siorage vessel 310 may comprise a gas outlet configured for
removing at least one gas from the clathrate storage vessel 310, The clathrate storage
vessel 310 may further comprise a control valve operably connected to the gas outlet
and to the engine 330, wherein the control valve is configured to control release of
stored at least one gas from the clathrate storage vessel 310. The clathrate storage
vessel 310 may further comprise a metering system configured to control infroduction of
stored at least one gas to the engine 330. The metering system may comprise a gas
flow meter configured to measure the flow rate of the stored at ieast one gas released
from the clathrate storage vessel 310, The vehicle 400 may further comprise a
transport device configured to transport the at least one gas from the clathrate storage
vessel 310 to the engine 330, wherein the transport device is operably connected to the
clathrate storage vessel 310 and to the engine 330. The transport device may be
configured to contral the transport of the at least one gas based on fuel requirements of
the engine 330. The transport device may comprise a compressor, including, but not
fimited o, 8 compressor exemplified in the disclosure regarding the separation system
20 and/or the separation system 120.

1083281 The vehicle 400 may further comprise a gas storage vessel configured to store
the atl least one gas removed from the clathrate storage vessel 310, wherein the gas
storage vessel is operably connected to the clathrate storage vessel 310 and is
operably connected to the engine 330. In such embodiments, the vehicle 400 may
further comprise a control valve operably connected (o the gas storage vessel and {0
the engine 330, wherein the control valve is configured to control release of stored at
least one gas from the gas storage vessel. The vehicle 400 may further comprise a
metering system configured to control introduction of stored at least one gas © the
engine 330. The metering system may comprise a gas flow meter configured t©

measure the flow rate of the stored at least one gas released from the gas storage
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vessel The vehicle 400 may further comprise a transport device configured to transport
the al least one gas from the gas storage vessel to the engine 330, wherein the
transport device is operably connected to the gas storage vessel and to the engine 330.
The transport device may be configured o control the transport of the at least one gas
based on fuel requirements of the engine 330. The transport device may comprise a
compressor, including, but not limited to, a compressor exemplified in the disclosure
regarding the separation system 20 and/or the separation systemn 120.

1863281 The vehicle 400 may further comprise a conirol valve operably connected o
the clathrate storage vessel 310 and to the gas storage vessel, wherein the conirol
valve is configured to control release of stored at least one gas from the clathrate
storage vessel 310. The vehicle 400 may further comprise a metering system
corfigured to conirol introduction of stored at least one gas from the clathrate storage
vessel 310 to the gas storage vessel. The melering system may comprise a gas flow
meter configured to measure the flow rate of the stored at ieast one gas released from
the clathrate storage vessel 310, The vehicle 400 may further comprise a fransport
device configured o transport the at least one gas from the clathrate storage vessel 310
to the gas storage vessel, wherein the transport device is operably connected to the
clathrate storage vessel 310 and to the gas storage vessel. The fransport device may
be configured to control the transport of the at least one gas based on fuel requirements
of the engine 330. The transport device may comprise a compressor, including, but not
limited {0, a compressor exemplified in the disclosure regarding the separation sysiem
20 and/or the separation system 120,

1603307 The vehicle 400 may further comprise a cooling device configured to reduce
the temperature of the at least one gas prior o introduction of the at least one gas o the
engine 330. The cooling device may comprise a heat exchanger. The heat exchanger
may be configured o be cooled by ambient air. The heat exchanger may be configured
to be cooled by a coolant also used to cool the engine 330. The cooling device may
comprise a refrigerated coil configured o cool the al least one gas.

1603317 The vehicle 400 may comprise a moisture-removal system configured to

remove water from the at least one gas prior o intreduction of the at least one gas o

77



WO 2015/017267 PCT/US2014/048157

the engine 330. The moisture-removal system may comprise, by way of non-limiting
example, a dehumidifier, a dryer, or a molecular sieve column.

1083327 In some embodiments of the vehicle 400 substantially all of the carbon dioxide
in the exhaust siream is exchanged for the at least one gas. Therefore, substantially all
of the carbon dioxide is captured in carbon dioxide clathrates.

1863331 In some embodiments of the vehicle 400 the exhaust stream further comprises
nitrogen. The clathrate siorage vessel 310 may be configured to exchange nitrogen for
at least one gas within the gas clathrales without substantially melting any host material
of the gas clathrates, wherein gas clathrates are converted o nifrogen clathrates and
the at least one gas is released. The clathrate storage vessel 310 may be configured to
spontanecusly exchange nitrogen for at least one gas within the gas clathrales.

(863341 The vehicle 400 may comprise a filer configured to separate non-carbon
products from the exhaust stream.

1063351 The vehicle 400 may comprise a catalylic converter configured to convert
carbon monoxide and uncombusted hydrocarbons to carbon dioxide. Examples of
partially combusted hydrocarbons include hydrocarbons with one, two, or three carbons.
(603361 The clathrate storage vessel 310 may also be configured to exchange carbon
monoxide from the exhaust stream for at least one gas within the gas clathrates.
Likewise, the clathrate storage vessel 310 may be configured to exchange partially
combusted hydrocarbon from the exhaust siream for al least one gas within the gas
clathrates.

1083371 The exhaust delivery system may comprise a cooling system configured {o
cool the exhaust stream. The cooling system may comprise a heat exchanger
configured o fransfer heat from the exhaust stream {0 an exiernal heat sink, such as
ambient air.

1083381 The exhaust delivery sysiem may comprise a pressurization system. The
pressurization system may comprise a compressor. Examples of a compressor include,
but are not limited to, a cenirifugal compressor, a mixed-flow compressor, an axial-flow
compressor, a reciprocating comprassor, a rofary screw compressor, a rotary vane

compressor, a scroll compressor, and a diaphragm comprassor.
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1003387 The ciathrate storage vessel 310 may be configured (o receive a continuous
supply of carbon dioxide while the vehicle 400 is operating. The clathrate storage
vessel 310 may be configured to periodically receive a batch of carbon dioxide while the
vehicle 400 is operating. The clathrate storage vessel 310 may be configured {o receive
a variable supply of the exhaust stream based on the quantity of exhaust produced by
the engine 330. The exhaust stream including the carbon dioxide may be introduced {o
the clathrate storage vessel 310 with the carbon dioxide present in the exhaust stream.
The carbon dioxide may be removed from the exhaust stream prior 1o introduction of the
carbon dioxide o the clathrate storage vessel 310,

18634081 The vehicle 400 may further comprise a carbon dioxide removal system
configured o separate carbon dioxide from the exhaust stream and deliver the removed
carbon dioxide to the clathrate storage vessel 310. The carbon dioxide removal system
may comprise a removal vessel operably connected to the exhaust stream and the
clathrate storage vessel 310.

(603411 The removal vessel may be configured o contact the exhaust stream with at
least one separation fluid. The separation fluid may comprise a chemical solvent. The
separation fiuid may comprise a physical solvent. Examples of the separation fluid
include fluids comprising an alkanolamine, a monocethanolamineg, a diethanolamine, a
methyldiethanolamine, a triethanolamine, and/or piperazine. The separation fluid may
be a liquid. The separation fluid may comprise host material.

(603427 The vehicle 400 may further comprise a regeneration system configured to
separate carbon dioxide from the separation fluid and operably coupled to the removal
vessel. The regeneration system may comprise a regeneration vessel operably coupled
to the removal vessel and configured {0 heat the separation fluid. The regeneration
vessel may be configured to operate on a batch basis. The regeneration vessel may be
configured to operate on a continuous basis. The regeneration vessel may comprise a
tank. The regeneration vessel may comprise a conduit.

1083431 In some embodiments, the remaoval vessel is configured o contact the exhaust
stream with an alkali carbonate, such as sedium carbonate andior polassium carbonate.
In such embodiments, the vehicle 400 may further comprise a regeneration system

configured to separate carbon dioxide from the alkali carbonate and operably coupled to
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the removal vessel. The regeneratlion system may comprise a regeneration vessel
operably coupled to the removal vessel and configured to heat the alkali carbonate.
The regeneration vessel may be configured to operate on a batch basis oron a
continuous basis. The regeneration vessel may comprise a lank and/or a conduil,
1083441 In some embodiments, the removal vessel comprises a membrane configured
to separate carbon dioxide from the exhaust stream. The membrang may comprise a
polymer, such as a cellulose acetate polymer, a polyimide polymer, a polyamide
polymer, a polycarbonate polvmer, a polysulfone polymer, and/or a polyetherimide
polymer. The membrane may comprise flat sheets. The flat sheets may be spiral-
wound. The membrane may comprise hollow fibers.

1683451 The removal vessel may be configured to operate on a batch basis. For
exampie, the removal vessel may comprise a tank. The removal vessel may be
configured {0 operate on a continuous hasis. For example, the removal vessel may
comprise a conduit.

1603461 The clathrate storage vessel 310 may be configured for rermoval of stored
carbon dioxide from the vehicle 400 when the vehicle 400 is otherwise notin use. The
clathrate storage vessel 310 may be configured {o reduce the pressure and/or increase
the temperature of the clathrate storage vessel 310 sufficient to dissociate the stored
carbon dioxide clathrates into carbon dioxide and host material. For example, the
clathrate storage vessel 310 may be configured to sufficiently warm stored carbon
dioxide clathrates s¢ as to liquefy the host material and gasify the carbon dioxide. The
clathrate storage vessel 310 may comprise an cutlet configured for removal of
dissociated carbon dioxide. The clathrate storage vessel 310 may also comprise an
outlet configured for removal of dissociated host material. The vehicle 400 may further
comprise a recycle system configured 1o reuse host material dissociated from the
carbon dioxide clathrates. For example, the host material may be reused in the
formation of gas clathrates during refueling of the clathrate storage vessel 310.
1003471 The ciathrate storage vessel 310 may be configured for removal of solid
and/or slurry carbon dioxide clathrates from the clathrate siorage vessel 310.

1003487 The ciathrate storage vessel 310 may be configured to maintain carbon

dioxide clathrates as a solid and/or sturry until removal of carbon dioxide from the
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vehicle 400 is intended.

(003491 The vehicle 400 may comprise a dissocialion vessel operably connected (o the
clathrate slorage vessel 310 and configured to receive carbon dioxide clathrates from
the clathrale storage vessel 310. The dissociation vessel may be configured for
removal of stored carbon dioxide from the vehicle 400 when the vehicle 400 is
otherwise not in use. The dissociation vessel may be configured 1o reduce the pressure
and/or increase the temperature of the dissociation vessel sufficient to dissociate the
stored carbon dioxide clathrates into carbon dioxide and host material.

(683501 The vehicle 500 comprises a fuel storage vessel 410 configured to store gas
clathrates and an exchange vessel 470 operably connected o the fuel storage vessel
410 and configured to receive the gas clathrates. The exchange vessel 470 may be
configured to maintain the gas clathrates at a first temperature and a first presgsure and
may be configured to exchange carbon dioxide for at least one gas within the gas
clathrates. The exchange vessel 470 may be configured {o discharge the at least one
gas and also discharge the carbon dioxide clathrates. The vehicle 500 may further
comprise an engine 430 operably connected o the exchange vessel 470 and
configured {o receive discharged gas from the exchange vessel 470.

(0635171 The vehicle 500 may further comprise an exhaust delivery system operably
connecied o the engine 430 and configured to introduce carbon dioxide from an
exhaust stream from the engine 430 into the exchange vessel 470 at a temperature and
pressure substantially the same as the first temperature and pressure. The vehicle 500
may further comprise an exhaust siorage vessel 450 configured to receive the carbon
dioxide clathrates from the exchange vessel 470,

1083521 The carbon dioxkide may be removed from the exhaust stream prior to
introduction of the carbon dioxide to the exchange vessel 470. The exhaust stream
including the carbon dioxide may be introduced to the exchange vessel 470 with the
carbon diokide present in the exhaust stream.

1083531 The exchange vessel 470 may be configured {o control the rate of exchange of
carbon dioxkide for the at least one gas by regulating at least one of the temperature and
the pressure of the exchange vessel 470.

(063541 The exchange vessel 470 may be configured to spontanecusly exchangs
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carbon dicxide for the at least one gas within the gas clathrates without substantially
melting any host material of the gas clathrates, wherein gas clathrates are converted o
carbon dioxide clathrates and the at least one gas is released.

(063551 The fuel storage vessel 410 may be configured to receive the at least one gas
and the host material and configured to form the gas clathrates within the fuel storage
vessel 410, similar as disclosed above for the clathrate storage vessel 110, For
gxample, the fuel storage vessel 410 may be configured 1o agilale, such as with a
mixing element, the at least one gas and the host material at a temperature and a
pressure compatible with forming the gas clathrates from the at least one gas and the
host material. The fuel storage vessel 410 may comprise high-surface-area materials
configured for forming clathrates on the surface of the materials. The high-surface-area
materials may be configured for forming gas clathrates and carbon dioxide clathrates,
where formation depends upon the conditions within the fuel storage vessel 410 and the
gases present. The high-surface-area materials may be the same as disciosed above
for the fuel storage vessel 10 and the clathrate storage vessel 110.

1003561 The fuel storage vessel 410 may be configured to be detachable and
reattachable from the remainder of the vehicle 500. For example, the fusl storage
vessel 410 may be configured to be exchanged with a different fuel storage vessel 410
that has been pre-filled with gas clathrates.

1003571 The fuel storage vessel 410 may be configured to receive the gas clathrates
as a slurry or a solid. The fuel storage vessel 410 may be configured to maintain the
gas clathrates as a slurry or a solid, such as solid peliets or chunks.

[608358] The fuel storage vessel 410 may comprise insulation. The disclosure
regarding insulation options for the fuel storage vessel 10 and the clathrate storage
vessel 110 also apply 1o the insulation options for the fuel storage vessel 410,

1083587 Likewise, the fuel storage vessel 410 may comprise a refrigeration system
configured to maintain an internal temperature of the fuel storage vessel 410 within a
set range. The disclosure regarding refrigeration sysiem oplions and set range options
for the fuel storage vessel 10 and the clathrate storage vessel 110 also applies to
refrigeration system options and set range options for the fuel storage vessel 410.

Similarly, the struciural material options disclosed for the fuel storage vessel 10 and the
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clathrate storage vessel 110 also apply to the structural material options for the fuel
storage vesssl 410.

1003607 The vehicle 400 may further comprise a sensor configured {o monitor the
amount of gas clathrates in the fuel storage vessel 410. The disclosure regarding
sensor options for the vehicle 100 and the vehicle 200 also appiy to the sensor options
for the vehicle 400,

(683611 The fuel storage vessel 410 may be designed {o maintain an internal pressure
of about 1 bar to about 30 bar, including the narrower ranges disclosed for the fuel
storage vessel 10 and the clathrate storage vessel 110, The fuel storage vessel 410
may be designed to leak or vent before burst. The fuel storage vessel 410 may be
operably connected 1o a pressure monitoring device, a pressurizing device, and/or a
pressure relief device. The disclosure regarding a pressure monitoring device, a
pressurizing device, and/or a pressure relief device options for the vehicle 100 and the
vehicle 200 also applies to pressure monitoring device, pressurizing device, and/or
pressure relief device options for the vehicle 500,

1063627 The vehicle 500 may further comprise a heating system configured and
located (o impart heat energy {0 the fuel storage vessel 410. The vehicle 500 may
further comprise a temperature monitoring system configured to monitor the internal
termnperature of the fuel storage vessel 410, The vehicle 500 may further comprise an
emergency cooling system configured o rapidly cool the fuel storage vessel 410, The
vehicle 500 may further comprise a control system configured to monitor both pressure
and temperature and o regulate at least one of the pressure and temperature in order
to maintain the gas clathrate within a clathrate stability range. The disclosure regarding
a heating system, a temperature monitoring system, an emeargency cooling system, and
a control system for the vehicle 100 and the vehicle 200 and their respective vessels
also applies to the same for the vehicle 500 and the fuel storage vessel 410,

1603631 The vehicle 500 may further comprise a valve operably connected between
the exchange vessel 470 and the fuel storage vessel 410, The valve may comprise a
passive valve, such as, for example, a ball check valve, a diaphragm check valve, a
swing check valve, a stop check valve, or a lift check valve. The valve may comprise an

active valve, such as, for example, a globe valve, a bulterfly valve, a gate valve, ora
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ball valve.

(003647 The vehicle 500 may further comprise a transport device operably connected
io the fuel storage vessel 410 and operably connected to the exchange vessel 470 and
configured to transfer gas clathrates from the fuel storage vessel 410 (o the exchangs
vessel 470, The transport device may be configured {o transport the gas clathrales as a
sturry and/or as a solid, such as solid chunks or pellets.

108365] The transport device may be at least partially located internally within the fuel
storage vessel 410. Likewise, the transport device may be at least partially external to
the fuel storage vessel 410. Accordingly, the transport device may be at least partially
integrated into a portion of a swface, including an infernal or external surface, of the fuel
storage vessel 410, Additionally, the transport device may be at least partially
integrated into a portion of a swface, including an internal or external surface, of the
exchange vessel 470. Likewise, the transport device may be at least partially internal
andfor external o the separation vessel.

(603661 The transport device may be configured for moving solid gas clathrate. The
fransport device may be configured for moving gas clathrate slurry. The transport
device may be configured to be hydraulically, mechanically, and/or electrically actuated.
1003671 The transport device may comprise an extruder and/or a pump. When the
transport device comprises a pump, the iniet of the pump may be operably connecled to
the fuel storage vessel 410 and an cutlet of the pump may be operably connected o the
exchange vessel 470, Examples of the pump include, but are not imited {o, a positive
displacement pump, a lobe pump, an external gear pump, an internal gear pump, a
peristaliic pump, 2 screw pump, a progressive cavity pump, a flexible impeller pump, a
rotary vane pump, and a centrifugal pump. The pump may be any pump compatible
with pumping a gas clathrate slurry.

1003681 The exchange vessel 470 may comprise insulation configured o maintain an
internal temperature of the exchange vessel 470, The insulation may comprise at least
one material configured 1o and compatibie with maintaining refrigerated temperalures
within the separation vessel. Examnples of such materials include, but are not limited to,
calcium silicate, cellular glass, elastomeric foam, fiberglass, polyisocyanurate,

polystyrene, and polyurethane. The insulation may comprise at igast one vacuum laysr
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and/or multi-layer insulation. The insulation may be attached to atlgast a portion of a
surface of the vessel, including an outer and/or inner surface.

1083681 The vehicle 500 may further comprize a refrigeration system configured {0
maintain an internal temperature of the exchange vessel 470 within a sel range. The
set range may be from about O degrees Centigrade to about 25 degrees Ceniigrade,
including from about 0 degrees Centigrade {0 about 20 degrees Centigrade, including
from about O degrees Centigrade to about 15 degrees Centigrade, including from about
0 degrees Centigrade to about 10 degrees Cenligrade, and including from about 4
degrees Centigrade (o about 10 degrees Centigrade.

1863701 The refrigeration system may comprise a heat pipe configured and located to
control the femperature of the exchange vessel 470. The refrigeration system may also
comprise a vapor compression system. The vapor compression system may utilize a
chiorgfiucrocarbon, a chiorofluorooeletin, a hydrochlorofluorocarbon, a hvdrochioro-
flucroolefin, a hydrofluoracliefin, a hydrochioroolefin, a hydroolefin, a hydrocarbon, a
perfluoraciefin, a perflucrocarbon, a perchioroolefin, a perchlorocarbon, and/or a halon.
The refrigeration system may comprise a vapor absorption system. The vapor
absorption system may utilize water, ammaonia, and/or lithium bromide. The
refrigeration system may comprise a gas cycle refrigeration system, such as one that
utilizes air. The refrigeration system may comprise a stirling cycle refrigeration system.
The stirling cvcle refrigeration system may utilize helium. The stirling cycle refrigeration
systemn may comprise a free piston stirling cooler. The refrigeration system may
comprise a thermoelectric refrigeration system.

168371} The exchange vessel 470 may further comprise a heat pipe configured and
located to control the temperature of the exchange vessel 470 separate from a
refrigeration system.

1083721 The vehicle 500 may comprise a heating system configured and located o
impart heatl energy o the exchange vessel 470, The healing system may be located
internal or external to the vessel. For example, the heating system may be integrated
into or attached o a portion of a surface of the separation vessel, including external or
internal surfaces. The heating system may be independently configured to transfer heat

energy from the coolant used to cool the engine 430. Likewise, the heating sysiem may
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be configured to transfer heat energy from heatl generated by the engine 430 in any
fashion, such as from an exhaust stream generated by the engine 430. Alternatively or
in addition thereto, the healing system may utilize solar energy, ambient temperalures,
elactric resistance heating elements, microwave heating, electromagnetic healing,
and/or dielectric heating o impart heat energy.

1863731 The exchange vessel 470 may be designed to leak or vent before burst.
1883741 The exchange vessel 470 may further comprise a pressure monitoring device
operably connected to the exchange vessel 470 and configured to monitor an internal
pressure of the exchange vessel 470, The pressure moniforing device may
independently comprise g piezoresistive strain gauge, a capacilive sensor, an
glectromagnetic sensor, a piszoelectric sensor, an optical sensor, a potentiometric
sensor, a thermal conductivity sensor, and/or an ionization sensor.

1883751 The exchange vessel 470 may further comprise a pressure relief device
operably connected 1o the exchange vessel 470 and configured to reduce pressure
within the exchange vessel 470, Examples of a pressure relief device include, but are
not fimited o, a pressure relief valve and a rupture disc.

(603761 The exchange vessel 470 may further comprise a pressurizing device
operably connected to the separation vessel and configured to maintain pressure within
the separation vessel. Examples of a pressurizing device include a moveable press
integrated with the vessel, wherein the moveable press is configured to maintain
pressure within the vessel. For example, the moveable press may include, but is not
imited o, a hydraulic press or an electromagnetically activated press. In other
examples, the pressurizing device may comprise a compressor. Examples of a
compressor inciude, but are notlimited to, a centrifugal compressor, a mixed-flow
compressor, an axial-flow compressor, a reciprocating compressor, a rotary screw
compressor, a rotary vane compressor, a soroll compressor, and a diaphragm
COMPressor.

10837771 The exchange vessel 470 may further comprise a temperature monitoring
system configured to monitor the internal temperaiure of the separation vessel. The
temperature monitoring system may comgrise a thermostal, a thermistor, a

thermocouple, and/or a resistive temperature detector.
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108378} The vehicle 500 may further comprise an emergency cooling system
configurad to rapidly cool the separation vessel.

1083781 The vehicle 500 may further comprise a control system configurad {0 monitor
both pressure and iemperature of the exchange vessel 470 and configured (o regulate
at least one of pressure and temperature in order to maintain the gas clathrate and
carbon dioxide clathrate within a clathraie stability range.

(683807 The exchange vessel 470 may comprise a conduit configured as a plug flow
reactor and/or a chamber configured as a baich reactor.

1083811 The exchange vessel 470 may comprise a gas oullet configurad for removing
at least one gas from the exchange vessel 470. The exchange vessel 470 may further
comprise a conirol valve operably connected o the gas outlet and to the engine 430,
wherein the control valve is configured to conirol release of stored at least one gas from
the exchange vessel 470. The exchange vessel 470 may further comprise a metering
system configured {o control introduction of stored at least one gas to the engine 430.
The melering system may comprise a gas flow meter configured to measure the flow
rate of the stored at least one gas released from the exchange vessel 470, The vehicle
500 may further comprise a transport device configured (o transport the at least one gas
from the exchange vessel 470 {¢ the engine 430, wherein the transport device is
operably connected to the exchange vessel 470 and to the engine 430. The transport
device may be configured o control the transport of the at least one gas based on fusl
reguirements of the engine 430. The transport device may comprise a compressor,
including, but not limited o, a compressor exemplified in the disclosure regarding the
separation system 20 and/or the separation system 120.

1083821 The vehicle 500 may further comprise a gas storage vessel configured to store
the atl least one gas removed from the exchange vessel 470, wherein the gas storage
vessel is operably connected o the exchange vessel 470 and is operably connected {o
the engine 430. In such embodiments, the vehicle 500 may further comprise a control
valve operably connected to the gas storage vessel and to the engineg 430, whergin the
control valve is configured to control release of stored at least one gas from the gas
storage vessel. The vehicle 500 may further comprise a metering system configured {o

control introduction of stored al least one gas to the enging 430, The melering system
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may comprise a gas fliow meter configured {o measure the flow rate of the stored at
least one gas released from the gas storage vessel. The vehicle 500 may further
comprise a transport device configured o transport the at least one gas from the gas
storage vessel to the engine 430, wherein the transport device is operably connecled to
the gas storage vessel and to the enging 430. The transport device may be configured
to control the transport of the at least one gas based on fuel requirements of the engine
430. The transport device may comprise a compressor, including, but not limited to, a
comprassor exemplified in the disclosure regarding the separation gystem 20 and/or the
separation system 120.

1863831 The vehicle 500 may further comprise a conirol valve operably connected o
the exchange vessel 470 and to the gas storage vessel, wherein the conirol valve is
configured to control release of stored at least one gas from the exchange vessel 470.
The vehicie 500 may further comprise a metering system configured to conirol
infroduction of stored at least one gas from the exchange vessel 470 to the gas siorage
vessel. The metering system may comprise a gas flow meter configured to measure
the flow rate of the stored at least one gas released from the exchange vessel 470, The
vehicle 500 may further comprise a fransport device configured to transport the at least
one gas from the exchange vessel 470 to the gas storage vessel, wherein the transport
device is operably connected (o the exchange vessel 470 and to the gas storage vessel.
The transport device may be configured o control the transport of the at least one gas
based on fuel requirements of the engine 430. The transport device may comprise a
compressor, including, but not limited to, a compressor exemplified in the disclosure
regarding the separation system 20 and/or the separation system 120.

1003841 The vehicle 500 may further comprise a cooling device configured o reduce
the temperature of the at least one gas prior to introduction of the at least one gas to the
gngine 430. The cooling device may comprise a heat exchanger. The heal exchanger
may be configured {0 be cooled by ambient air. The heat exchanger may be configured
to be cooled by a coolant also used o cool the engine 430, The cooling device may
comprise a refrigerated coll configurad to cool the at least one gas.

1083857 The vehicle 500 may comprise a moisture-removal sysiem configured (o

remove water from the at least one gas prior to introduction of the at least one gas o
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the engine 430. The moisture-removal system may comprise, by way of non-limiting
example, a dehumidifier, a dryer, or a molecular sieve column.

1003861 The exchange vessel 470 may be configured {o receive a continuous supply of
gas clathrates while the vehicle 500 is operating. The exchange vessel 470 may be
configured o periodically receive a balch of gas clathrates while the vehicle 500 is
operating. The exchange vessel may be configured to receive a variable supply of gas
clathrates based on fuel requirements of the engine 430,

1863871 In some embodiments of the vehicle 500 substantially all of the carbon dioxide
in the exhaust stream is exchanged for the at least one gas. Therefore, substantially all
of the carbon dioxide is captured in carbon dioxide clathrates.

1663881 In some embodiments of the vehicle 500 the exhaust stream further comprises
nitrogen. The exchange vessel 470 may be configured to exchange nitrogen for at least
one gas within the gas clathrates without substantially melting any host material of the
gas clathrates, wherein gas clathrates are converied to nitrogen clathrates and the at
least one gas is released. The exchange vessel 470 may be configured o
spontaneously exchange nitrogen for at least one gas within the gas clathrates. The
exhaust storage vessel 450 may be configured {o store the nitrogen clathrates.

(003881 The vehicle 500 may comprise a filter configured {0 separate non-carbon
products from the exhaust stream.

10638031 The vehicle 500 may comprise a catalylic converter configured to convert
carbon monoxide and uncombusied hydrocarbons to carbon dioxide. Examples of
partially combusted hydrocarbons include hydrocarbons with oneg, two, or three carbons.
1603911 The exchange vessel 470 may also be configured 10 exchange carbon
monoxide from the exhaust stream for at least one gas within the gas clathrates.
Likewise, the exchange vessel 470 may be configured o exchange partially combusted
hydrocarbon from the exhaust stream for at least one gas within the gas clathrates.
1603927 The vehicle 500 may further comprise a carbon dioxide removal system
configured 10 separate carbon dioxide from the exhaust stream and deliver the removed
carbon dioxide to the exchange vessel 470, The carbon dioxide removal system may
comprise a removal vessel operably connecled to the exhaust siream and the exchange

vasssl 470.
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1003937 The removal vessel may be configured to conlact the exhaust stream with at
least one separation fluid. The separation fluid may comprise a chemical solvent. The
separation fiuid may comprise a physical solvent. Examples of the separation fluid
include fluids comprising an alkanolaming, a monoethanolamine, a diethanolamine, a
methyldiethanolamine, a triethanolamine, and/or piperazine. The separation fluid may
be a liquid. The separation fluid may comprise host material.

1683941 The vehicle 500 may further comprise a regeneration system configured to
separate carbon dioxide from the separation fluid and operably coupled to the removal
vessel. The regeneration system may comprise a regeneration vesse! operably coupled
to the removal vessel and configured to heal the separation fluid. The regeneration
vessel may be configured to operate on a batch basis. The regeneration vessel may be
corfigured {0 operate on a continuous basis. The regeneration vessel may comprise a
tank. The regeneration vessel may comprise a conduit.

1063951 In some embodiments, the removal vessel is configured to contact the exhaust
stream with an alkali carbonate, such as sodium carbonate and/or potassium carbonate.
In such embodiments, the vehicle 500 may further comprise a regeneration system
configured o separate carbon dioxide from the alkali carbonate and operably coupled to
the rermoval vessel. The regeneration system may comprise a regeneration vessel
operably coupled to the removal vessel and configured to heat the alkali carbonate.

The regeneration vessel may be configured to operate on a batch basis oron a
continuous basis. The regeneration vessel may comprise a tank and/or a conduit.
1083861 In some embodiments, the removal vessel comprises a membrane configured
to separate carbon dioxide from the exhaust stream. The membrane may comprise a
polymer, such as a cellulose acetate polymer, a polyimide polymer, a polyamide
polymer, a polycarbonate polymer, a polysulfone polymer, and/or a polyetharimide
polymer. The membrane may comprise flat sheels. The flat sheets may be spiral-
wound. The membrane may comprise hollow fibers.

1083971 The removal vessel may be configured to operate on a batch basis. For
example, the removal vessel may comprise a tank. The removal vessel may be
configured o operate on a continuous basis. For example, the removal vessel may

comprise a conduit.
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1003987 The exchange vessel 470 may be configured {o receive a continuous supply of
carbon dioxide while the vehicle 500 is operating. The exchange vessel 470 may be
configured to pericdically receive a batch of carbon dioxide while the vehicle 500 is
operating. The exchange vessel 470 may be configured to receive a variable supply of
the exhaust siream based on the quantity of exhaust produced by the engine 430.
1863981 The exhaust delivery system may comprise a cooling system configured to
cool the exhaust stream. The cooling system may comprise a heat exchanger
configured to transfer heat from the exhaust stream o an external heat sink, such as
ambient air.

1064001 The exhaust delivery system may comprise a pressurization system. The
pressurization system mayv comprise a compressor. Examples of a compressor include,
but are not limited to, a centrifugal compressor, a mixed-flow compressor, an axial-flow
CoOMpPressor, a reciprocating compressor, a rotary screw compressor, a rotary vane
compressor, a scroll compressor, and a diaphragm compressor.

(604011 The vehicle 500 may further comprise a transport device operably connected
to the exchange vessel 470 and the exhaust storage vessel 450 and configured {o
transfer carbon dioxide clathrates from the exchange vesseal 470 o the exhaust storage
vessel 450, The transport device may be configured to transport the carbon dioxide
clathrates as a slurry and/or as a solid, such as solid chunks or pellets.

1004021 The transport device may be at least partially located internally within the
exchange vessel 470. Likewise, the transport device may be at least partially external
to the exchange vessel 470, Accordingly, the fransport device may be at least partially
integrated into a portion of & swrface, including an infernal or exdernal surface, of the
gxchange vessel 470, Additionally, the transport device may be at least partially
integrated into a portion of a swrface, including an internal or external surface, of the
gxhaust storage vessel 450, Likewise, the transport device may be at least partially
internal and/or external to the exhaust storage vessel 450.

1004031 The transport device may be configured for moving solid carbon dioxide
clathrate. The transport device may be configured for moving carbon dioxide clathrate
slurry. The transport device may be configured to be hydraulically, mechanically, and/or

elactrically actuated.
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1084041 The transport device may comprise an extruder and/or a pump. When the
transport device comprizes a pump, the inlet of the pump may be operably connecled to
the exchange vessel 470 and an outlet of the pump may be operably connected to the
exhaust storage vessel 450, Examples of the pump include, but are not limiled o, a
positive displacement pump, a lobe pump, an exiernal gear pump, an internal gear
pump, a peristaltic pump, a screw pump, a progressive cavity pump, a flexible impeller
pump, a rotary vane pump, and a centrifugal pump. The pump may be any pump
compatible with pumping a carbon dioxide clathrate siurry.

1004051 The exhaust storage vessel 450 may be configured for removal of stored
carbon dioxide from the vehicle 500 when the vehicle 500 is otherwise not in uge. The
exhaust storage vessel 450 may be configured {0 reduce the pressure andfor increase
the temperature of the exhaust sforage vessel 450 sufficient {0 dissociate the stored
carbon dioxide clathrates into carbon dioxide and host material. For example, the
exhaust storage vesse! 450 may be configured o sufficiently warm stored carbon
dioxide clathraies s¢ as to liquefy the host material and gasify the carbon dioxide. The
exhaust storage vesssl 450 may comprise an cutlet configured for removal of
dissociated carbon dioxide. The exhaust storage vessel 450 may also comprise an
outlet configured for removal of dissociated host material. The vehicle 500 may further
comprise a recycle system configured to reuse host material dissociated from the
carbon dioxide clathrates. For example, the host material may be reused in the
formation of gas clathrates in the fuel siorage vessel 410,

1084081 The vehicle 500 may further comprise a heating system configured and
located to impart heat energy o the exhaust storage vessel 450, The healing system
may be located internal or external o the vessel. For example, the heating system may
be integrated into or atlached (o a portion of a surface of the exhaust storage vessel
450, including external or internal surfaces. The heating system may be independently
configured o transfer heat energy from the coolant used 1 cool the engine 430.
Likewise, the healing system may be configured (o transfer heat energy from heat
generated by the engine 430 in any fashion, such as from an exhaust siream generated
by the engine 430, Alternatively or in addition thereto, the healing system may ulilize

solar energy, ambient temperatures, electric resistance heating elements, microwave
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heating, electromagnetic heating, and/or dielectric heating to impart heat energy.
18064077 The exhaust slorage vessel 450 may be configured for removal of solid and/or
slurry carbon dioxide clathrates from the exhaust storage vesseal 450,

(004081 The exhaust slorage vessel 450 may be configured to maintain carbon dioxide
clathrates as a solid and/or slurry until removal of carbon dioxide from the vehicle 500 is
intended.

1004081 The exhaust storage vessel 450 may be configured to be detachable and
reattachable from the remainder of the vehicle 500. For example, the exhaust storage
vessel 450 may be configured o be exchanged with a different exhaust storage vessel
450 that has been emptied of carbon dioxide clathrates.

(684101 The vehicle 500 may further comprise a sensor configurad (o monitor the
amount of carbon dioxide clathrates in the exhaust storage vessel 450. The sensor
may be configured {0 measure a mass of the carbon dioxide clathrates. The sensor
may be configured {0 measure a vapor pressure of carbon dioxide gas present in the
exhaust storage vessel 450. The sensor may be configured to determing a
concentration of carbon dioxide present in the exhaust storage vessel 450. The sensor
may be configured to monitor the amount of carbon dioxide removed from the exhaust
storage vessel 450.

1684111 The vehicle 500 may alternatively comprise a dissociation vessel operably
connected to the exhaust storage vessel 450 and configured to receive carbon dioxide
clathrates from the exhaust storage vessel 450, The dissociation vessel may be
configured for rernoval of stored carbon dioxide from the vehicle 5C0 when the vehicle
500 is otherwise not in use. The dissociation vessel may be configured to reduce the
pressure and/or increase the temperature of the dissociation vessel sufficient to
dissociate the stored carbon dioxide clathrates into carbon dioxide and host material.
1084121 The exhaust storage vessel 450 may comprise insulation. The insulation may
comprise al least one material configured o and compatible with maintaining desired
temperatures within each vessel. Examples of such malerials include, but are not
limited to, calcium silicate, celiular glass, elastomeric foam, fiberglass, polyisocyanurate,
polystyrene, and polyurethane. The insulation may comprise at least one vacuum layer

andfor mulli-layer insulation. The insulation may releasably surround at least a portion
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of an outer surface of the vessel and/or the insulalion may be atlached o at least a
portion of a surface of the vessel, including an outer and/or inner surface.

108413} The exhaust storage vessel 450 may comprise a refrigeration system
configured to maintain an inlernal temperature of about § degrees Centigrade to about
25 degrees Centigrade. The exhaust storage vessel 450 may be configured {o maintain
an internal temperature of about O degrees Centigrade to about 20 degrees Centigrade.
The exhaust storage vessel 450 may be configured to maintain an internal temperalure
of about O degrees Centigrade 1o about 15 degrees Centigrade. The exhaust storage
vessel 450 may be configured to maintain an internal temperature of about 0 degrees
Centigrade to aboui 10 degrees Centigrade, including from about 4 degrees Centigrade
to about 10 degrees Centigrade.

1064141 The refrigeration system may comprise a heat pipe. The refrigeration system
may also comprise a vapor compression system. The vapor compression system may
utilize a chiorofluorocarbon, a chlorofiuoroolefin, a hydrochicrofiuorocarbon, a
hydrochioro-fluorociefin, a hydrofiuorcolefin, a hydrochiorociefin, a hydroolefin, a
hydrocarbon, a perfiucroolefin, a perfiucrocarbon, a perchiorociefin, a perchlorocarbon,
and/or a halon. The refrigeration system may comprise a vapor absorplion system.
The vapor absorption system may utilize water, ammonia, and/or lithium bromide. The
refrigeration system may comprise a gas cydle refrigeration system, such as one that
utilizes air. The refrigeration system may comprise a stirling cycle refrigeration system.
The stirling cydle refrigeration system may ulilize helium. The stirling cycle refrigeration
system may comprise a free piston stirling cooler. The refrigeration system may
comprise a thermoelectric refrigeration system.

[08415] The exhaust storage vessel 430 may be comprised of structural materials
configured to and compatible with maintaining desired temperatures and pressures
within the vessel. The structural material may comprise aluminum, brass, copper,
ferretic steel, carbon steel, stainless stesl, polytetraflucroethylene (PTFE),
potychiorotrifflucroethylene (PCTFE), vinylidene polvfluoride (PVDF), polyamide (PA),
polypropylene (PP), nitrile rubber (NBR), chioroprene (CR), chiorofluorocarbons (FKM),
and/or composite materials, including composite materials comprising carbon fibers,

glass fibers, and/or aramid fibers.
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1004161 The exhaust storage vessel 450 may be designed to maintain an internal
pressure of about 1 bar (o about 30 bar, an internal pressure of about 10 bar o about
30 bar, an internal pressure of about 10 bar to about 15 bar, an internal pressure of
about 15 bar to about 27 bar, an internal pressure of about 20 bar to about 27 bar. The
vessel may be designed to leak or vent before burst. The vessel may further comprise
a pressure relief device operably connected o the vessel and configured {o reduce
pressure within the vessel. Examples of a pressure relief device include, but are not
fimited to, a pressure relief valve and a rupture disc.

1084171 The vehicle 500 may further comprise a pressurizing device operably
connected to the exhaust storage vessel 450 and configured to maintain pressure within
the exhaust storage vessel 450, Examples of a pressurizing device include a moveable
press infegrated with the vessel, wherein the moveable press is configured to maintain
pressure within the vessel. For example, the moveable press may include, but is not
fimited o, a hydraulic press or an electromagnetically activated press. In other
gxamples, the pressurizing device may comprise a comprassor. Examples of a
compressor include, but are not limited to, a centrifugal compressor, a mixed-flow
compressor, an axial-flow compressor, a reciprocating compressor, a rotary screw
compressor, a rofary vane compressor, a scrolt compressor, and a diaphragm
COMpPressor.

[06418] Vehicle 500 may further comprise a pressure monitoring device operably
connected (o the exhaust storage vessel 450 and configured to monitor an internal
pressure of the exhaust storage vessel 450, The pressure monitoring device may
comprise a piezoresistive strain gauge, a capacitive sensor, an glectromagnetic sensor,
a piezoelectric sensor, an optical sensor, a potentiometric sensor, a thermal conductivity
sensor, and/or an ionization sensor.

1084181 The vehicle 500 may further comprise a lemperalure monitoring systern
configured to monitor the internal temperature of the exhaust storage vessel 450, The
temperature monitoring system may comprise a thermostat, a thermistor, a
thermocouple, and/or a resistive temperature detector.

1084201 The vehicle 500 may further comprise a control system configurad {0 monitor

both pressure and temperature of the exhaust storage vessel 450 and configured o
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regulate al least one of pressure and temperature in order 10 maintain the carbon
dioxide clathrate within a clathrate stability range.

1004217 Without further slaboration, it is believed that one skilled in the art can use the
preceding description to ulilize the invention o ils fullest extent. The claims and
gmbodiments disclosed herein are {0 be construed as merely illusirative and exemplary,
and not a limitation of the scope of the present disclosure in any way. twill be apparent
o those having ordinary skill in the art, with the aid of the present disclosure, that
changes may be made {0 the details of the above-described embodiments without
departing from the underlying principles of the disclosure herein. In other words,
various modifications and improvemenis of the embodimenis specifically disclosed in
the description above are within the scope of the appended claims. The scope of the

invention is therefore defined by the following claims.
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CLAIMS

1. A method of sequestering emissionsg, the method comprising:

storing gas clathrates in a clathrate storage vessel;

separaling stored gas clathrates into at least ong gas and a host malerial;

operating an engine of a vehicle utilizing the at least one gas as fuel;

combining carbon dioxide from an exhaust stream of the engine with host material,
wherein the host material is compatible with forming carbon dioxide clathrates
with the carbon dioxide of the exhaust stream;

pressuwrizing and cooling the exhaust stream and the host material sufficient to form
carbon dioxide clathrates with the carbon dioxide and the host material; and

storing formed carbon dioxide clathrates in the clathrate storage vessel during operation

of the engine.

2. The method of Claim 1, further comprising removing stored carbon dioxide from

the clathrale storage vessel when the vehicle is otherwise not in use.

3. The method of Claim 1, wherein the host material used to form carbon dioxide
clathrates is at least partially host material that was previously separated from the gas

clathrates.

4. The method of Claim 1, further comprising tracking which clathraies comprise

gas clathrates and which clathrates comprise carbon dioxide clathrales.

5, The method of Claim 1, wherein separating stored gas clathrates comprises
dissociating primarily only gas clathrates without substantially dissociating stored

carbon dioxide clathraies.

. A vehicle with reduced emissions, the vehicle comprising:

a clathrate storage vessel configured to store gas clathraies and carbon dioxide
clathrates;

a separatlion system configured to dissociate the gas clathrates into a host material and

at least one gas;
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an engine configured to utilize the al least one gas as fuel; and
a clathrate formation system configured to combine carbon dioxide from an exhaust

stream from the engine, with host material to form carbon dioxide clathrates.

7. The vehicle of Claim 8, further comprising a control system configured (o feed
primarily stored gas clathrates to the separation system without feeding stored carbon
dioxide clathraies to the separation system,

8. The vehicle of Claim 8, further comprising a tracking system configured to
monitor which clathrates comprise gas clathrales and which clathrates comprise carbon

dioxide clathrates.

9. The vehicle of Claim 8, wherein the clathrate storage vessel is configured to
receive the al least one gas and the host material and to form the gas clathrales within
the clathrate slorage vessel.

10, The vehicle of Claim 6, wherein the clathrate storage vessel is configured to be
detachable from and reattachable with the remainder of the vehicle.

11.  The vehicle of Claim 10, wherein the clathrate storage vessel is configured to be
gxchanged with a different clathrate storage vessel that has had carbon dioxide
clathrates removed and been pra-filled with gas clathrates.

12, The vehicle of Claim 8, further comprising a pressurizing device operably
connected © the clathrate storage vessel and configured o maintain pressure within the
clathrate storage vessel

13,  The vehicle of Claim 8, further comprising a heating system configured and

focated to impart heat energy o the clathrate storage vessel

14, The vehicle of Claim &, further comprising a control system configured to monitor
both pressure and temperature and to regulate at least one of the pressure and

ternperature in order to maintain clathrates within a clathrate stability range.
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15, The vehicle of Claim 6, wherein the separation system comprises a separation

vessel operably connected to the clathrale storage vessel.

16. The vehicle of Claim 15, whereain the vehicle further comprises a transport device
operably connecled (o the clathrate storage vessel and operably connected to the
separation vessel and configured {o transfer gas clathrates from the clathrate storage

vessel to the separation vesssl,

17.  The vehicle of Claim 15, wherein the separation system is configured to control
the rate of dissociation of the gas clathrates by regulating al least one of the

temperalure and the pressure of the gas clathrales within the separation vessel.

18. The vehicle of Claim 15, wherein the separation system further comprises a

heating system configured and located to impart heat energy 1o the separation vessel.

18. The vehicle of Claim 6, further comprising a transport device configured to
transport dissociated st least one gas from the separation system (o the engine,
wherein the transport device is operably connected to the separation system and {o the

engine.

20.  The vehicle of Claim 8, wherein the clathrate formation system is configured (o
control the pressure and temperature of the exhaust stream and the host material

sufficient to form carbon dioxide clathrates with carbon dioxide and host material.

21, The vehicle of Claim 20, wherein the clathrate formation system comprises a
cooling system configured to cool the exhaust stream.

22.  The vehicle of Claim 20, wherein the dlathrate formation system comprises a

formation vessel operably connected o the clathrate storage vessel.

23.  The vehicle of Claim 22, further comprising a carbon dioxide removal system
configured o separate carbon dioxide from the exhaust stream and deliver the removed

carbon dioxide to the formation vessel.
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24,  The vehicle of Claim 23, wherein the carbon dioxide removal system comprises a

removai vessel operably connected to the exhaust stream and the formation vessel

25, The vehicle of Claim 24, wherein the removal vessel is configured to contact the

exhaust stream with at least one separation fluid.

26.  The vehicle of Claim 24, wherein the removal vessel is configured to contact the

exhaust stream with an altkali carbonate.

27. The vehicle of Claim 24, wherein the removal vessel comprises a membrane

configured o separate carbon dioxide from the exhaust stream,

28,  The vehicle of Claim 22, wherein the clathrate formation system is configured o
control the rate of formation of the carbon dioxide clathrates by regulating at least one of

the lemperature and the pressure of exhaust gases within the formation vessel.

28. The vehicle of Claim 22, wherein the vehicle further comprises a transport device
operably connected to the clathrale storage vessel, operably connected to the formation
vessel, and operably connected to the separation vessel, whereain the transport device
is configured to transfer gas clathrates from the clathrate storage vessel to the
separation vesse! and is also configured o transfer carbon dioxide clathrates from the

formation vessel {0 the clathrale storage vessel

30. The vehicle of Claim 28, wherein the transport device comprises a moveable
surface.

31.  The vehicle of Claim 30, further comprising a fracking system configured {o
monitor the position of the moveabile surface to determineg which clathrates comprise

gas clathrates and which clathrates comprise carbon dioxide clathrates.

32.  The vehicle of Claim 30, wherein the separation system is configured to
dissociate substantially all of the gas clathrates located on a portion of the moveable

surface transported to the separation system, such that when that portion of the
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moveable surface is transported to the clathrate formation system, that portion of the

moveable surface is substantially free from gas clathrates.

33.  The vehicle of Claim 22, wherein the vehicle further comprises a transport device
operably connecled {o the clathrate storage vessel and operably connected to the
formation vessel and configured {o transfer carbon dioxide clathrales from the formation

vessel to the clathrate storage vessel

34.  The vehicle of Claim ©, wherein the clathrale storage vessel is configured for
removal of stored carbon dioxide from the vehicle when the vehicle is otherwise not in

Use.

35.  The vehicle of Claim 6, further comprising a dissociation vessel operably
connectad to the clathrate storage vessel, configured o receive carbon dioxide
clathrates from the clathrate storage vessel, and configured for removal of stored

carbon dioxide from the vehicle when the vehicle is otherwise not in use.

38.  The vehicle of Claim 6, wherein the clathrate slorage vessel is configured (o
maintain carbon dioxide clathrates as a solid until removal of carbon dioxide from the

vehicle is intended.

37.  The vehicle of Claim §, further comprising a recycle system configured o fransfer

dissociated host material from the separation system {o the clathrate formation system.

38. The vehicle of Claim 6, wherein atl least a portion of the host material used to

store gas clathrates is reused to form carbon dioxide clathrates.
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