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(57) Abstract: in one aspect, a system for converting a feedstock into a specialized carbon fuel for energy conversion includes a re -
actor to receive a feedstock substance and dissociate the feedstock substance to carbon constituents and hydrogen by applying one or
both of heat and electric current, the carbon constituents including hot carbon having a temperature state in a range of 700 °C to
1500 °C and having an increased chemical potential energy capable of storing external energy; and a tfuel cell structured to include a
chamber to receive the hot carbon, the fuel cell operable to receive and use the hot carbon as a fuel and air as an oxidant to (i) pro-
duce one or more oxides of carbon and one or more nitrogenous substances, or (ii) extract electrical energy from the hot carbon.
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CARBON FUEL CELLS

TECHNICAL FIELD
[0801]  This patent document relates to systems, devices, and processes that use
fuel cell technologies.

BACKGROUND
(000217 Afuel cell includes a type of device that can convert chemical energy from a
substance {e.g., referred to as a fuel) into electrical energy (e.9., electricity}. Generally,
the energy conversion includes a chemical reaction with oxygen or another oxidizing
agent. For exampie, hydrogen is among a commaon fuel, and hydrocarbons such as
natural gas and alcohols can also be used in fuel cells. For example, fuel cells differ
from batteries in that they require a constant source of fugl and oxygen to operate, but
can produce electricity continually provided the fuel and oxygen inputs are supplied to
the fuel cell.

BRIEF DESCRIPTION OF THE DRAWINGS
[0603] Figure 1A shows a process diagram of an exemplary method for converling a
feedstock fuel into products including hot carbon capable of being used for producing
electrical energy in a fuel cell.
(00604} Figure 1B shows a diagram of an exemplary system for converting a
feedstock fuel into products including hot carbon capable of being used for producing
electrical energy in a fuel cell.
10005]  Figure 2A shows a schematic diagram of an exemplary carbon fuel celi
device of the disclosed technoiogy.
[0006] Figures 2B and 2C show eniarged views of portions of the exemplary carbon
fuel cell device of Figure 2A.
(008671  Figure 2D shows a schematic diagram of an exemplary engine assembly
including the exemplary carbon fuel cell device of Figure 2A.
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DETAILED DESCRIPTION
100081  Technigues, systems, and devices are disciosed for implementing carbon fuel
cells using hot carbon and/or hydrogen.
100069]  In some aspects, a method to convert such a feadstock substance {e.g., a
fossil fuel or renewable fuel) inlo energy and specialized fuel substances inciudes
digsociating a fuel to produce hot carbon and hydrogen, e.g., in a reacior. Hot carbon
includes carbon material at an elevated temperature stale, e.g., inarange of 700 °C to
1500 °C, and/or at an elevaled temperature approaching visible light emitting or
incandescent temperatures. The produced hot carbon is of a material form having an
increased chemical and/or thermal potential energy and is capable of sloring energy
from an external source {e.g., heat}. The hot carbon can be produced by endothermic
dissociation of a carbon and/or hydrogen donor substance {(e.g., GHy), in which the
dissociating includes providing heat and/or electric current {e.q., electrons) to produce
the carbon and the hydrogen. The method includes removing the produced hydrogen
and hot carbon from the reactor, e.q., by depositing the hot carbon in a chamber. In
some implementations, the method further includes supplying an oxygen- and/or
hydrogen-containing reactant {e.g., such as oxygen, steam, aicohol, or air} to contact
the hot carbon to exothermically produce products such as carbon monoxide (CO) and
hydrogen {H2), in which, after the supplying the reactant, remaining deposited carbon
forms a durable carbon-based good or product. In some implementations of the
method, the method further includes utilizing the produced hot carbonas a fuel in a
carbon fuel cell of the disclosed technology. The carbon fuel cell can use air as an
oxidant and produce, using the hot carbon as fuel, carbon oxide products {g.g., CO
and/or COy) and nitrogenous producis, e.g., in which nitrogen-rich feedstock can be
separated in the carbon fuel cell for making ammonia (NHs) and other nitrogenous
subsiances, e.g., such as urea {CHNO).
00187 In some implementations of the method, for example, in the reactor, one or
more elecirodes are electrified with the electrical energy that provide electrons and/or
generate heat o dissociate the fuel (e.g., CHy) into carbon and hydrogen. For example,
the dissociating can include endothaermic conversion of the fuel {e.g., Gy} to the hot

carbon (xC}) and hydrogen (Mo}, where CiH, + Energy {e.g., thermal and/or electrical
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energy at the electrodes that generate heat) — xC + 0.5y H, can occur at or near
the electrode(s). For example, the electrode(s) can be configured as a suitable metallic
alloy, graphite, silicon carbide or molybdenum disilicide electrode, and/or a composite
glectrode assembly described later in this patent document. In some implementations,
for example, the produced hydrogen can be fed o a pressurizer {e.g., galvanic cell with
a proton membrane) that pressurizes the hydrogen for use, for example, in a carbon
fuel cell of the disclosed technology. In some examples, ship vessels could use
electricity from their electrical generators or from ports o power this dissociation step.
00111  In implementations of the method, for example, the carbon can be removed
from the fuel by an endothermic precipitation process. For example, the deposited hot
carbon can be used o store energy from regenerative processes, e.g., such as
regenerative braking or shock absorbers in vehicle applications. Furthermaore, electricity
from regenerative processes can be used to drive the dissociating {(e.g., in the reactor of
the system to implement the method}. In some implementations, for example, hot
carbon is deposited in the chamber on a substrate, and/or in which the chamber is
electrically and/or thermally insulated. Exemplary subsirates can include, but are not
limited to, graphene, nickel, mica, silicon carbide, ceramic, or carbon with a SiN and/or
BN coating, among others.

[0012] For example, the deposited or banked hot carbon can be formed as
amorphous carbon {e.g., hot carbon depositions) in the chamber, which provides dense
thermal storage capability. In the chamber, for example, the hot banked carbon can be
formed on a suitable surface, e.g., such as a scored glass ceramic or vitreous carbon.
The hot banked carbon can be readily utilized in the chamber and/or continuously or
intermittently {e.g., ai desired occasions) removed to a suitable location o provide
thermal and chemical banking of external energy or substances, respectively. For
gxample, thermal or electrical energy banking to the hot banked carbon can provide
better energy storage efficiency than a batlery, as well as be substantially more
inexpensive {e.g., without need for additional and costly materials). For example,
energy conversion cycle efficiency of the created hot banked carbon can be ~50%, as
compared to that of battery of less than 12%.
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106131  In some implementations, the fuel-ig-energy conversion method can be
implemented to additionally, or alternatively, create hot banked nitrogen as a material
for banking energy and providing capability to produce subsequent products. For
egxample, nitrogen can be taken from the air or from nitrogen rich exhaust and combined
with hydrogen o make ammaonia or urea. iIn such implementations, the banking comes
from the formation of a compound {e.g., ammonia or urea). For example, pressurized
hydrogen and nitrogen are used to form ammonia and/or urea.

{0014} Figure 1A shows a process diagram of an exemplary method for converting a
feedstock, e.g., such as a fossil fuel, into specialized products including hot carbon used
for storing energy and/or creating renewable fuels. The method can include a process
80 to dissociate the feedstock to produce hot carbon {e.g., having a temperature of 700
°C to 1500 °C) and hydrogen, e.g., which can be implemented in a reactor. In some
implementations of the process 80, the dissociating can include a process 81 {o provide
heat and/or electrons to produce the hot carbon from the dissociated products of the
feedstock. The method can include a process 92 to remove the hot carbon and the
hydrogen. In some implementations of the process 92 can include a process 93 1o
deposit the hot carbon on a substrate or surface, e.g., in a chamber {e.g., including an
accumulator).

[0015] The method shown in Figure 1A can further include a process 94 to react an
oxygen- and hydrogen-containing reactant with the hot carbon to produce an oxide of
carbon {e.g., carbon monoxide) and hydrogen. in some implementations of the process
94, the reacting can include a process 895A to form a durable carbon-based product
from the remaining carbon after implementation of the process 94; and/or, the reacting
can inciude a process 958 to supply the produced carbon monoxide andfor the
produced hydrogen 1o an engine and/or o a fuel cell.

{00161 The method shown in Figure 1A can further include a process 98 o use the
hot carbon in a fuel cell 1o (i) produce carbon oxide(s), hydrogen, and/or nitrogen
substances, and/or o (i) exiract electrical energy from the hot carbon, which can be
used in other processes of the method. In some implementations of the process 88, the
electrical energy extracted by the hot carbon can be used in the process 80 (o

dissociate the feedstock.
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(00171 Figure 1B shows a diagram of a system capable of implementing the method
of Figure 1A for converting a feedstock into specialized products including hot carbon
and by-products including hydrogen for use in a fuel cell. In one exemplary
embodiment, the system includes a reactor 10 fo receive the feedsiock substance {e.g.,
a carbon- and/or hydrogen-donor substance such as a fossil fuel or rensewable fuel
including methane) and dissociate the feedstock substance to carbon constifuenis and
hydrogen. The reactor 10 is used 1o produce hot carbon by applying heat and/or
electrons during the dissociation of the feedstock, such that the hot carbon produced is
a specialized form of carbon having an increased chemical potential energy and is
capable of storing exiermnal energy when applied (o the hot carbon. The system includes
a chamber 20 where the hot carbon can be deposited. In some embodiments, for
example, the chamber 20 is electrically and/or thermally insulated and includes a
substrate to deposit the hot carbon. For example, the substrate can include, but is not
limited to, graphene, nickel, mica, silicon carbide, molybdenum disilicide, ceramic, or
carbon with a SiN and/or BN coating, among other materials.

[0618] The system can further include a carbon fuel cell 40 o receive and utilize the
produced carbon-containing fuel and/or the produced hydrogen as the fuel or other
reactants in the carbon fuel cell 40 to extract electrical energy. Such electrical energy,
as well as electrical charge carriers (€.g., electrons) may be included in the system and
supplied to the chamber 20 and/or the reactor 10 to assist in reactions {&.g., such as the
dissociation of the feedstock in the reactor 10 © produce the hot carbon banked in the
chamber 20). Additionally, for example, the hydrogen produced by the reactor 10 can
also be supplied to the carbon fuel cell 40 for use in fugl cell reactions. Furthermorg, for
example, the hydrogen produced by the reactor 10 can also be pressurized by the
pressurization system 22 {o supply pressurized hydrogen to the carbon fuel cell 40,
(00191 In some implementations of the sysiem, the deposited hot carbon in the
chamber 20 can be reacted with gasification and/or oxygenation reactanis {e.g., such as
steam, alcohol, air, elc.} to produce a carbon-containing fuel and hydrogen. In such
implementations, for example, the system can further include an enging 30 to receive
and utilize the produced carbon-containing fuel and/or the produced hydrogen as fuel or

other reactants in reaclions within the engine 30 {e.g., including combustion).
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Additionally, for example, the hydrogen produced by the reactor 10 can also be supplied
{0 the engine 30 in such reactions {e.g., combustion}. Moreover, for example, the
hydrogen produced by the reactor 10 can be pressurized by a pressurization system 22
1o supply pressurized hydrogen o the engine 30. The engine 30 may produce waste
heat as part of reactions implementead in the engine 30. Such waste heal may be
included in the system and supplied o the chamber 20 and/or the reactor 10 1o assist in
reactions {e.g., such as the dissociation of the feedstock in the reactor 10 to produce
the hot carbon banked in the chamber 20).

(00207 Exemplary Embodiments

[0021] Further embodiments of the fuel cells shown in Figure 1A that can implement
the methods shown in Figure 1B are described in the following examples.

(00221 Figure 2D shows a schematic diagram of a system 660 including an
exempiary hydrogen combustion engine 662 and the exemplary carbon fuel cell device
664 operable 1o produce heat and electricity and/or propulsive power at greater overall
efficiencies than conventional systems. Direct current produced by the carbon fuel cell
664 can be supplied to an inverter 630 of the system 680 along with electricity from an
engine-driven generator of the system 860, e.g., such as alternator 634 shown in Figure
203, 1o produce a combined cycle o meet peak power along with lower demands such
as at night and other times when the fuel cell can operate on hot carbon {o quietly
produce power. In implementations, for example, fuel such as a suitable nitrogenous
compound (NG, Hz}, fuel aleohal {CaHen+,OH}, or a hydrocarbon {CiHy} can be
preheated by heat transfers from engine coolant {H1), and/or the exhaust gases (H2)
from renewable sources including regenerative operations (H3) and/or the engine 662
or the engine-driven generator 634 (H3) including electric resistance or inductive
heating. In this and other embodiments, such heat transfers are made according fo
source and receiver temperature differences and in amounts sufficient 1o accomplish
the indicated purposes.

(00231 Selected components of the system 660 are shown in a simplified circuit for
preheating fuel supplied through connection 829 o countercurrent heat exchanger 624
in insulated exhaust pipe 630-643 o insulated exhaust manifoid heat exchange conduit

628 to substantially achieve the endothermic process summarized by Equations 1 and
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2. Additional heat is supplied by resistive and/or inductive heating to deposit carbon
and separate hydrogen in reactor 640-641-642.
[0024] Equation 1 shows production of hydrogen and carbon {e.g., which can be
produced as hot carbon) from virtually any carbon donor fuel CyHz,

CyHz + Heatr — yC + 0.5z H2 Equation 1
[0025] Equation 2 shows production of the carbon and hydrogen from CHa
hydrocarbon fuel selections, e.g., such as natural gas or renewable methane.

CHa + Heate — C + 2He Equation 2
[0028] Endothermic Healz required for the process of Equation 2 is about 75 Kd/imol
or less depending upon the amount of regenerative preheat and the femperature of an
electrode in the reactor. In this mode, the carbon is deposited or “hot banked” in a
chamber, e.g., including in a carbon fuel cell device of the disclosed technology.
100271  As shown in Figures 24, 2B and 20 preheated fuel such as methane
delivered by conduit 828 is dissociated on suitably sited catalysts 638 presenied at the
surface of catalytic nucleation sites on tubular proton exchange membrane 641 o
produce carbon such as amorphous, dendrites, fuzz, feather-like or otherwise highly
faulted or disorganized carbon along with separated hydrogen ions that are transporied
through membrane 841 across an electrical field between inner electrode 642 toward
outer electrode 640, Heat additions in reactor 840-641-642 include resistive and/or
inductive heating of electrodes 640-642 and/or membrane 641 along with resistive
and/or inductive heating by elements 617 of suitable length and power rating or similar
elements 619 within or arcund conveyer 630 in the annular space region. Thus, reacior
portion of assembly 664 produces galvanically pressurized hydrogen for operation of
engine 602 and/or a hydrogen fuel cell along with separated carbon that is delivered to
fuel cell 650-648-852 by rotary convever 630,
[0028] Galvanic pressurization of hydrogen is adaptively varied to optimize oxidant-
utilization efficiency in the combustion chambers of engine 662. Such adaptive
optimization and control include further pressure modulation and regulation by rapid
adjustments by regulator 621 and similar provisions within each injector 6820 along with

adaptive duration of flow times and timing between successive injections and/or other
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injection pattern modifications as disclosed herein and by reference regarding control
operations.

(00291 Porous, permeable, or helical electrode 640 and catalysts 638 produce
amorphous or highly faulted or disorganized carbon growths or deposits 644 as
galvanically pressurized hot hydrogen is delivered through insulated conduit 622 to
injectors 820 for direct hydrogen injection before, at, or after TDC for operation of
engine 662. Carbon deposits 644 are ultrasonically and/or mechanically swept or
dislodged from the locations of deposition and removed by rotary conveyer 630,
ultrasonic impetus spplied along with torgue by driver 848, and/or gravity {in some but
not all embaoediment orientations) and constantly presented against electrode 650 by one
or more helical conveyer features 6831 on conveyer/compactor 830 to receive oxygen
ions transporied from passageways 648 across suitable ion transport membrane 852
{e.g., stabilized zirconia or other suitable ceramics).

[00301 In some embodiments conveayer screw 630 compacts the carbon particles
sufficiently to make a carbon barrier or seal against the hydrogen produced by
dissociation in the reactor section. In some embodiments conveyer 830 initially
compacts the carbon particles by changing the pitch of helical features 631 and/or by
reduction of the cross section including changing the shape of these features to
compact and subsequently continuously deliver carbon parlicles o the surface against
fuel cell electrode 850 for reaction with oxygen ions deliverad through membrane 652.
Al the reaction interfaces 850 the compaction previousiy established to form a barrier
against hydrogen may be relaxed o allow carbon dioxide to be easily expelied for travel
along the helical passage ways to annular space 633 and accurmulator 635 for transfer
through conduit 837.

(00311  Such hot carbon dioxide can be reacted with surplus carbon or another
carbon donor to produce carbon monoxide for various reactions and processes. In
other suitable embodiments either oxide of carbon can be cooled by a countercurrent
heat exchanger to preheat feed stock fuel and to facilitate reactions such as shown by
Equations 7TA-7C.

[0032] Hydrogen further pressurized by galvanic impetus is sealed by prolon

exchange membrane 641, which may be made of suitable materials including
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Perovskite type oxide ceramics such as doped barium cerate oxides or various
composites including nano-tubes and/or graphene and/or ceramic such as various
spinels and oxynifrides.

100331 Conveyer 630 thus serves as a process accelerator and facilitator including
performance as a rotary and/or ultrasonic harvesting system for carbon fuel particles
that are deposited by the reaclor 640-641-642, as a carbon particle compactor to block
hydrogen travel from the reactor 1o the fuel cell 848-650-652 and as a carbon fuel
presenter {o fuel cell 648-650-652. Coniroller 825 adaptively adjusts the rolational
speed of 646 and 630 along with the frequency and intensity of ultrasonic energy that
can be applied separately and/or in addition o the energy generated by elemenis such
as 617-618.

(08341  In some embodiments, air compressed by turbo-compressor 636-648 is
deliverad {0 membrane 648 to provide the portion of oxygen that is used by carbon-
oxygen fuel cell portion of assembly 664 and the adaptively adjusted remaining portion
of the nitrogen enriched air can be supplied o engine 662, In some embodiments, this
gfficiently accomplishes depression of the peak combustion temperature compared o
exhaust gas recirculation and avoids the energy loss and difficult heat exchanger
reguirements 1o cool exhaust gases before such use.

[0035] Exhaust gas thermal energy that is wasted by expensive conventional
aexhaust recirculation systems is efficiently used by present embodiments o provide HZ2
for dissociation and improvement of energy vields of hydrogen and carbon derived from
feed stock fuel compounds. Such nitrogen-enriched air can be adaptively mixed with air
i conduit 808 from turbocharger 648 by valve 607 and supplied through conduit 832 for
operation of engine 662 1o reduce or eliminate production of emissions such as nitrogen
monoxide.

[0838] The case of assembly 611 insulates and contains pressurized hydrogen that
is collected and delivered o engine 662 through conduit 672 and manifold 622-627 to
injectors 620. Accumulator 626 stores hydrogen for delivery through valve 625 at cold
engine startup and/or to provide hydrogen o cool selected components and
subassemblies such as hydraulic, pneumatic, magnetostrictive, pigzoelectric, or

solencid actuators. Carbon dioxide produced by fuel cell 648-650-652 according to
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Equation § is delivered by helical passageways 631 in rotary conveyer 630 to annular
passageway 633 o accumulator 835 for delivery through conduit 637 to various
applications.

Oz + & — COy + Electricity Equation 6
{00377  Carbon dioxide taken from the atmosphere or more concentrated sources
such as a bakery, brewery, calciner, power plant using carbonaceous fuel or fuel cell
648-650-652, by delivery through helical spaces 631 to collector 633 and accumulator
835 to conduit 837 which is virtually 100% carbon dioxide can be used to produce nat
hydrogen fuels such as a fuel alcohol as shown by representative Eguation 7A.

CQy + 3H; — CHOH + HxO Equation 7A
[0038] Ancther embodiment provides reaction of a carbon dongr *C7 such as farm
wastes, forest slash, sewage or garbage with carbon dioxide collected from the
atmosphere or more concentrated sources to produce carbon monoxide as summarized
in Equations 7B and production of a fuel such as methano! as shown by Equation 7C.

“‘CT o+ OOy + HEAT, — 200 Equation 7B

CO + 2H; — CHOH Equation 7C
100381 This enables advantageous conversion of surplus, off-peak, spin-down, or
regenerative energy into storable chemical fuel potential enargy. A system embodiment
with a carbon fueled fuel cell and a High Speed Hydrogen engine that uses the products
of Equations 7A and/or 7C 1o serve as a solvent vehicle for carbon and/or hydrogen
donor extracts (dC) from food wastes, agricultural animal and crop wastes, and solid
municipal wastes accomplishes the process shown in Equation 8A.

CH;OH + HyO + dC + HEAT; — 2C0 + 3H Eguation 8A
(004487  In operation the products of Equations 7A, 7C or 8A are separated inlo
hydrogen, which may be galvanically pressurized and the carbon monoxide is used as a
J-T expansive cooling fluid before TDO and hydrogen is injected at or after TDC to
assure rapid initiation and compietion of all fuel values and improved air-utilization
gfficiency. In the alternative portions of the carbon monoxide and hydrogen produced by
Eguations 4 and 8A are combined as shown in Equation 8 to produce liguid fuels such

as formic acid, fuel alcohois (iHustratively athanol) and other compounds that may be
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selecied for energy storage and to facilitate convenient net hydrogen fuel applications.

2C0 + 4H: — CuHsOH + H.O Equation 9
00417  Ancther embodiment reacts hot carbon from Equation 4 with hot steam to
produce carbon monoxide as shown in Equation 10, Such steam may be produced by
heating water by H1, H2, and/or H3 additions in a heat exchanger such as 624 and/or
828.

HoO + C + HEATy — CO + Hy Eguation 10
100421 Carbon monoxide can be used in the fuel cell of systemn 684 or another
suitable fuel cell o produce electricity and/or as a fuel such as a J-T expansion cooling
of fuel that is injected before TDC 1o reduce the work of compression after which
hydrogen is injected o provide High Speed Hydrogen Combustion at propagation rates
that exceed the speed of sound in carbon monoxide, air, or products of combustion
such as carbon dioxide or water vapor.
[0043] Additional information perfaining o the disclosed technology is described in
the attached document of Appendix A, which is included as part of this disclosure in
this patent document.
10044]  While this patent document and attached appendix contain many specifics,
these should not be construed as limitations on the scope of any disclosed methods or
of what may be claimed, but rather as descriptions of features that may be specific to
particuiar embodiments of particular disclosed methods. Certain features that are
described in this patent document and atlached appendix in the context of separate
embodiments can also be implemented in combination in a single embodiment.
Conversely, various fealures that are described in the context of a single embodiment
can also be implemented in multiple embodiments separately or in any suitable sub-
combination. Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed
combination may be directed to a sub-combination or variation of 8 sub-combination.
(00457 Similarly, while operations are depicied in the drawings in a particular order,
this should not be understeod as requiring that such operations be performed in the
particular order shown or in sequential order, or that all ilustrated operations be

11
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performed, to achieve desirable results. Moreover, the separation of various system
components in the embodiments described in this patent document and attached
appendix should not be understood as requiring such separation in all embodiments.
10046] Only a few implementations and examples are described and other
implementations, enhancements and variations can be made based on what is

described and Hliusirated in this patent document and attached appendix.
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ENERGY STORAGE AND CONVERSION WITH HOT CARBON
DEPOSITION

TECHNICAL FIELD
[0601]  This paient document relates (o systems, devices, and processes that use
anergy conversion technologies.

BACKGROUND
10602]  Unacceptable emissions of carbon-rich particles and oxides of nitrogen are
produced by a large population of internal combustion engines (ICEs), e.g., particularly
including diesel engines that were manufactured and certified according to U.S. EPA
Tier 2 air protection standards. For example, much of the economic capacily of the
United States, which include many small businesses operated by farmers, truckers,
manufacturers, and construction coniractors, depend upon such engines o power a
large variety of applications, e.g., including essential off-road, industrial, trucking, peak-
shaving and emergency power gystems, among others. Continued operation on diesel
fuel prohibits utitization of such engines in many areas due 1o restrictions imposed by
mare stringent Tier 4 limitations on emissions of carbon particles and oxides of nitrogen
and sulfur.
(00031 Natural gas is an attractive allemnative fuel selection because it provides a
higher hydrogen-to-carbon content ratio and reduces production of particulates and
carbon dioxide per horsepower hour of operation. Also, natural gas is substantially less
expeansive per dieseal gallon equivalent {DGE} in many regions, globally. However,
difficult problems are presented by conventional natural gas conversion systems
ncluding reduced engine life because of lower thermal efficiency, power degradation

due to compromised specific power capacity, and higher maintenance costs.

SUMMARY
106041  In one aspect, a method to convert fossil fuels into energy and specialized
fuel includes, in a reactor, dissaciating a fuel to produce hot carbon and hydrogen, the
hot carbon having a temperature state in a range of 700 °C to 1500 °C, in which the

dissociating includes providing one or both of heat and electrical energy 1o produce the
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hot carbon and the hydrogen; and removing the hot carbon and the hydrogen from the
reactor, the removing including depositing the hot carbon to a chamber, in which the hot
carbon includes an increased chemical potential energy and is capable of storing
energy from an external source. In some implementations, the method can further
include supplying an oxygen- and hydrogen-containing reactant to contact the hot
carbon to produce carbon monoxide (CO) and hydrogen (Hy); and oblaining the
produced CO and Ha, in which, after the supplying the steam, remaining deposited
carbon forms a durable carbon-based good or product.

[0065] in another aspedt, a system for converting a fuels into energy or specialized
fuel includes a reactor to receive a feedstock fuel and dissociate the fuel to carbon
constituents and hydrogen by applying one or both of heat and electrical energy, the
carbon constifuents including hot carbon having a temperature state in a range of 700
"G 1o 1500 °C and having an increased chemical potential energy such that it is capable
of storing external energy; and a chamber to receive the hot carbon, wherein the
chamber is electrically or thermally insulated and structured to include a substrate
where the hot carbon is depasited. In some implementations of the system, the
deposited hot carbon can be reacted with an oxygen- and hydrogen-coniaining reactant
to produce a carbon oxide and additional hydrogen. In such implementations, the
system can further include an engineg and/or a fuel cell to receive and utilize the
produced carbon oxide and/or additional hydrogen as fuel or a8s reactants in reactions
within the engine, and/or to extract electrical energy to produce electricity.

10806] Those and other fealures are described in greater detail in the drawings, the

description and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
(00071 Figure 1A shows g process diagram of an exemplary method for converting a
feedstock such as a fossil fusel into products including hot carbon used for storing
anergy and creating renewable fuels.
[00668] Figure 1B shows a diagram of an exemplary system for converting a
feedstock such as a fossil fuel into products including hot carbon used for storing

energy and creating renewable fuels.

14



WO 2015/184368 PCT/US2015/033349

(06091 Figure 1C shows a schematic diagram of an exemplary embodiment of a
system for energy conversion and storage in an engine.

100181  Figure 1D shows a schematic diagram of another exemplary embodiment of a
system for energy conversion and storage in an engine.

[0011] Figure 2A shows a diagram of an exemplary sysiem of the disclosed
technology for production of hot carbon and hydrogen using engine exhaust heat for
heating feedstock fuel in addition to fuel cell applications.

[0012] Figure 2B shows a diagram of an exemplary accumulator assembly.

(00131 Figure 20 shows a diagram of another exemplary system of the disclosed
technology for production of hot carbon and hydrogen and implementations in fuel cell
applications.

[0014] Figure 2D shows a cross-sectional view of the exemplary system of Figure 2C
depicting multiple canisters for facilitating reactions.

[0015] Figure 3 shows a diagram of an exemplary system of the disclosed
technology that can be used for deposition of hot carbon and production of pressurized
or non-pressurized hydrogen as well as in hot carbon fuel cell applications.

[0016] Figure 4 shows a diagram depicting an exemplary implementation of
hydrogen production from hot carbon by reaction with steam in an exemplary system of
the disclosed technology.

106171  Figure 5A shows a schematic diagram of an engine employing an exemplary
system of the disclosed technology for energy conversion and production of specialized
fuels.

[0018] Figure 5B shows a schematic diagram of an exemplary injector device that
can be implemenied in exemplary systems of the disclosed technology, including the
system of Figure 5A,

{00191  Figure 5C shows a cross-sectional view of the exemplary device of Figure 5B.
100207  Figure 5D shows an enlarged view an end of the device in Figure 5B showing
an oplical sensor unit.

[0621] Figure 6 shows a diagram depicting fuel conditioning events of an exemplary
system of the present technology utilizing heat sources to convert various gases, mixed-

15



WO 2015/184368 PCT/US2015/033349

phase fluids, and/or liquid fuel selections into pressurized fuel vapor and then o
dissociate into constituents.

(00221 Like reference symbols and designations in the various drawings may
indicate like elements.

DETAILED DESCRIPTION
100231 Techniques, systems, and devices are disciosed for converting fossil fuel
selections into energy and/or specialized fuels such as hydrogen that can be utilized in
engines and/or fuel cell applications.
(08241  In some aspects, a method to convert such fossil fuels into energy and
specialized fuels includes dissociating a fuel to produce hot carbon and hydrogen, e.g.,
i a reactor. Hot carbon includes carbon material al an elevaled temperature state,
e.g., in a range of 700 °C (o 1500 °C, and/or at an elevaled temperature approaching
vigible light emitling or incandescent temperatures. The produced hot carbonisof a
material form having an increased chemical and/or thermal polential energy and is
capable of storing energy from an external source (2.9., heat). The hot carbon can be
produced by endothermic dissociation of a carbon and/or hydrogen donor substance
{e.g., CiHy}, in which the dissociating includes providing heat and/or electric current
{a.g., electrons) to produce the carbon and the hydrogen. The method includes
removing the produced hydrogen and hot carbon from the reactor, e.g., by deposiling
the hot carbon in a chamber. In some implementations, the method further includes
supplying an oxygen- and/or hydrogen-containing reactant {e.g., such as oxygen,
steam, alcohol, or air) to contact the hot carbon o exothermically produce products
such as carbon monoxide (COj and hydrogen (Hy), in which, after the supplying the
reactant, remaining deposited carbon forms a durable carbon-based good or product.
00251 In some implementations of the method, for example, in the reacior, one or
more elecirodes are electrified with the electrical energy that provide electrons andfor
generate heat to dissociate the fuel {(e.g., CHy) into carbon and hydrogen. For example,
the dissociating can include endothermic conversion of the fuel {e.g., C.H,} to the hot
carbon (xC) and hydrogen (Ho}, where CiHy  +  Energy {e.g., thermal and/or electrical
energy at the electrodes that generate heaty — xC + 0.5y Hy can oceur at or near

16



WO 2015/184368 PCT/US2015/033349

the electrode(s). For example, the electrode(s) can be configured as a suitable metallic
alloy, graphite, silicon carbide or molybdenum disilicide electrode, and/or a composite
glectrode assembly described laler in this patent document. In some implemeniations,
for example, the produced hydrogen can be fed o g pressurizer {e.g., galvanic cell with
a proton membrane) that pressurizes the hydrogen for use, for example, in fuel cell or
an engine. In some examples, ship vessels could use eleclricity from their elecirical
generators or from poris to power this dissociation step.

(00261 In implemeniations of the method, for example, the carbon can be removed
from the fuel by an endothermic precipitation process. For example, the deposited hot
carbon can be used 1o store energy from regenerative processes, e.g., such as
regenerative braking or shock absorbers in vehicle applications. Furthermore, electricity
from regeneralive processes can be used to drive the dissociating {e.g., in the reactor of
the systemn to implement the method). in some implementations, for example, hot
carbon is deposited in the chamber on a substrate, and/or in which the chamber is
electrically and/or thermally insulated. Exemplary substrates can include, but are not
limited {o, graphene, nickel, mica, silicon carbide, ceramic, or carbon with a SiN and/or
BN coating, among others.

100271  For example, the deposited or banked hot carbon can be formed as
amorphous carbon {e.g., hot carbon depositions) in the chamber, which provides dense
thermal storage capability. In the chamber, for example, the hot banked carbon can be
formed on a suilable surface, e.g., such as a scored glass ceramic or vitreous carbon.
The hot banked carbon can be readily ulilized in the chamber and/or continuously or
intermittently {e.g., al desired occasions) remaoved to a suitable location to provide
thermal and chemical banking of external energy or substances, respectively. For
example, thermal or electrical energy banking to the hot banked carbon can provide
better energy storage efficiency than a baltery, as well as be substantially more
inexpensive {e.g., without need for additional and costly materials). For example,
energy conversion cycle efficiency of the created hot banked carbon can be ~50%, as
compared to that of battery of less than 12%.

(08281 In some implementations, the fuel-to-energy conversion method can be

implemented to additionally, or alternatively, create hot banked nitrogen as a material
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for banking energy and providing capability to produce subsequent products. For
axample, nitrogen can be taken from the air or from nitrogen rich exhaust and combined
with hydrogen to make ammonia or urea. In such implementations, the banking comes
from the formation of a compound {e.g., ammonia or urea). For example, pressurized
hydrogen and nitrogen are used (o form ammaonia and/or urea.

100291 Figure 1A shows a process diagram of an exemplary method for converting a
feedstock, e.g., such as a fossil fuel, into specialized products including hot carbon used
for storing energy and/or creating renewable fuels. The method can include a process
80 to dissociate the feedstock to produce hot carbon {e.g., having a temperature of 700
“C 1o 1500 °C) and hydrogen, e.g., which can be implemented in a reacior. In some
implementations of the process 80, the dissociating can include a process 81 o provide
heat and/or electrons to produce the hot carbon from the dissociated products of the
feedstock. The method can include a process 82 to remove the hot carbon and the
hydrogen. In some implementations of the process 92 can include a process 893 to
deposit the hot carbon on a substirate or surface, e.g., in a chamber (e.g., including an
accumulator).

(00301 The method shown in Figure 1A can further include a process 94 1o react an
oxygen- and hydrogen-containing reactant with the hot carbon o produce an oxide of
carbon {e.g., carbon monoxide) and hydrogen. in some implementations of the process
84, the reacting can include a process 95A to form a durable carbon-based product
from the remaining carbon after implementation of the process 94, and/or, the reacling
can include a process 8958 to supply the produced carbon mongoxide and/or the
produced hydrogen o an engine andfor {o a fuel cell.

[0631] The method shown in Figure 1A can further include a process 96 to use the
hot carbon to store energy from an external process {&.g., such as an energy-
regenerative process). In some implementations of the process 96, the energy stored
by the hot carbon can be used in the process 80 to dissociate the feedstock.

[0032] The method shown in Figure 1A can further include a process 98 to use the
hot carbon in a fuel cell to (i) produce carbon oxide(s}, hydrogen, and/or nitrogen
substances, and/or to (i) extract elecirical energy from the hot carbon, which can be

used in other processes of the method. In some implementations of the process 98, the
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elecitrical energy extracted by the hot carbon can be used in the process 80 to
dissociate the feedstock.

(00331 Figure 1B shows a diagram of a system capable of implementing the method
of Figure 1A for converting a feedstock into specialized products including hot carbon
and by-products including hydrogen. In one exemplary embodiment, the system
includes a reactor 10 1o receive the feedstock substance {e.g., a carbon- and/or
hydrogen-donor substance such as a fossil fuel or renewable fuel including methane)
and dissociate the feedstock substance to carbon constifuenis and hydrogen. The
reactor 10 is used to produce hot carbon by applying heat and/or electrons during the
dissociation of the feedstock, such thal the hot carbon produced is a specialized form of
carbon having an increased chemical potential energy and is capable of storing external
energy when applied to the hot carbon. The system includes a chamber 20 where the
hot carbon can be deposited. In some embodiments, for example, the chamber 20 is
electrically and/or thermally insulaled and includes a substrate to deposit the hot
carbon. For example, the substrate can include, but is not limited to, graphene, nickel,
mica, siticon carbide, molybdenum disilicide, ceramic, or carbon with a SiN and/or BN
coating, among other materials.

100341  in some implementations of the system, the deposited hot carbon in the
chamber 20 can be reacted with gasification and/or oxygenation reaciants {e.g., such as
steam, alcohol, air, etc.) to produce a carbon-containing fuel and hydrogen. In such
implementations, for exampie, the system can further include an engine 30 o receive
and utilize the produced carbon-containing fuel and/or the produced hydrogen as fuel or
other reactants in reactions within the engine 30 (&.g., including combustion).
Additionally, for example, the hydrogen produced by the reactor 10 can also be supplied
to the engine 30 in such reactions {&.g., combustion). Moreover, for example, the
hydrogen produced by the reactor 10 can be pressurized by a pressurization system 22
to supply pressurized hydrogen o the engine 30. The engine 30 may produce waste
heat as part of reactions implemented in the engine 30. Such waste heal may be
included in the system and supplied o the chamber 20 and/or the reactor 10 to assist in
reactions (2.g., such as the dissociation of the feedstock in the reactor 10 to produce

the hot carbon banked in the chamber 20).
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[0635]  Also, in such implementations, for example, the system can further include a
fuel cell 40 {o receive and utilize the produced carbon-containing fuel andfor the
produced hydrogen as the fuel or other reactants in the fuel cell 40 to exiract electrical
egnergy. Such electrical energy, as well as electrical charge carriers {2.g., electrons)
may be inciuded in the system and supplied to the chamber 20 and/or the reactor 10 to
assist in reactions {e.g., such as the dissociation of the feedstock in the reactor 10 o
produce the hot carbon banked in the chamber 20). Additionally, for example, the
hydrogen produced by the reactor 10 can also be supplied to the fuel cell 40 for use in
fuel cell reactions. Furthermaore, for example, the hydrogen produced by the reactor 10
can aiso be pressurized by the pressurization system 22 {0 supply pressurized
hydrogen to the fuel cell 40.

(08361 Some applications of the disclosed methods and systems can include the
following exampies. In some examples of the disclosed taechnology, an engine
conversion system of the disclosed technology produces hydrogen from fossil fuel
selections such as natural gas and various renewable fuels using the disclosed
methods, in which the hydrogen can subsequently be directly injected in one or more
bursts and combusted o provide stratified heal release within the combustion chambers
of convertad engines. In certain embodiments the combustion regime incorporates
expansive Joule-Thomson (J-T) heating of pressurized hydrogen or elevated
temperature, high-pressure hydrogen that is injected at or after top dead center {(TDC)
to further increase the rale of oxidation o expedite initiation and completion of
combustion of other fuel constituents including homogeneous and/or stratified charge
fuel distributions.

106371 For example, converted engines previously operated on diesel fuel according
to Tiagr 2 emissions standards can utilize the hydrogen-characterized or hydrogen-
boosted combustion regime to produce more power, last longer, and meet and/or
exceed more stringent emissions requirements such as Tier 4 emissions standards.
Sequential operations of the method in the exemplary engine conversion sysiem can
produce additional hydrogen {e.g., by hydrocarbon dissociation) and provide hot banked
carbon (HBC) (o produce enhanced expendable energy, &.g., including heat, pressure,

and/or chemical potential energy. For example, the co-produced hydrogen can be used
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to provide cold-engine start-ups and/or acceleration without particulates or other
objectionable emissions throughout ail modes of engine operation. In some
implementations of the system, the hot banked carbon can be oblained from the
chamber and utilized as a fuel in, for example, high temperature fuel cell production of
electricity. Additionally or alternatively, the hot banked carbon can be converted by
gasification and oxygenation reactions with oxygen donors, .g., such as steam,
alcohols, air, and/or oxygen, o continue hydrogen production for improved engine
gfficiency with accelerated completion of combustion without objectionable emissions.
Engine waste heat collected from coolant {(H-1) and exhaust gases (H-2) provide
endothermic energy for production of hydrogen and/or (o gasify and oxygenate hot
banked carbon as it is prepared for clean combustion and/or fuel cell operations.
[0038] The converted engines can achieve very clean cold starts and operations that
achieve Tier 4 emissions requirements by operation on hydrogen according 1o 8
combustion management system that reduces or prevents emissions of oxides of
nitrogen. In implementations, for example, after the engine’s operating temperature is
reached, subsequent operation provides utilization of H-1, H-2 and/or regenerative heat
H-3 for the reaction of steam and hot-banked carbon that produces hydrogen and
carbon monoxide that fuel the engine, e.g., according to electronic control and injection
embodiments {0 accomplish Tier 4 requirements, improve fuel efficiency, and produce
full rated power when needed.

(00391  Further hybrid improvements are provided by operation of fuel ceils that utilize
carbon, carbon monoxide, and/or hydrogen for direct production of electricity without
limitations imposed by heal engine-altemator-inverter-battery efficiency for electric
energy generation for high fuel cell efficiency at widely varying engine speed and load
variations, for example. Carbon can be banked during times that H-1, H-2 and/or H-3
may be available for subsegquent use such including later times by a fuel cell to silently
produce electricity. Reversible fuel cell electric drives for hybridized driveline
combinations (with the combustion engine) along with air-conditioning and power
accessories such as windshield wipers, seats, entertainment devices allow regenerative
deceleration and shock absorbing for additional improvements in system efficiency.
{00401 Exemplary Embodiments
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(00411  Further embodiments of the systems shown in Figure 1A that can implement
the methods shown in Figure 1B are described in the following examples.

(00421 Figure 1C shows a schematic diagram of an exemplary system 130 for
energy conversion and storage in an engine 132. As shown by the exemplary
embodiment in Figure 1C, the system 130 can receive the selected fossil fuel from a
storage tank 138 capable of storing compressed natural gas, hydrogen, andfor carbon
donor fuel selections. In some embodiments, for example, the storage tank 138 can be
configured as one or more suitably insulated and/or reinforced storage systems. For
gxample, such carbon donor fuel selections can include, but are not iimited 1o, methane
or methanol, and/or self-pressurizing cryogenic fuels such as methane or slush mixtures
of hydrogen and methane and/or ethane or propane, or various ambient temperature
iquid fuels such as alcohols, ammonia, various urea solutions, dimethylether (DME) or
digthylether (DEE).

[0043] At start up and various other occasions, a suitable flow of the selectad fossil
fuel {e.g., such as a hydrocarbon type fuel including natural gas, methane, or other} can
be directly delivered from the tank 138 via fluid transport ling 142 by intaking the fuel
using pump 140 to an engine exhaust manifoid reactor 100 via to port 102 by control of
valve 144. The engine exhaust manifold assembly 100 provides a fail-safe containment
including pressure blow-down and cooling by the exhaust system 120, The engine
axhaust manifold assembly 100 can host or be operated as a reactor of the system 130
to provide heating of the feedsiock fuel, e.g., by gaining heat from hot exhaust gases
and/or other sources, via an engine exhaust heated and insulated circuit of a system
200. An exemplary embodiment of the system 200 is shown in greater detail in Figure
2A.

[0644] The system 130 shown in Figure 10 can also include other components
including heat exchange assemblies 146, 174 and others and a controller 155 to
actuate various functions of components in the system 130. For example, the controller
155 can provide adaptive aperation of the pump 140 and/or the valve 144 to add fuel
from the fank 138 o a heat exchanger 146 o gain heat {e.g., Heaty (H1}) from engine
coolant passing through transports 148 (o 150, e.g., capable of reaching temperatures

such as 102°C {(215°F). Also, for example, the controlier 155 can also provide adaptive
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operation of a valve 154 {o add fuel {o a heat exchanger 174 to receive heat {e.g., H1)
by courter current heat exchange from engine coolant passing through transports 168
o 172 and/or by counter current passage of the fuel through heat exchange circuit 156,
The system 130 can utilize and/or include injectors 166 o inject the fuel info a
combustion chamber of the engine 132,

[0045] Referring to Figure 2A, a feedsiock fuel {e.g., such as methane) is delivered
to accumulator cavity 256, e.g., supplied through a conduit 253 of heat transfer
passageway assembly 251-253 as shown in Figure 2B, in which the accumulator 256 is
within a tubular composite assembly including a porous anoade 257 surrounding the
accumulator 2506, a proton transport membrane 258, and a hydrogen-transmissive or
permeable cathode 216, For example, inductive and/or resistive heating of the
compuosile assembly {the anode 257 - membrane 258 - cathode 218) can be applied by
a suitable arrangements and configurations, 2.g., such as a screen grid or helical coll
262, o increase the tempaerature for endothermic heatl additions for processes such as
shown in Eqguations 1 and 2. Also, for example, increasing the temperature by electric
heating or fuel combustion {e.g., Hy andfor Hs) can provide higher reaction rates and/or
shift such reactions for increasing the vield of products including increased
pressurization of the reaction products. In some implementations, for example, further
improvements of reaction rales and yields along with higher pressure delivery of
hydrogen into the annular accumulator around cathode 216 can be provided by
increasing rate that hydrogen is removed from the products by increasing the voltage
gradient from the anode 257 {o the cathode 216,

(00481 In this and several other examples, an accumulator of the disclosed systems
can operate as a chamber for deposition of materials, e.g., including deposition of hot
carbon, and/or for facilitating reactions {e.q., a8 reactor), e.g., including dissociating a
fuel into the hot carbon and by-products {e.g., hydrogen).

100477 Figure 2B shows a diagram of an exemplary accumulator assembly having a
helical heat exchanger tube 251-253 coupled o the main body of the accumulalor tube
222 where 221insulates the exhaust manifold 223 within which is the heat exchanger
assembly 251-253 around a container tube 222 that delivers separated andfor

galvanically pressurized hydrogen {o conduit 264 through valve 264 to accumulator 272
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and or conduit 264 as shown. Such hydrogen is produced by suitable reaction such as
by dissociation of a carbon and/or hydrogen donor substance such as GiHy, e.g., an
alcohol, or ether, etc,, which can be delivered through conduit 104 or 253 from the tank
138 and/or by preheating through heat exchangers such as 146 and/or 134 (e.g., using
the circuit 1528).
[0648] Equation 1 shows production of hydrogen and carbon {(e.g., which can be
produced as hot carbon) from virtually any carbon donor fuel GyH..

CyH, + Heaty — yC + 0.5z H: Equation 1
(00487 Eguation 2 shows production of the carbon and hydrogen from CHy
hydrocarbon fuel selections, e.g., such as nalural gas or renewable methane.

CHy + Heatx — C + 2Z2Hs Equation 2
[00508] Endothermic Heatly required for the process of Eguation 2 is about 75 Kd/mol
or less depending upon the amount of regenerative preheat and the temperature of
glectrode 257, In this maode, the carbon is deposited or “hot banked” within the
accumulator 256 of the system 200 as the engine 132 i3 operated, e.g., on stratified
heat production by direct high pressure hydrogen injection o produce expansive
heating and accelerated combustion after TDC for improved performance and greater
thermal efficiency along with achieving Tier 4 emissions compliance without reguiring
exhaust gas freatment.
[0051]  His particularly noteworthy that the present exemplary embodiments
described here can provide for engine operations that produce hydrogen and perform
adaptive stratified charge combustion to effectively clean the air that enters converted
engines. In operation, for example, ambient air that contains atmospheric contaminanis
such as diesel soof, tire particles, polien, paint fumes, mildew or ammonia odors,
various volatile hydrocarbons and constituents of photo-aclivated smog is compressed
during the compression cycle of ICE operation and before, at or after top dead center
(THRC) hydrogen is injected and combusted to provide stratified charge air cleansing.
[0052] Additionally, hot hydrogen injeclion after TDC increases the benefits provided
by J-T expansive heating including reduced reqguirements for ignition energy, reduced
electrode erosion, accelerated initiation and completion of combustion along with

contaminant eradication. Further synergistic benefits can be provided by a corona
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digcharge into the patlern of hydrogen ions and molecules and/or hot products of
combustion. Initiation of corona discharge into the patlern of J-T expansion heated
hydrogen and/or hydrogen ions greatly improve corona ignition efficiency. The host
engine is thus greatly improved in thermal efficiency including improvements in the air-
utilization efficiency (o assure rapid and complete oxidation of the fuel, insulation of the
stratified heat of combustion, and expansion of heated air to perform work along with
enabling air cleansing benefits.
10053} Examples of methods {0 produce such patterned corona discharges are
described in US Patent Application 13/844 488 entitled "FUEL INJECTION SYSTEMS
WITH ENHANCED CORONA BURST”, and in US Patent Application 14/273,479
entiled "FUEL INJECTION SYSTEMS WITH ENHANCED CORONA BURST", both of
which are incorporated by reference in their entirety as part of the disclosure of this
patent document.
[0054] Stratified charge combustion of hydrogen provides extremely rapid reduction
or elimination of such contaminants by forcing oxidation {o produce water vapor and
traces of carbon dioxide. For example, if ozone and/or oxides of nitrogen are present in
ambient air, hydrogen combustion consumes such activated oxidants (o expedite
production of water vapor. Contaminants oxidized in surplus air to water vapor andfor
carbon dioxide upon hydrogen accelerated combustion in surplus air can provide 20 (o
10,000 times reduced trapping of solar radiation energy compared o contaminants such
as volatile hydrocarbons, paint fumes, and diesel soot.
10055] Subsequently, after sufficient hot carbon is deposited or banked within the
accumulator 256 by the processes of Equations 1 or 2 to sllow clean startup of the host
engine 232, selected portions of the hot banked carbon can be utilized in a fuel cell
and/or extracted from the accumulator 258 to produce carbon enhanced durable goods,
and/or such carbon can be reacted with suitably heated steam to produce a mixture of
carbon monoxide and hydrogen as shown in Eguation 3 for use in a heat engine and/or
fuel cells and/or to produce liguid fuels, e.g., such as various fuel alcohols, DME, or
DEE.

C + HO + Healy — CO + Hy Equation 3
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[0656] The systems of Figure 1C can ailow for regenerative operalions. For
axample, the endothermic heat requirement or Heats of Equation 3 can be delivered by
the hot carbon deposiled by reaclions of Equations 1 or 2, and/or by the steam
praviously heated as a result of energy added by hot exhaust gases, resisior or inductor
{e.g., screen grid or helical coll 262), heat added to the membrane 258 by electrical
resistance, heat exchanger assembly 251-253, and/or by heat gained such as from the
countercurrent heat exchanges within the heat exchanger 1486, the exhaust system 120
{e.g., a5 shown including circuiis 152A and 152B), and/or the system 200 with exhaust
gases and/or engine coolant and/or by heat gained by countercurrent exchange from
one or both products of the reaction summarized by Egquation 3.
1006571  Additionally or alternatively, in certain embodiments, for example, oxygen
provided by sources such as electrolysis of water, steam, and/or by exiraction of oxygen
from the atmosphere is reactad with such carbon to produce carbon monoxide in an
exothermic reaction as shown in Equation 4. Such optional operation by partial
oxidation of carbon as shown in Equation 4 is exothermic.

C+ 050, — CO + Healy Equation 4
[0058] Exothermic Heaty is about ~111 Kd/imol and can be utilized as a heat source
or as a supplement to Heats. This exemplary mode of heating is highly beneficial in
instances that a limited amount of electrical energy is available from sources such as a
storage battery to produce Heats at the rate desired for quick start-up of a fuel cell or
cold engine and rapid warm-up operations in cold ambient conditions.
1006591  In another optional mode, for example, greater heat release and more rapid
conversion of one or more selected allotropes of hot banked carbon is summarized by
Equation 5.

C+ O — COp + Heals Equation 5
{00601 Exothermic Heats is about -283 KJ/imol and can be utilized as a greater heat
source or supplement 1o Heatls or Heals. Hot oxides of carbon produced by reactions of
Equations 4 and/or 5 provide heating such as counter current heating of feedsiock fuel
and reactants in a heat exchanger 170 through ports 168 and 172,
[0861]  Thus several modes of operation may be selected including various

simuitaneous, sequential, or cyclic operations, e.g., such as fuel cell and engine
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operations thal combine endothermic and exothermic heal contributions of reactions
such as in Equations 1, 3 and/or 5. This can provide assurance of meeting Tier 4
emissions requirements with cold start and every other operational condition.

10662] Operational modes of the disclosed systems can be implemented,
Hustratively, in fuel cell and engine embodiments, such as in the following examples.
For example, (i) some system operational modes include endothermic conversion by
dissociation at an elevated temperature typically between 700°C and 1500°C of a
hydrocarbon compound {(C,H,} to produce hydrogen and xC hot banked carbon {e.g.,
CuHy + Heat — xC + (.5y Hp) on or naar the anode of an exemplary composite
assembly including an anode, proton transport membrane, and a cathade. Also for
axample, {ii} some system operational modes include separation and/or pressure
addition to the hydrogen (o form pressurized hydrogen) produced and delivered by
ionic membrane transport through an applied voliage gradient between the anode and
cathode. Also for example, (i) some system operational modes include dirgct injection
of such pressurized hydrogen at or after TDC {o generate J-T expansive heating and
accelerated combustion within surplus air in the combustion chamber of an engine to
produce stratified heat release and high thermal efficiency along with clean emissions.
Also for example, {iv) some systemn operational modes include occasionally converting
the hot banked carbon by elevated lemperalure reaction with an oxygen donor such as
air, oxygen or steam {e.g.,, C + H0 + HEAT — CO + Hs) to provide gasification and
axygenation of the carbon to carbon monoxide and to produce additional hydrogen that
is separated and can be increased in prassure by transport through the proton
membrane by impetus of an applied voltage gradient between the anode and cathode.
Also for example, (v} some system operational modes inciude delivery o the
combustion chamber of the gasified and oxygenated carbon {&.g., carbon monoxide)
and direct injection of such pressurized hydrogen at or atier TDC {o generaie J-T
expansive heating and accelerated combustion within surplus air in the combustion
chamber of an engine {o produce siratified heat release and high thermal efficiency
along with accelerated combustion of such carbon monoxide to produce clean
gmissions. Also for exampie, (vi} some system operational modes include conversion

of the hydrocarbon fuel to carbon monoxide and hydrogen (CiHy + xH0O + HEAT —
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xCO + (0.5y+x)H;), whereby the hydrogen is pressurized by the heat added to drive
such phase change and/or molecular increasing reactions and separated by pressure
drop andfor pressure increasing transport through the proton membrane including
pressure produced by such reactions andfor by an applied voltage gradient between the
anode and cathode. Also for example, {vil) some system operational modes include
delivery to the combustion chamber of the gasified and oxygenated carbon {e.g., carbon
monoxide) as a stratified or homogeneous charge and direct injection of such
pressurized hydrogen at or afler TDC (o generate J-T expansive heating and
accelerated combustion within surplus air in the combustion chamber of an engine to
produce stratified heat release and high thermal efficiency along with accelerated
combustion of such carbon monoxide to produce clean emissions.

[0863] Variations of these and other exemplary operational modes of the disclosed
systems can include utilization of some of the hot banked carbon (HBC) to produce
carbon monoxide and/or carbon dioxide (o generate at least a portion of the heat added
to other endothermic steps at times that more rapid reaction rales are desired. For
axample, ordinarnily, activated carbon is produced by heating a carbon donor o drive off
hydrogen and produce high surface o volume media for adsorbing fluids such as gases
and liguids. An exemplary embodiment of the disclosed systems that produce hot
banked carbon system deposits the hot banked carbon in particular iocations, e.g., such
as on or near the anode 257 and/or within the accumulator 256 as shown in Figure 24,
for very different additional purposes including, for exampie, performance as a heat
retaining energy storage media that facilitates rapid addition of carbon deposits from a
hydrocarbon donor; rapid contribution of hot carbon to form carbon monoxide by
reaction with hot steam and/or alcohol, oxygen, or air; and/or (o serve as a hot fuel
accelerator in carbon and/or carbon monoxide fuel cell processes to produce electricity
much more efficiently than a heat engine-generalor system.

100647 In some implementations of the disclosed systems, the rapid deposition of
carbon from high pressure gases (feedstocks), e.g., such as methane or larger
motecular weight selections, can provide highly activated carbon deposits with high
surface-to-volume ralios, e.g., in which the depositions can pe implemented on nano-

particles of silicon, cobalt, gold, nickel, or platinum to stimulate growth of single or multi-
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atom thick wail tubes or to provide variously disorganized forms of carbon including
amorphous or curvilinear or multi- dimensional graphene for the purpose of high
removal rate for gasification production of oxygenaied carbon such as carbon monoxide
and/or to serve as carbon fuel in a fuel process.

(00651 In some implementations, the deposition of carbon can be ulilized in fuel cell
applications. Voltage applied across the cathode 216 through the proton exchange
membrane 258 to the anode 257 provides a galvanic gradient along with resistance
heating. In some embodiments, for example, the cathode 257 can include multiple
and/or heterogeneous catalysts for one or more functional roles.

[0066] In some implementations, calalviic activity can be provided for nucleation and
growth of selected allotropes of carbon that deposit as hydrogen passes into the proton
exchange membrane 258 for delivery o the cathode 216, For example, amorphous or
glassy carbon or various other forms can be grown, €.g., such as Fulierenes, graphene,
graphite, diamond, diamond-like-carbon, aggregated nanorods and shapes, whisker
and/or tubular forms, which can be initiated by catalysts, e.g., such as carbon
nanoctubes, carbon nanofoam, nickel, iron, tungsten, molybdenum, niobium, vanadium,
copper or copper based alloys, intermetallics, carbides, nitrides, or cermet compounds.
108671  As shown in Figure 24, galvanically separated and accelerated pressurized
delivery of hydrogen through cathode 216 to concentric accumulator space 260 can be
implementad and can accomplish any of the following. For exampie, (i} heat provided
for endothermic hydrocarbon dissociation at or on the anode 257 by the heating
element 262 (e.g., inductive and/or resistive element 262} can be conserved and
insulated by the concentric assembly of a high-strength canister 222, gaseous hydrogen
in the annular accumulator 260, and the membrane 258, Also, for exampie, (i) the
hydrocarbon dissociation reaction summarized in Equations 1 and/or 2 can be shifted 1o
improve the process yield efficiency by prompt removal of hydrogen from the feedstock
reactant and product inventory. Also, for example, (ili) hydrogen pressurized by the
galvanic impetus applied across the electrodes 216 and 257 provides advantageous
compressive loading of membrane 258 to assure structural integrity, crack prevention,
and improved fatigue endurance against vibration, thermal and pressure cycling (o allow

rapid startup and extended life. Also, for example, (v} hydrogen produced by the
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galvanic impetus across the proton exchange membrane 258 can be pressurized o aid
in production of brake mean effective pressure (BMEP) upon direct injection at desired
crank angles including at or after TDC into each of the combustion chambers of the
exemplary engine 132 {e.q., through injectors 166} as shown in Figure 1C. Also, for
example {v} hot pressurized hydrogen can be further heated by Joule-Thomson
expansive heating as it is injected at or after top dead center (TDC) and expands into
aach combustion chamber o further aid in production of BMEP and 1o accelerate the
initiation and completion of hydrogen combustion. Also, for example, {vi} such types of
hydrogen activation can accelerated combustion of other fuel constifuents present, e.g.,
ncluding airborne contaminants in the combustion chamber. Also, for example, {vii}
feedstock hydrogen-donor gases, e.9., such as methane, processed by the accumulator
256 can be conveyed from the port 106 o the heat exchanger 174 (in the system 130 of
Figure 1C) to preheat hydrocarbon substances such as by the counter current heat
exchanger 156 via the port 104, Also, for example, {vili} reduction of the work of
compression and further improvement in BMEP can be provided by direct injection
before TDRO of expansive cooling fluid from the tank 138 and/or the accumulator 256
and/or from the heat exchanger 174 and/or from an accumulator 274 of the system 200,
shown in Figure 2A.

[0068] Referring to Figure 10 showing the exemplary system 130, after reaching
operating temperature, the controlier 155 can be implemented o provide adaptive
aperation of the pump 140 and/or the valves 144 and 154 to add fuel from the tank 138
o the heat exchanger 146 to gain H1 from engine coolant in circuits 148-150 and reach
temperatures (e.g., such as 102°C (215°F)) and/or through heat exchanger 174 to
receive H1 by counter current heat exchange from engine coolant passing from port 168
to 172 andfor by counter current passage of fuel from tank 138 through circuit 158,
After gaining H1, fuel is circuited through the exhaust train counter current heating
circuit 152A and/or 152B to receive HZ, and then to the accumulator 256 for further
electric or fuel combustion healing and the anode 257 of the gystem 200 o provide
hydrogen that is further galvanically pressurized, delivered through insulated circuit 264
and/or accumulator 272 for adaptively timed injection by the injectors 166 as a hot

expansion heating fuel at or after TDC in the combustion chambers of engine 132.
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106691 In some implementations, for example, including at selected times and in
various applications such as quick start for maintaining an uninterruptable power supply
(UPS) or aperation of a vehicle or a combined heat and power (CHP) plant without
emissions of undesirable pollutants, the engine 132 can be operated on hydrogen.
Hiustratively, at times such as cold engine start up, hydrogen is delivered from the
accumulator 260 or as may be provided from previous system operations by the
accumulator 272 and/or by initial heating and/or processing by the system 200 of a
suitable hydrogen donor fuel, e.g., such as methane, using off peak grid power.
Suitable heat addition may be made from renewable sources such as a solar, wind or
moving water generator, or other sources of electricity such as from a battery or by grid
power applications, e.g., including maintenance of a suitable UPS start up supply of
hydrogen in the accumulator 260 andior the accumulator 272 through valve 270.

10070]  Figure 3 shows a diagram of a system 300 that can be implemented for
occasional andfor cyclic deposition or hot banking of one or more alioiropes of carbon
302, e.g., such as graghene, tubes, or acicular crystalline or amorphous structures,
along with production of pressurized or non-pressurized hydrogen that is delivered from
near anode 304 {e.q., by reactions like that of Equations 1 or 2) to annular accumulator
space 310 around cathode 308 following hydrogen ion passage through proton
membrane 306. For example, the carbon allolropes that are particularly suitable for
short-term banking include amorphous carbon that is produced by providing heat
addition to a carbon donor substance such as methane provided in the central region of
accumulator 312.

[0071] Allernatively, for example, heat addition through the anode 304 can produce
crystalline siructures depending upon influences such as epitaxial orientation and/or by
seed materials, e.g., such as graphite, diamond, nickel, silicon, silica, germanium, iron,
Fe,C, cobalt, platinum, or various crystaliine structures of the iype of material chosen for
selected portions of the anode 304, Heat addition by resistive and/or inductive input
from elements 314 produces heat transfer through the cathode 308 to the proion
transport membrane 306 to the anode 304. Accordingly endothermic heat is provided
on or through growing crystais to precipitate amorphous or more organized forms of
carbon. Depending upon the rate of heat addition, the gas within the accumulator 312
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may receive sufficient heat transfer by conduction, convection, and/or radiation {o
produce amorphous and/or crystalline material with substantial defects and faulls as
desired for rapid deposition and gasification purposes and/or as fuel for a carbon fuel
ceil.

(00721 Upon introduction of steam for the endothermic process of Equation 3, the
initial conversion is by coniribution of carbon from amorphous portions or more highly
defect characterized portions of the banked carbon. This allows separation and
collection of high value nanotubes that can be collected by a suitable conveyer 320
within the accumulator 312 in a collection process of the disclosed meathods.

(00731 In some implementations of the system 300, the system 300 can be
implementad as a hot carbon fuel cell, as described iater. In such implementations, for
example, air {(e.g., compressed air) can supply oxygen that is preheated in a helical heat
exchanger tube 318 that reinforces a composite confainment tube 316 by exhaust
gases.

(06741 In some implementations of the disclosed technology, exemplary systems can
be operated o provide production of electricity by one or more fuel cell processes in
which some or all of the hot banked carbon is consumed to produce carbon monoxide
and/or carbon dioxide by suitable reactions such as shown below {e.g., Eguations BA-
&8 for CO; production and Equations 8C-0D for CO aperation andior by reaction of
carbon dioxide produced by a heat engine or carbon fuel cell with HBC to produce
carbon monoxide). This combination aliows the enging to be devoted to shaft power for
applications such as propulsion without parasitic auxiliary drives for electricity
generation, air conditioning compressors, fuel pumps, or hydraulic steering elc., and
provide higher performance. Much greater eleclric power can be produced at far higher
hydrogen, carbon and/or carbon monoxide fuel cell efficiencies {(and thus avoid the
engine-generator efficiency limitation) to more flexibly meet growing demands for

electricity including reversible motors for hybridized propulsion and regenerative

braking.
C + 207 — CO: + 48 {Anode} Equation 6A
O, + de - 207 {Cathode) Equation 6B
C+ Q0 —» CO+ 2¢ {Anode) Equation 6C
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O+ 26 — O {Cathode) Equation 6D

C + Z2NaOH + Oy — NaxC0sz: + HO Equation 6E
[0875] Numerous anode, ion exchange medium, and cathade malerials and
operating arrangements may be selected including, for example, any of the following.
[0076] Example i} A fused tin anode on a solid oxide o maintain dissolved carbon
concentrations and form tin oxide 1o react with carbon to release CO, or CO upon
arrival of oxygen ions (QO7) delivered from the cathode by the solid oxide membrane
{e.g. zirconia). Solid oxide fuel celis tolerate sulfur and carbon monoxide at 800°C
{1480°F) or higher temperature.
(00771 Example i) A moellen carbonate ion exchange electrolyte such as a fused
carbonate salt solution suspended in a ceramic aluminum lithium oxide {AlLIO,) at about
850°C (1220°F) to provide carbonate ion transport (CO3) in which feedstock of hot
banked carbon is converied into ions at the cathode and enter info the exchange
mermbrane as carbonate ions (CO73). Such carbonate ions are converted to CO, andfor
CO at the anocde as electrons are transported through the external circuit io the
cathode. Hot molten carbonate fusl celis are not poisoned by carbon monoxide or
carbon dioxide and allow operation in the Equations 8A-6B or 6C-6D modes.
Cogeneration operations with a piston or turbine engine burning hydrogen can provide
overall fuel efficiency of about 65 to 85%.
[0678] bExample iy A molten hydroxide NaOH or KOH-NaOH eutectic (e.g. about
46% KOH and 54% NaOH) providing ion exchange at 450 to 800°C (840 to1110°F).
10079] Example iv) A solid oxide system in which oxygen is ionized at the cathode
and transported through a solid oxide such as zirconia to the anode where hot banked
carbon is converted to carbon dioxide or carbon monoxide at a suitable temperature
such as 800°C (1480°F) or higher temperature.
{00801  Various other fuel cell arrangements include mixed electrolytes such as
hydroxide and/or carbonate electrolytes and/or nitrate electrolyies. Gther variations
include fluidized beds with pass through wire electrodes such as slurries of carbon with
mixed alkali carbonates that operate up to about at 1000°C (1830°F).
(06811  In some implementations of the disclosed technology, exemplary systems can

be operated o provide a molten caustic soda batiery system that converts carbon o
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caustic soda as electricity is produced. in operation the molien electrolyte is converted
{0 caustic carbonate as shown in Egusation 6E. This exemplary system can utilize a
sadium hydroxide, sodium-potassium eutectic or other mixture or caustic selection
including calcium hydroxide and/or magnesium hydroxide or provide for mixed nitrates
and hydroxides as the caustic. Such fuel cell or battery operations ¢an be combined
with a heat engine or another fuel cell to utilize waste heat and produce electricity along
with solids that incorporate an oxide of carbon (o produce valuable products, e.q., such
as sodium, potassium, magnesium and/or calcium carbonate, to prevent emissions of
carbon dioxide. An illustrative embodiment provides a moiten electrolyte of KOH-NaOH
into which CaQy is added at the rate that CaCQOs is formed.

106821 in some implementations of the disclosed technology, exemplary systems can
utilize selected Perovskites (ABQs) as proton andfor axygen ion fransport membranes in
a reversible fuel cell application of the system. For example, a proton transport utilizes
a gaseous hydrogen donor such as ammonia, hydrocarbon CH, and/or steam heated
by regenerative heat exchanges and provides for dissociation of the hydrogen donor
such as steam on a hot assembly of electrode-A, proton membrane, electrode-B fuel
cell that separates ionized hydrogen as it is selectively transported from elecirode-A
through the proton membrane for producing diatomic hydrogen upon receiving electrons
from an external circuil to electrode-B. Such hot hydrogen can be cooled by counter-
current heat exchange to heat the hydrogen donor compound. After being cooled by
such useful regenerative heat transfer the hydrogen can be used o advantageously fuel
an engine 132 or a fuel cell 180 of the systemn 130F of Figure 1D, In instances that the
hydrogen donor dissociation produces the hot banked carbon, another variety or ragion
of Perovskite or zirconia membrane transports oxygen ions from electrode-D to such
carbon at elecirode-C o produce electricity and carbon dioxide as in Equation 8A. In
some implementations, for example, Cal, can be added at the rate that COy is
produced to form CaCQas.

(00831 Numerous advantages can be provided by direct conversion of the hot
banked turbostatic or amorphous carbon chemical and thermal energy into electricity
including the very low entropy change. Even at elevated temperature of 1000°C, the

entropy change is 8.67cal/k-mol for carbon oxidation to carbon dioxide.
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[0684] The disclosed systems and methods can be implemented to allow
interchangeable ulilization of a large variety of fuels that contain carbon and hydrogen
such as kerosene, diesel, jel fuels, gasoling, methane, propane elc., along with
substances that may contain nitrogen, silicon, and sulfur such as ammonia, urea, landfill
and/or sour gas. As shown in Table 1, considerable advaniages can be achigved by
utlizing as much low grade heat from engine coolant and higher grade exhaust sourced
heat as possible along with enough higher grade regenerative energy 1o mest the
endothermic energy requirements and rapidly produce the products shown to gain the
greater chemical fuel potential energies corresponding o such endothermic energy
additions. The hydrogen can be utilized by the exemplary system embodimenis
disclosed o provide superior stratified combustion results, for example, as compared {o
the feedstock hydrocarbons along with achievement of Tier 4 goals without
requirements for exhaust recirculation or after treatment.

TABLE 1. Fuel Values of Dissociated Hydrocarbons

CoHizney + HEAT 2 nCH{n+1iH,

HXCy HV of HxCy ~ Req. E H2 HY C HY ProdHV e
Formula fiJ] [iJ] fiJ] [iJ] [iJ]
Methane -802.292 74.87 -483.652 ~393.51 -877.162 109.332
Ethane -1428.498 84 -725.478 -787.02 -1512.498  105.8803
Propane -2043.134 1047 -967.304 -1180.53 -2147 B34 105.1245
Butane -2657.57 125.8 ~1209.13 -1574.04 -2783.17 104.7261
Pertane (L) 3045006 173.5 -145(.956 ~1967.55 -3418.506 105.3467
Hexane (L) -3855.142 198.7 -1692.782 -2361.06 -A{153.842 105.1542
Heptane (L) 4464778 224.4 1934.608  -2754.57  -4689.178 105.026
Octane (b} 5074214 250.3 -2176.434 -3148.08 -5324.514 104.9328
Nonane (L) saa5 15 274.7 2418.26 -3541.59 -5950.85 104.8319
Decanedl)  _goo4.186 301 -2660.086 -3935.1 -6595.186 104.7822
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Undecane (L)

Dodecans (L}

-6403.322

-7513.758

327.2

352.1

-24501.912

-3143.738

~4328.61

~472242

PCT/US2015/033349

-7230.522

-7865.858

104.7397

104 .6861

[0085]

Table 2 shows that substantially greater chemical potential energy benefils

can be provided by endothermic reformation or respeciation of such hydrocarbons and

an oxygen donor, e.g., such as an alcohol and/or water. This greater gain in chemical

fuel potential energy is accompaniad by present embodiments o provide advantageous

utilization of gasecus carbon monoxide as a J-T expansive coolant that can

subseguently be rapidly utilized as a fuel value by hydrogen characterized accelerated

combustion after TDC in virtually any overall air-fuel ratio produced by throttied or

unthrottied engine operation including exceptionally lean operation.
TABLE 2: Steam Reformed Hydrocarbons
CoHneg + nHO+ HEAT - nCO + Zn+1iH,

HxCy

Methane
Ethane
Propane
Butane
Pentane (L}
Hexane (L)
Heptane (L)
Qclane (L}
Nonane (L)
Deacans (L)
Undecans (L)

Dodecans (L)

HY of HC
L8]
-8022.292
-1428.498
-2043.134
-2657 .87
-3245.006
-3855.142
-4464.778
-5074.214
-5685.15
-6294.186

~60(3.322

~7513.758

Reqg. E
tkdi
206.166
346.592
498.588

650.784

988.478
1143.472
1300.668
1456.364

1613.96
1771.456

1927.652

H2 HV
L8}
~725.478
-1209.13
-1692.782
-2176.434
-2660.086
-3143.738
-3627.39
-4111.042
-4594.694
-5078.348

-5561.998

-5045 .65

COHY
[k}
-282.98
-565.96
-848.94
-1131.92
-1414.9
-1697.88
-1980.86
-2263.84
-2546 82
-2829.8

-3112.78

-3305.7%

FProd . HY
i

-1008.458
~1775.09
-2541.722
-3308.354
-4{174.986
-4341.618
-5608.25
~5374.882
~7141.514
~7908.146
~-8674.778

-0441 .41

increase %

125.6971

124.2627

124.4031

124.4879

125.5771

125.5888

125.6109

125.6329

125.617

125.6421

125.6609

125655
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100861 In some implementations, for example, it can be advantageous io use a
portion of the carbon for production of durable goods and/or direct production of
glectricity. As shown in Tables 3 and 4 the theoretical limit for a carbon fusl cell
gfficiency for minimal entropy changes is about 100% for operating temperatures up o
about 1000°C (1273°%K or 1830°F). For example, this compares to a hydrogen fuel cell
with a theorstical limit of about 82% at far lower temperatures such as R.T. Further
utifization of hydrogen and/or carbon monoxide in fuel cell operations at elevated
temperatures can incur reduced voltage compared to ambient temperature processes.
TABLE 3: Gibbs Free Energy, Enthalpy and Fuel Cell Efficiency (Eff = AG/ AH)

H + 50, - H0O AGogs o 523714 KWmol | AMogg o =~ 285.83 Max Eff. = 82.9%
kJd/mol

[.\61273(;.}( =-177.3 kd/mol AH'}Z[‘:}_OK = -249.4 kd/fmol | Max Eff. = 71.1.2%

CO+ B0, — COs | AGusek =-257.2 kJimol AlHgg o = =283 KJimol Max Eff. = 80.8%

AGigrsox 1720 kKdimol | AMiprsox =-281.5 kdimol | Max Eff. = 81.1.2%

C+ Qz — COZ ﬁGQgg_qsosq =384 4 kJ/mol AHgggloK = -393.5 ki/mol Max Eff. => 100%

AG 127301 =-3896.3 kd/mol AHm?go}(: -385 .2 kdimol Max Eff. => 100%

TABLE 4: Gibbs Free Energy for Hydrocarbon Dissociation Product Oxidations

25°C (298.15°K) 1,000°C (1273.15°K)

HxCy H2 AG [kJ] (‘;(;{)J?G TQE?L?G H2 AG k] C(g{}ﬁ@ Tot{iziﬁG
Methane ~-457 164 ~394.432 -851.596 -354.592 -3%886.313 -750.905
Ethane -G85.748 -788.864 ~-1474.61 -531.888 -792.628 ~1324.51
Propane -914.328 ~$483.3 -2097.62 -709.184 -1188.94 ~-1898.12
Butans ~1142.91 “A877.73 ~2720.64 -886.48 ~1585.25 -2471.73
Pentane (L) ~1371.49 ~“1972.18 -3343.65 -1063.78 ~4981.57 -3045.34
hexans {L) ~-1600.07 -£3686.59 ~-3966.67 -1241.07 -2377.88 ~-3618.95
heptane (L) -1828.66 -2761.02 ~-4589.68 -1418.37 -2774.18 ~-4492.56
Octane (L} -2057 .24 ~3155.48 -5212.69 -1595.86 -3170.5 -4786.17
Nonane (L) -2285.82 ~3549.89 -5838.71 -1772.96 -3566.82 -5338.78
Dscane (L) -2514.4 =3%44.32 -6458.72 -1950.26 -3863.13 -5813.38
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Undecane(l.) -2742.98 -4338.75 -7081.74 -2127.55 ~4359.44 -6487

Dodecans(L) -2971.57 -4733.18 ~7704.75 -2304.85 -4785.78 =7(160.6

(08871 Therefore, the exemplary systems that provide conversion of hot carbon in
fuel cell operations at elevated temperatures efficiently produce electricity and allow
utifization of hot carbon dioxide exhaust in regenerative heat exchanges to beneficially
heat the hydrogen donor substance and/or to react with hydrogen to produce net-
hydrogen liguid fugls, e.g., such as formic acid, fuel alcohols, DME or DEE. Also, for
example, it can be advantageous to operate the hydrogen and/or carbon monoxide fuel
cell at much lower temperature after beneficial regeneraiive heat exchange to heat the
hydrogen donor substance.

[0688]  Synergistic energy utilization benefits are also provided by injection of
pressurized hot hydrogen at or after TDC in a host internal combustion enging 0
achieve expansive J-T heating and/or high efficiency Lorentz and/or corona ignition
and/or accelerated initiation and completion of combustion for improved BMEP,
performance and fuel efficiency along with readily achieving Tier 4 emissions limitations.
[0689] Figure 1D shows a schematic diagram of another exemplary embodiment of a
system of the disclosed technology for energy conversion and storage in an engine. As
shown in Figure 1D, a system 130F is configured to adaptively utilize a combination of
fuel cells to optimize direct production of electricity from carbon, hydrogen, and carbon
monoxide, e.g., such as may be produced by reactions typical to those listed in Tables 1
and 2. For example, a hot carbon-fugied fuel cell can be included in the system 130F,
e.g., in the manifold assembly zone 100 and/or the zone 180, as shown in Figure 1D, In
some implementations, for example, the hot carbon-fueled fuel cell can be operated
with oxygen from the air and/or from oxygen separation, exemplified by a system 500
shown iater in Figure 5A, in which the hot carbon fuel is oxidized to carbon monoxide or
carbon dioxide by a fused or solid oxide membrane fuel cell operated at elevated
temperature such as 500 to 1500°C. In some implementations, for example, the hot
carbon-fueled fuel cell can be operated using heat exchanges from hot hydrogen and/or
carbon monoxide to preheat carbon donor substances such as CxHy. In some

implementations, for exampie, operation can occur at the same or lower lemperaiure of
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a solid oxide fuel cell, e.g., such as in the zone 180 or the zone 4007 of the system
130F, that oxidizes carbon monoxide and/or hydrogen to carbon dioxide and/or HyO. In
some implementations, for example, eperation can occur at lower temperature of a
proton axchange membrane (PEM) fuel cell that oxidizes hydrogen to HxO, e.g., such
as operation in the zone 190 of the system 130F, which allows rapid high-efficiency
startup operations to produce eleciricity from cool hydrogen as shown.

106801  As noted in Table 3, the high Gibbs free energy available for direct production
of electricity by the high temperature carbon fuel cell embodiment allows greatly
improved rate {or current) while retaining full voltage production efficiency at 1,000°C
(1273.15°K), e.g., as compared {0 ambient iemperature operation. In addition to
improved efficiency the high temperature carbon-fueled fuel cell is readily reversible to
provide occasional hot carbon energy storage including optimization of off-peak and
regenerative energy.

[0091] Hiustratively, for example, a large inertia load (e.g., such as a descending rail
train} can produce energy that is rapidly and densely stored as compact carbon that can
be ulllized subsequently to produce energy and/or feedstock for durable goods
production by on or off-board manufacturing procedures.

10082] In addition to large inertia applications such as rail trains, for example, smaller
vehicles can ulilize hot banked carbon {0 improve overall fuel economy and parlicipate
in energy production and distribution. Hlustratively, a hot banked carbon iuel cell can
agvercome the large environmental impact of inefficient fossil fuel use and lead-acid
batteries. Typical electricity production by an internal combustion engine powered
altemator and lead-acid battery is 15% or less {35 ICE) (.65 Alternator) (85 Battery) =
15% or less. Cooled carbon monoxide {e.g., 80% theoretical cool fuel cell efficiency or
somewhat lower efficiencies at moderate temperatures) and/or hot carbon-fueled fuel
cells with 100% theoretical efficiency at 1000°C can produce electricity at 80 to 85%
operating efficiency and can continue to do independently or so long before, during, or
after the host engine is shut down.

106831  In some implementations, this can be facilitated by utilization of engine waste
heat for a substantial portion of the endothermic heat and/or suitable application of

electric energy required o dissociate and separate typical hydrocarbon feedsiocks inio
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hot hydrogen and carbon. The hot carbon fuel is co-produced with reverse fuel cell
pressurization of hydrogen by endothermic dissociation of {CH,) using H1 {(heat from
engine coodant), H2 (heat from exhaust gases)}, and H3 {combustion heat and/or
glectricity such as from regenerative brakes and shock absorbers).

[0094] Figures 24, 2D, 3 and 4 show exemplary embodiments of systems that can
facilitate carbon fuel cell reactions that foliow hot carbon precipitation or deposition as
hot hydrogen is separated and injected in an enging, &.g., such as engine 132 of Figure
1C or 1D, or stored in an accumulator, e.g., such as accumulator 272 of Figure 1C or
1D, or utilized as a heat source for heating hydrogen donor feedstock and then utilized
it a fuel cell such as a low temperature fuel cell 190 of the system 130F, shown in
Figure 1D, In such instances, for exampie, hot carbon produced in the manifold
assembly zone 100 can be transferred by a conveyer 320 {of the system 300 shown in
Figure 3) to the fuel cell in the zone 180 for production of electricity and carbon dioxide
and/or carbon monoxide. Hydrogen can be utilized as a hot pressurized fuel for
injection in an engine, e.g., such as the engine 132, at or after TDC {o produce J-T
axpansive heating, serve as a patiemn formaer for efficient Lorentz and/or corona ignition,
and/or occasionally as a fuel in cooler fuel cell operations such as provided by the fuel
ceil 180.

[0095] Figure 20 shows a diagram of another exemplary system of the disclosed
technology for production of hot carbon and hydrogen and implementations in fuel cell
applications. Figures 2C shows a system 200H that can provide pressurization of
hydrogen and/or carbon monoxide and/or carbon dioxide and/or nitrogen by
endothermic phase changes and/or reactions in one or more canisters, e.g., shown in
Figure 20 and 2D as canisters 2228, 222C, 222D, 222k, 222F, 222G, The phase
changes and/or reactions operated in the system 200H can be operated similarly to that
of the system 200 along with storage of hot, pressurized hydrogen in a heat banking
accumulator 272H of the system 200H. In implementations, for example, hot,
pressurized hydrogen may be delivered for direct fuel injection at or after TDC by
injectors 166. Pressurization operations in the canisters 222B-222G may be infermittent
to provide cydlic relative low pressure charging of accumulators, €.g., such as the
accumulators 256 of the system 200 or 256H of the system 200H, with fuels {e.g.,

40



WO 2015/184368 PCT/US2015/033349

CxHy, NH,, CH4NLO, ete.), and heating by hot banked carbon to produce higher
pressure and/or further galvanic pressurization as separated hydrogen is delivered o
accumulator zones, .9., such as the accumulators zone 260 of the system 200 or 260H
of the system 200H, and the accumulator 272H of the system 200H.

[0096] Referring back o Figure 3, the sysiem 300 can be operated as a hot carbon
fuet cell for transporting oxygen ions to react with hot carbon o produce electricity. In
the exemplary hot carbon fuel cell, oxygen ions, e.g., from oxygen or air, are
fransported in accumulator annulus 310 through oxygen ion membrane 306 to react
with carbon and produce eleciricity that is delivered to and from external circuits by
conductive electrodes 308 and 304. Hot carbon dioxide produced and accumulated in
the accumuiator 312 can in part be shifted to carbon monoxide on various gecasions
and for various purposes including operation of a carbon monoxide and/or hydrogen
fuel cell and/or for supplementing the supply of expansive cooling fuel for injection
before TRC in the combustion chambers of the host engine to improve BMEP and/or to
produce liquid fuels such as methanol, ammonia or urea as shown by Equations 7A -7F.
Air compressed by a suitable subsystem such as embaodiment 500 can supply oxygen
that is preheated in helical heat exchanger tube 318 {o reinforce composite containment
tube 316 by exhaust gases to further improve the hot carbon fuel cell capacity and
efficiency.

100871  Certain applications of the disciosed technology can provide controliable
production of hydrogen from the hot carbon by reaction with steam. Figure 4 shows a
diagram depicling an implementation of production of hydrogen from the hot carbon by
reaction with steam in a system 400. In some implementations, the system 400 may be
separated or positioned proximate to the system 300 for utilization of hot carbon
delivered by the conveyer 320, The system 400 includes a tubular heat exchanger 402
that can be utilized to receive heat from exhaust gases to prehesat the steam that is
introduced to react with the hot banked carbon. The system 400 includes a reinforced
composite containment tube 404 that provides an annular passageway for hot hydrogen
that can be pressurized by application of a voltage gradient across proton exchange
fube 408 of the system 400 between elecirode 406 and 410 of the system 400, For

example, such hot high pressure hydrogen can be utilized to produce fuels, e.g., as
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shown later in Equations 7A-7F, and may also be utilized as a J-T expansion heating
fuel for injection at or after TDC 1o improve BMEP and engine efliciency.

{00981 Figure 5A shows a schematic diagram of an engine employing an exemplary
system of the disclosed technology for energy conversion and production of specialized
fuels. Alr can be compressed by the system 500 of Figure 5A including operation (o
provide further pressurization by an intensifier unit 570 of the system 500. The
intensifier unit 570 can include a piston assembly 512-514 and controlled valves or
check valves 516-518 for delivery of the pressurized air through conduit 520 to an
accumulator 550 of the system 500 for separation into oxygen rich and nitrogen rich
portions by a separalor system that is placed in line between the oullet conduit 520 and
the accumuiator 550, or after the accumulator 550. Hiustratively, a representative
portion of a suitable separator system is shown as assembly 560 including reinforced
composite outer ube 554, annular passage 558 between outer tube 554 and inner tube
filter 552 to deliver nitrogen rich compressed gas from annular passageway 558 and
oxygen rich gas from passageway 556, In a regenerative deceleration mode according
o operation by controller 558, the host engine receives throttled or unthrotiled air
through intake valve 527A and produces compressed air during the compression siroke
an adaptive portion of which is conveyed through valve 531A of a device 529 that may
replace a glow plug, andior valve 5318 of an injector 530 to deliver compressed air inlo
tank 561.

(08991  In some implementations, for example, regenerative engine deceleration
capacity is increased by maximizing the volumeltric efficiency including allowing
unthrottied air to pass through the valve 540 from passageway 538 and enter the
combustion chamber 528 through valve 527A during infake. Also, for example, in
subsequent similarly equipped combustion chambers, unthrottied air enters the
combustion chamber and may be supplemented with additional air that is added
through the valves S531A and/or 5318 from the tank 571 {(or, e.g., the accumulator 550)
or similar storage vessels to increase the work of compression and deceleration of the
host engine as additional compressed air is stored in vessels, e.g., such as the fank 571
or the accumuiator 550. Such regenerative deceleration and production of high

pressure oxygen is highly beneficial for combustion of fuel such as CHy, Hy, NHs efe, (o
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provide supplemental heat and/or (o increase the temperature of reactions such as
shown in Equations 1 or 2, or Equations 6F or 6G (shown below), or for efficient
aperation of the exemplary hot banked carbon fuel cells, such as those that can be
located in the manifold zones 100 and/or 180 in Figure 1D, and/or one or more
hydrogen fuel ceils, e.g., such as the exemplary fuel ceil assembly 190 that various
system embodiments of the disclosed technology can utilize.

1061001  In some exemplary embodiments of the system 300 of Figure 5A, another
manifold with conduits similar to 536 538, and valve 540 is provided for delivering
compressed gas received through exhaust valve 527 A at times that the piston moves
upward toward TDO andior after TDC o deliver compressed gas {0 a valve 506 for
distribution 1o a vaive 508 and/or the tank 561 or 571. Operation of valve 5278 al such
times may be provided by a suilable method such as an air or hydraulic cylinder,
solenoid or amplified piezoelectric actuator or by a direct or indirect acting cam lobe
through a hydraulic lifter, rocker arm or pushrod.

[06101]  In some applications , for example, such regenerative deceleration of the host
anging and thus a vehicle, elevator, or conveyer system et is provided by
compression of a fuel, e.g., such as methane or hydrogen, by admission through the
passageway 536, the valve 540, and infake valve 527A for delivery to one or more
suitable fuel storage tanks 581 similar {0 571, as previously described for production of
compressed air. In some instances such compressed fuel or compressed air powers
the intensifier unit 570 (o produce much higher pressure fuel selections such as
disclosed heregin, e.g., including NHs;, CO, CHy and/or He or another fluid including
suitable pressures for direct injection at high pressure in converted turbocharged dieseal
engines at or after TDC.

1061021 The system of Figure 5A can provide pressurization of gaseous and liquid fuel
selections and/or allows air separation into pressurized oxygen and nitrogen rich
streams along with thermal pressurization by some exemplary systems of the disclosed
technology, .g., such as the system 200H shown in Figures 20 and 2D, In operation,
for example, fuel and/or reactants {e.g., such as water, oxygen or nifrogen) are
cyclically charged into the accumulator space 256H within the anode 257H of the

system 200H {o utilize banked carbon and/for to produce hydrogen by reactions noted
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previously including Equations 1, 2,6A, 6B, 6C, 6D, 6k and or by conversion of banked
carbon as noted below by Equations 6F and 66.

20 + 2HO0 + Oy - 200, + 2Hy Equation 6F

3C + H O+ Oy — 3C0 + Hp Eguation 6G
(001031 As an example of cyclic pressurization operation by the system 130 of Figure
1C or the system 130F of Figure 10, and the system 200H of Figures 2C and 2D, the
pump 140 of the systems 130 or 130F can be configured as a mechanical pump, e.g.,
such as a positive displacement or impelier type and/or a thermal pressurization system
in which multiple ceils cyclically receive liquid that is converted into pressurized vapor
that is delivered through the valve 144 o the circuits shown. In one mode of operation,
such pressurized fluid fuel is preheated in a countercurrent circuit of heat exchange
assemblies 174, 148, and/or 134 and enters into accumulator chambers 256H of the
system 200H o produce hot banked carbon and hydrogen that is transported o the
accumulator 260H and thus to hot storage in 272H. Chambers 256H of the system
200H are cyclically further pressurized by proportioned charges of steam and/or oxygen
that have been heated by heat exchangers 134 and/or by further heat additions from
sources such as renewable and/or regenerative energy. This allows cydlic
pressurizations of hot accumulator 272H of J-T expansive heating substances {e.g., hot
hydrogen) and/or cyclic pressurization of cool storage in the accumulator 274 of J-T
axpansive cooling substances {e.g., carbon monoxide, nitrogen and/or carbon dioxide).
[00104] Figure 6 shows a diagram depicting fuel conditioning events 600 of an
exemplary system of the present technology that utilizes heat sources, e.g., such as
engine coolant 802 and/or exhaust gases 604, to convert various gases, mixed-phase
fluids, or liquid fuel selections 806 {e.g., CH,) into vapor 608 by heat addition to cause
such phase change and/or thermal pressurization. The pressurized fuel vapor 808 is
then dissociated into separated carbon 612 and hydrogen 616 by further heat addition
from engine exhaust gases and/or other regenerative heat sources.
(001051  In exemplary implementations, the separated hydrogen can be produced by
endothermic reaction on the anode 257 and delivered through the proton exchange
membrane 258 to the cathode 216 o be further pressurized by application of an applied

voltage between the anode 257 and the cathode 216. Thus separated hot hydrogen
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can be further pressurized in a process 618 shown in Figure 6 by galvanic impeius
{e.q., applied voltage such as from regenerative sources) for purposes of increasing the
BMEP and thermal efficiency of an internal combustion engine by direct injection, J-T
expansion heating, and accelerated combustion after TDC as a stratified charge o
maximize air utilization efficiency for improved performance and production of shaft
power 623. Also, in exemplary implementations, the separated hot carbon can be
utilized in a high temperature fuel cell, e.q., such as the fuel cell system 300, to
gfficiently produce electricity and carbon dioxide in a process 614 shown in Figure 6.
Exemplary hot carbon dioxide can be utilized to transfer heat o the dissociation process
810 and/or 1o be mixed with hot exhaust gases from an engine (e.g., such as the engine
132 of the systems 130 and/or 130F) (o accelerate the vaporization and dissociation
processes. In certain exemplary embodiments, such carbon dioxide can be separately
deliverad and subsegquently reacted with hydrogen to produce liguid fuels, e.g., as
summarized by the Equations 7A-7F.

1061061 The carbon and oxygen reactants along with the product such as carbon
monoxide or carbon dioxide can effectively be considerad as pure substances in
separate phases thus the chemical potentials are constant and independent of the
extent of fuel conversion. This allows all of the carbon that enters the circuit to be
converied in a single step. Fuel cell elecirode polarization is minimal for atomically
disordered hot banked carbon such as provided by embodiments that provide rapid
deposition of carbon. Particularly effective production of hot banked amorphous carbon
is achieved by separation of hydrogen as it is produced by a proton membrang and/or
by application of voltage 1o accelerate hydrogen ion production and transport from the
anode to the cathode.

1061071 Such rapidly deposited disordered carbon and commensurately high rates of
hydrogen production can facilitate hot hydrogen injection after TDC to maximize J-T
expansive heating, accelerated combustion, and higher engine efficiency. For example,
the fuel efficiency of piston engines with such improvements can be 50% or higher. By
overcoming the heat engine limitation of first converting fuel potential energy o
mechanical work that is applied to an allernator, for example, the efficiency of electricity

45



WO 2015/184368 PCT/US2015/033349

production is more than doubled. Utilizing more efficient electric drives, e.g., instead of
engine-mechanical-hydraulic systems, can further increase overall efficiency.

[00108] Various combined regenerative thermochemical processes, fuel cells, andfor
heat engines options can include the following examples. For example, regenerative
thermochemical processes, fuel cells, and heat engines options of some exemplary
combinations can include (1) production of net hydrogen liquid fuel carriers (HFCs) from
hydrogen, nitrogen, carbon monoxide or carbon dioxide including carbon donor fueis;
{2} thermal separation of hydrogen, carbon, and/or carbon monoxide from compounds
containing carbon and hydrogen and/or nitrogen and hydrogen; (3} direct injection of hot
J-T expansion heated hydrogen after TDC to increase combustion engine BMEP,
performance, and fuel efficiency; (4} hot carbon and/or carbon monoxide fuel cell
production of electricily {o overcome efficiency limitations and power requirements of
engine-generator electricity production; and/or (5) utilization of heat rejected by engine
cootant and/or exhaust gases and/or by fuel cells {0 preheatl and thermochemically
convert HCFs to carbon andfor carbon monoxide and/or hydrogen for fuel cell
operations and hydrogen and/or carbon monoxide for heat engine operation.

(001091 Hustratively, the high temperature carbon fuel cell can be complemented by a
hot, warm, or lower temperature hydrogen fuel cell, .g., such as the exemplary fuel cell
assembly 180, that provides guicker start-up and/or occasional operation without any
carbon dioxide emissions. One or more low temperature hydrogen fuel celis can utilize
proton exchange membranes such as sulfonated telrafluoroethyleneg copolymerized with
fluropolymer {e.g., Nafion) and operate near the ambient temperature. Higher
temperature fuel cells, e.g., such as the exemplary fuel cell systermn 400, can utilize
motten hydroxide, solid oxide or composited carbon based proton exchange
membranes.

[00110] In some applications, for example, two or more types of fuel cells can be
utilized 1o further increase the operational flexibility, efficiency, and range of vehicles.
Other advantages include production of condensable potable water and the option of
guiet running in electric only mode with or without emissions of oxides of carbon. Quiet

running embodiments can be utilized by slationary or mobile systems, €.g., such as al
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night, to prevent neighborhood disturbances by delivery vehicles or more general traffic
noise or in other sensitive areas or gccasions.

[00111] Carbon fuel cells operating at high temperatures facilitate the operational
embodiment of producing carbon monoxide as an exhaust and developing a higher
open cell vollage. For example, such carbon monoxide can be utilized {o produce
polymers, chemicals or as fuel in the host engine. Other embodiments provide the
option of shifting to reduced operating voltage but produce two-times greater current as
carbon dioxide is produced. In some instances, for example, the production of carbon
monoxide along with electrical energy is combined including application of such carbon
monoxide in processes that synthasize polymers, chemicals or liquid fuels such as
alcohols, sthers elc., e.g., such as illustratively depicted by Equation 7A. In other
embadiments, for example, such carbon monoxide is reacted with steam o produce
hydrogen and carbon dioxide.

[00112] Such hydrogen can be used in the host engine and/or to fuel a hydrogen fuel
cell andfor to provide hydrogen for processes, e.g., such as illustrated by Equation 7A-
7C. For example, in some implementations, another complementary embodiment can
produce carbon monoxide after carbon dioxide has been produced by the fuel cell
process in accordance with the reverse Boudouard reaction, e.g., in which carbon or
HBC reacts with carbon dioxide emitted by the fuel cell al temperatures above about
650°C (1200°F) to provide carbon monoxide in an energy conserving or regenerative
siep.

601131 These operational embodiments can allow environmental betterment and
provide much greater return on substantial investments in UPS engine-generalors, e.g.,
which have previously been limited 1o emergency operation due to unacceptable
amissions from conventional operation on hydrocarbons, e.g., such as natural gas,
propane, gasoline, jet or diesel fuels. Conversion and operation of such engines by the
methods and systems of the prasent technology allow such engines to meet emission
resiriction requirements with improved thermal efficiency and to utilize much less
axpensive fuel selections along with extended engine hife.

[00114] In some implementations, the disclosed methods and systems can provide for

partial oxidation of selected carbon allotropes by an oxygen donor such as oxygen from
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water electrolysis or from the air {according to SuperPower Operations or as may be
provided on-board a vehicle by membrane and/or PSA separation). In one exemplary
made, such axygen is cyclically used to produce CO and remove deposited carbon from
the anode catalyst. Such CO generation can favorably boost pressure in the
accumulator, e.g., such as the accumulator 256 of the system 200, by converting solid
carbon o increase the gas inventory (2C + Oz — 2C0) and the product may be
cooled by heat exchange to the feedstock methane and stored in ancther accumulator,
e.g., such as the accumulator 274, similar to the accumulator 272 of the system 200, for
supporting various uses of carbon monoxide including reaction with hydrogen for
production of polymers or liquid fuels, .g., such as methano! {(as shown in Equations
7A-TF), and/or for injection belore TDC to perform beneficial expansive cooling to
increase net BMEP.

CO + 2H; — CH0H Equation 7A
CQy + 3H; — CHiOH + HxG Equation 78
CO + 2H: + C — CH;OH + C Egquation 7C
COp + 3H: + C — CHOH + HO + C Fguation 7D
Ny + 3H; — 2NHg Equation 7k
CO + Ny + Hy — CHNO Equation 7F

(001151 For example, the hydrogen carrier fuel (HCF) produced by reactions such as
Equation 7A and/or 7B can also serve as a carbon carrier fuel (CCF) as shown in
Equations 7C and 7D for colioidal or soluble forms of carbon including agricultural,
municipal and industrial waste substances. Carbon dioxide and/or carbon monoxide for
such purposes can be extracted from the carbon fuel cell and/or engine exhaust in
instances that it is presented. In operation, for example, such hydrogen and carbon
carrier fuels can be thermochemically processed into numerous guicome permutations
including separation of carbon Tor fuel cell production of electricity, hydrogen for fuel cell
production of electricity, carbon monoxide for expansive J-T cooling and reduction of the
work of compression in an internal combustion engine and hydrogen for expansive
heating and combustion to increase the BMEP and fuel efficiency of a combustion

engine operation.
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[00116] Figure 5B shows a schematic diggram of an exemplary embodiment of the
intensifier unit 570 that allows direct injections of J-T expansive cooling substances and
subsequent direct injections of J-T expansive heating substances along with separation
of compressed gas from combustion chamber 528, Elevated temperature J-T
expansion healing fluid such as hot hydrogen can be supplied through selected fitlings
576A -576F, shown in a cross-sectional view in Figure 5C, for insulated flow through
control valves 575A-575F, to conduit 578A, the conduit within 578, control valve 584 for
injection through the port into combustion chamber 528 as spray patterns 520A-520E.
(001171 lonization of a controllable portion of the hydrogen injected can be produced
by adaptive application of an ionizing voltage polential through conductor 586 from
electrode points 585, If such voltage potential is maintained for a sufficient period of
time an ion current is produced betweean one or more electrode points 585 and 533,
which is accelerated toward the combustion chamber by the Lorentz thrust developed
on such current. A rapidly increased ion population can be produced along with
commensurately increased Lorentz thrust by continued application of a voltage across
the gap between electrode zones 584 and 533.

[00118] Examples of technigues o produce Lorentz thrust are described in US Patent
Application 13/844,240 entitled "FUEL INJECTION SYSTEMS WITH ENHANCED
THRUST”, and in US Patent Application 14/273,482 entitled "SYSTEMS, METHODS,
AND DEVICES WITH ENHANCED LORENTZ THRUST", both of which are
incorporated by reference in their entirely as part of the disclosure of this patent
document.

(001181 Such Lorentz thrust can accelerate the ion currents and the hydrogen flow
produced by pressure drop past valve 584 to produce one or more bursts of hydrogen
into combustion chamber 528. Figure 5D shows an enlarged view an end of the
intensifier unit 570 including a sensor and/or actuator assembly. In this example, the
intensifier unit 570 includes fiber optics 583 in filament bundle 592, conductive E-field
fitaments 591, and electromagnelic lens circuits 895 of this exemplary embodiment of
the unit 570. The shape of such injections of hydrogen molecules and ions can be
varied from a large included angle at full power to a8 much smaller included angle al idle

as control functions including the fuel pressure drop and/or ion current, andfor by
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electromagnetic (EM) adjustment and/or electric (E) field strength by permanent or
electromagnetic lens 533 or 5850r field adjustment by conductive filaments 581 within
fiber optic bundle 592,

100120] Cool hydrogen and other fluids such as J-T expansion cooling substances
can be delivered through the fitlings 570A-576F for controlied selection by operation of
the valves 572A-572F for deliveries through the conduils 578A-578F to the valve 584
and injection into combustion chamber 528 as provided by valve operator 581.. Such
cool fluids can be injected or subjected to ionization and/or production of Lorentz current
thrusting as disclosed regarding injection of hot hydrogen.

(001211 In certain embodiments, for example, the unit 570 includes a controlier 580
that receives data through fiber optlic and instrumentation filament bundle 588 o provide
the following exampies.

1001221 (1) Forexample, control of an inertial two component armature or
piezoelectric valve operator such as 572 and/orS81 including varying the applied
voltage to compensate for thermal expansion of assembled components and {o provide
fuel flow control in response o fiber oplic sensor instrumentation 583 and/or crank-
acceleration detection by a sensor such as a Hall effect or optical encoder and/or piston
velocity and position detection by fiber optic filaments within filament bundle 582/593.
(001231 (2) For example, fuel pattern conirol starting with valves 574A--574F that can
be multiply opened inward or outward to deliver fluid for injection control by piezoeglectric
operator 58110 allow fuel injeclion into combustion chamber 528. Injected substance
ionization and/or Lorentz thrusting can be controlled by radial ionization edges or tips
582 or 585 for initiating ion and/or very small currents between electrodes 582 or 585
and 533. In Loreniz thrust embodiments such small currents suddenly reduce the
resisiance in the gap between elecirode lips 582 or 585 and 533. Application of
continued higher or lower voltage quickly causes production of large momentary
currents such as may be provided by inductors and/or capacitors 597 within case 586
that experience Loreniz thrust forces 10 accelerale and launch the currents of ions along
with swept fuel info combustion chamber 528.

[00124] (3) For example, after departure of such ions and swept fuel from the

glectrode gap between 585 and/or 582 and 533 nanosecond applications of high
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voltage to electrode 586 efficiently produce corona ignition in the desired-form patiemns
520A-520E of fuel and ions that have been accelerated and launched into the
compressed air in combustion chamber 528.

[00125] (4) For example, the included angle of the launched ions and swept fuel
particies can be altered by embodiments thal provide the electrode flow pathways such
as splines including various straight and/or helical swirls in electrode 533 and/or 586,
alectro- or permanent magnet lens 585 within electrode 584, by laser or dicde emilted
UV patierns from one or more fiber optic filaments 593 in bundle 592 and/or by the
polarity of an E-field emitted by one or more antenna 5981 in filament bundle 582,
(001261 (5) For example, in ancther mode of operation, the controlier 580 (and/or the
controlier 155) provides for oxidant such as air that enters the annular gap between
glectrode zones 582-585 and 533 (o be ionized o produce activated oxidant particies
such as electrically charged particles and/or radicals O,, NOx, OH el that are
launched into combustion chamber 528 by Lorentz thrust forces and/or by fuel pressure
upon opening of valve 584 and/or by combustion and thermal expansion of combustion
gases produced upon fusl flow.

(001271 These control features provide much greater air utilization efficiency than can
be provided by direct injection (D1} of diesel fuel for combustion induced by hot
compressed air and allow very rapid adaplive adjustments of initiation and completion of
combustion with greatly varying fuels particularly including mixtures of fuel feedstocks
and thermochemical regeneration {TOR) constifuenis.

100128] in some implementations of the disclosed technology, exemplary systems can
utilize auxiliary renewable, off-peak electricity or some other source of slectricity (o
initially convert a suitable fuel such as renewable methane or natural gas into carbon
and pressurized hydrogen as summarized by Equations 1 or 2 by application of
glectrical inductlive and/or resistive heating including voltage across a proton membrane
to pressurize a hydrogen accumulator such as 272H of Figure 2C. After sufficient
pressurization of 272H and siorage of hot banked carbon at a suitable temperature such
as 1000°C in accumulators such as 256H, the engine 132 of the host vehicle or the ICE

of a stationary application is started and auxiliary power is turned off. Electricily can be
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provided by operation of the carbon, carbon monoxide, and/or hydrogen fuel cells in
zones 100, 180, 4002, or 180 of Figure 1D.
1001291 Using the disclosed methods and systems, high efficiency engine operation
on directly injected hot hydrogen after TDC is provided by injector{s) 166 and Tier 4
emissions limitations can be accomplished. Hot carbon banking can be continued, e.g.,
including preheating with H1, HZ and/or H3 and/from renewabile energy or regenerative
suspension energy recovery {&.g., spring and/or shock absorber) or driveline
deceleration energy such as provided by vehicular applications and/or by combustion of
fuel with oxygen or air. Production of hot high pressure hydrogen can be continued by
such carbon production along with optional galvanic pressurization.
[001301 Such operations can be implemented al selecied times 1o store surplus or low
cost energy and {0 provide rapid start-up. Exemplary applications, e.g., such as
emergency vehicles and UPS systems, can operate efficiently and readily mest quick-
start and/or widely varying transient operating conditions.
1001311  In some implementations of the discloses systems, hydrocarbon substances
such as methane are dissociated o carbon and hydrogen, where the dissociated
carbon is produced as mostly catalytic and/or epitaxially specialized self-organized
carbon structures. Amorphous and other aliotropic forms of carbon can be deposited
and cyclically removed by oxidation and/or regenerative methanization using some of
the hydrogen that has been returned from the cathode accumulator 260 and/or 272.
[00132] Al selected times, typically in a lower frequency cycle, the anode is cleaned o
recover the specialized self-organized carbon structures such as whiskers, nanotubes,
and other architectural constructs. Carbon catalysts are of special interest in this regard
such as production of carbon catlalysts for hydrogen generation from feedstocks such as
organic and ingrganic wastes such as various forms and derivatives of cellulose, food
wastes, iron, aluminum, magnesium efc., and waste or otherwise contaminated water.
100133] In other applications carbon produced and stored within accumulator 256 is
utilized to convert heat H1i, HZ2, and/or H3 that is ordinarily wasted in endothermic
production of highly valuable fuel and pressure potential energy, 2.9., as summarized by
Eguation 8.

C + HO + HEATg — CO + Hq Equation 8

. 40-
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(001341 In this pressurizing process solid carbon is converted o gaseous carbon
monoxide as shown. Other oxygen donors including ethers, esters and alcohols such
as ethanol, butanol, or methanol (e.g., shown in the Equations 7A-7F) provide similarly
valuable pressure and chemical potential energy. Hlustratively, solid and liquid
reactants produce five moles of self-pressurizing hydrogen and carbon monoxide fuel
gas. Some or all of the hydrogen can be separated and further pressurized by an
axemplary systems such as the system 200 of Figure 2A. Equation 8 summarizes the
process.

O+ OHCH + HO + HEAT, — 200 + 3H; Eguation 9
[00135] Substantially increased fuel energy delivery rates can be provided at selected
times. liustratively, at times that processes such as Equations 5, 7, and/or 8 are
utitized 1o contribute pressure and fuel values for operation of g furmnace and/or engine
{e.g., such as the engine 132}, the fuel energy rate can be 200% or greater than the
rate provided by the original feedstock {e.q., such as methane). This is particularly
beneficial for supporting a combined-heat-and power (CHP) or cogeneration system
with a large turn-down ratio and/or co-production of easily stored products and liguid
fuels, e.g., such as urea, DME, DEE, and/or fuel alcohols and/or production of
specialized allotropes of carbon.
[00138] Other embaodiments of specialized aliotropes of carbon allow improvements in
organic photovoltaic devices {OPVs) and inorganic photovoltaic devices including
carbon nanotubes such as fransparent electrodes and/or muitiple junction systems for
applications that range from large scale photovoltaic films or panels 1o minute
instrumentation for measurement and/or nodal wireless interrogation applications for
reporting and/or energy harvesting of pressure, temperature, and radiant energy.
Applications include carbon nanotubes as iransparent electrodes and in conjugated
polymers that incorporate carbon nanotubes (CNTs) to provide high electrical and/or
thermal conductivity along the longitudinal tube axis. AC or DC plasma production and
transfer of energy in accumuiator region 256 can provide high value forms of
specialized carbon. lilustratively, for example, arc-assisted dissociation of a carbon
donor {e.g., such as methane) along an electrade {e.g., such as the electrode 257) can

produce optically transparent CNT films. Excellent thermal and electrical conductivity,
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radiation transparency from infrared (IR} to ultraviolet {(UV} single wall carbon nanotubes
(SWCNTse) have a work function of 4.8 to 4.9 electron volits (V) for high efficiency hole
collection as a photovoltaic system.

1001371 Another embodiment utilizes single and/or multiwall carbon nanoiubes
(MWONTs) as colioidal or suspended pholovoltaic devices in water or waste waler o
produce hydrogen. The natural hydrophobicity of such structures requires development
of hydrophilic surfaces such as may be provided by conversion of some or all of the
surfaces of the carbon nanctubes to form carboxylic acid groups or thin coatings by
materials such as titanium dioxide and/or other modifications to provide negatively
charged surfaces.

[60138] Examples

(0013981 The following examples are llustrative of several embodiments of the present
technology. Other exemplary embodiments of the present technology may be
presented prior o the following listed examples, or after the following listed examples.
(0014087 In an example of the present technology (example 1}, 2 method for converting
a fuels info energy or specialized fuel includes dissociating, in a reactor, a fuel o
produce hot carbon and hydrogen, the hot carbon having a temperature state in a range
of 700 °C 1o 15800 °C, in which the dissociating includes providing one or both of heat
and electric current to produce the hot carbon and the hydrogen; and removing the hot
carbon and the hydrogen from the reactor, the removing including depositing the hot
carbon o a chamber, in which the hot carbon includes an increased chemical potential
energy and is capable of storing energy from an extarnal source.

1001411 Example 2 includes the method of example 1, further including supplying an
oxygen- and hydrogen-containing reactant to contact the hot carbon to produce carbon
monoxide (CO} and hydrogen (Ha); and obtaining the produced CO and Hy, in which,
after the supplying the steam, remaining deposited carbon forms a durable carbon-
based good or product.

[00142] Example 3 includes the method of example 2, in which the supplying the
steam occurs in the chamber.

(001431 bBxample 4 includes the method of example 2, in which the oxygen- and

hydrogen-coniaining reactant includes at least one of steam, alcohol, or air.
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1001441 EBExample 5 includes the method of example 2, in which the dissociatling
includes an endothermic conversion of the fuel {0 the hot carbon and hydrogen, and the
supplying includes excothermic reaction o produce the CO and Hs.

100145] Example 6 includes the method of exampie 1, in which the dissociating
includes applying an electrical potential on one or more elecitrodes in the reactor o
provide the electric current or {o generate the heat o dissociate the fuel into the hot
carbon and the hydrogen.

[00146] Example 7 includes the method of example 6, in which the electrodes are
formed of a material including at least one of a metallic alloy, graphite, silicon carbide,
or molybdenum disilicide.

1001471 Example 8 includes the method of example 1, further including pressurizing
the produced hydrogen using a galvanic cell with a proton membrane.

100148] Example 8 includes the method of example 1, in which the removing includes
endothermic precipitation of the hot carbon into the chamber.

[00149] Example 10 includes the method of example 1, further including storing
anergy from a regenerative process using the hot carbon.

[00150] Example 11 includes the method of exampie 10, further including supplying
the stored energy to the reactor to provide the heat to produce the hot carbon and the
hydrogen.

[00151] Example 12 includes the method of example 10, in which the regenerative
process includes braking or absorbing shock in a vehicle application.

100152] Example 13 includes the method of example 1, in which the removing the hot
carbon includes depositing the hot carbon in the chamber on a subsirate formed of a
material including at least one of graphene, nickel, mica, silicon carbide, g ceramic
material, or carbon with a silicon nitride coating or a boron nitride coating.

[001583] Example 14 includes the method of exampie 13, in which the deposited hot
carbon is Tormed as amorphous carbon on the substrate.

[00154] Example 15 includes the method of exampie 13, in which the substrate
includes one or more catalysts to initiate formation of a carbon allotrope from the
deposited hot carbon, the formed carbon aliotrope including at least one of a fullerene,

.43
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graphene, graphite, diamond, carbon nanotube, carbon nancfiber, or carbon
nanowhisker.

[00155] Example 16 includes the method of exampie 15, in which the one or more
catalysts includes at least one of carbon nanotubes, carbon nanofoam, nickel, iron,
tungsten, malybdenum, niobium, vanadium, copper, copper-based alloy, or ong or more
intermetallics, carbides, nitrides, or cermet compounds.

(001581 bBxample 17 includes the method of example 1, further including using the hot
carbon as a fuel and air as an oxidant in a fuel cell, and producing, in the fuel cell, one
or more oxides of carbon and one or more nitrogenous substances.

(001571 Example 18 includes the method of example 17, further including during the
producing, separating the oxidant from nitrogen in the fuel cell.

[00158] bExample 19 includes the method of example 17, in which the oxides of
carbon include at least one of carbon monoxide or carbon dioxide, and the nitrogenous
substances include at least one of ammaonia or urea.

1001591 EBxample 20 includes the method of example 1, further including exiracting
glectrical energy from the hot carbon as a fuel in a fuel cell.

[00160] Example 21 includes the method of example 20, in which the removing the
hot carbon includes depositing the hot carbon on or proximate an electrode of the fuel
cell.

(00161} Example 22 includes the method of example 21, in which the hot carbon is
deposited on or proximate to an anode of a compaosite fuel cell assembly including the
anode, a cathode, and a proton transport membrane between the anode and the
cathode o separate lonized hydrogen.

(001627 In another example of the present technology {example 23), a system for
converting a fuels into energy or specialized fuel includes a reacior to receive a
feedsiock fuel and dissociate the fuel to carbon constifuents and hydrogen by applying
one or both of heat and electric current, the carbon constituents including hot carbon
having a temperature state in a range of 700 °C o 1500 *C and having an increased
chemical potential energy such that it is capable of storing external energy; and a
chamber o receive the hot carbon, in which the chamber is electricaily or thermally

insulated and siructured to include a substrate where the hot carbon is deposited.

- 44.
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(001631 Example 24 includes the system of example 23, in which the is structured to
include one or more electrodes 1o apply an electrical potential that provides the electric
current or generales the heal to dissociate the fuel.

[00164] Example 25 includes the system of example 24, in which the electrodes are
formed of a material including at least one of a metlallic alloy, graphite, silicon carbide,
or molybdenum disilicide.

1001651 bBxample 26 includes the systemn of example 23, in which the deposited hot
carbon in the chamber is reacted with an oxygen- and hydrogen-containing reactant {o
produce a carbon oxide and additional hydrogen.

(001661 Example 27 includes the system of example 26, in which the carbon oxide
includes carbon monoxide.

1001671 BExample 28 includes the system of example 26, in which the oxygen- and
hydrogen-containing reactant includes at least one of steam, alcohaol, or air.

[00168] Example 28 includes the system of example 26, further including an engine io
receive and utilize one or both of the produced carbon oxide and hydrogen as fuel or as
reactants in reactions within the engine.

[00169] Example 30 includes the system of example 26, further including a fuel cell to
receive and utilize one or both of the produced carbon oxide and hydrogen as fuel or as
reactants in reactions within the fuel cell to extract electrical energy to produce
alectricity.

(001701 bBxample 31 includes the system of example 23, further including a fuel cell to
receive and use the hot carbon as a fuel and air as an oxidant to (i} produce one or
more oxides of carbon and one or more nitrogenous substances, or {ii) exiract electrical
energy from the hot carbon.

001711 BExample 32 includes the system of example 31, in which the one or more
oxides of carbon produced by the fuel cell include at least one of carbon monoxide or
carbon dioxide, and the one or more nitrogenous substances produced by the fuel cell
nclude at least one of ammonia or urea.

1001721 Exemplary Implementations

001731 In some implementations, for example, carbon can be removed from a fuel

and deposited in a hot state (700-1500 °C carbon temp), in which the carbon is
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removed from the fuel by endothermic precipifation, and in which the hot carbon can
then be reacted with steam to create CO and Hy. The hot carbon may also be used for
producing durable carbon for goods, for example.

001747 In some implementations, hot banked carbon is used in lieu of batteries {0
store energy from regenerative processes such as regenearative braking or shock
absorbers. Electricity from regenerative processes can be used o drive the system.
Electrodes {silicon carbide) are electrified with the electricity which dissociates CHy into
hydrogen and carbon. The hydrogen is then fed {0 a proton membrane that pressurizes
the hydrogen for use in an engine, for example. In other embodiments, ships could use
electricity from the port to power the dissociation siep. Hot banked carbon energy
storage may be preferred over batieries based on efficiency and environmental impact
considerations. A hot banked carbon fuel cell has an efficiency of 60 to 85% compared
o an engine driven alternator and charging circuit with a battery of ~5-18 %.

[O0175] Also in some implemeniations, for example, the disclosed methods and
systems produce hot banked nitrogen in a process for banking energy. Nitrogen is
taken from the air and combined with hydrogen o make ammonia or urea. Banking
comes from the formation of a compound {e.g., ammonia or urea or ancther
nitrogeneous compound). Pressurized hydrogen and nitrogen combine to form
ammonia or various nitrogencus compounds. In some examples the nitrogen can come
from rich vehicle exhaust.

[00176] Various embodiments of the systems and methods of the disclosed
technology can be utilized to: (1) produce and thermally isolate hot banked carbon to
store thermal and chemical potential energy; (2} utilize purified hot carbon to make
valuable carbon allotropes, e.g., such as carbon fiber, fuzzy carbon fiber, various forms
of graphene and architectural constructs, nanoctube electro-optics, nano-spaced
graphene membranes for molecular sieves, adsorptive processing, filtration and/or
galvanic pressurization; (3} utilize the hot carbon directly as a hot fuel in a fuel cell that
uses air as an oxidant and produces CO or CO; feedstocks and separated nitrogen-rich
feed stock for making NHs and other nitrogenous substances, 2.g., such as CHyNO; (4}
utilize the co-produced hot hydrogen and/or hot carbon as heat sources to preheat

feedstocks such as CH, for thermal and/or electrically induced dissociation; (8} utilize

.48
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the elevated temperature carbon to heat electrodes and an ion fransport membrane for
afficient operation of a carbon-fueled fuel cell to produce electricity that can be at an
improved efficiency, £.g., as comparead {0 a heat engine or hydrogen fuel cell; (6} ulilize
the coproduced hydrogen o fuel a heat engineg that cleans the air and utilize H-1, H-2
and/or H-3 from the engine to drive an endothermic reaclion to produce carbon and
hydrogen; and (7) utilize the separated and purified CO and/or CO product(s} from the
hot carbon fuel cell to produce fuels, .g., such as alcohols, ethers, formic and other
acids, along with other values such as fluid fuels that can be fransported by
conventional pipelings and stored in tanks originally designed for gasoline, diesel fual,
liquefied petroleum gases or compressed natural gas or hydrogen, for example, such as
the following reactions:

CO +2Hy, - CHOH, COz + 3H; — CHOH + H0,

CO + 2H; + N — CHsNO, CO,; + Hy — CHOOH, andfor

Ny + 3Hy — 2 NHs.

[00177]  While this patent document contains many specifics, these should not be
construed as limitations on the scope of any disclosed methods or of what may be
claimed, but rather as descriptions of features that may be specific to particular
embodiments of particular disclosed methods. Certain features that are described in
this patent document in the context of separate embodiments can also be implemented
in combination in 8 single embodiment. Conversely, various features that are described
in the context of a single embodiment can also be implemented in mulliple
embodiments separately or in any suitable sub-combination. Moreover, although
features may be described above as acting in certain combinations and even initially
claimed as such, one or more features from a claimed combination can in some cases
be excised from the combination, and the claimed combination may be directed fo a
sub-combination or varigtion of a sub-combination.

100178] Similarly, while operations are depicted in the drawings in a particular order,
this should not be understeod as requiring that such operations be performed in the
particular order shown or in sequential order, or that all ilustrated operations be
performed, (o achieve desirable results. Moreover, the separation of various system

- 47-
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components in the embodiments described in this patent document should not be
understood as requiring such separation in all embodiments.

(001791 Only a few implementations and examples are described and other
implementations, enhancements and variations can be made based on what is

described and Hiustrated in this patent document.

L 48.
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Aspects of the invention:

1. A method for converting a fuel into energy or specialized fuel, comprising:

in a reactor, dissociating a fuel to produce hot carbon and hydrogen, the
hot carbon having a temperature stale in a range of 700 °C t© 1500 °C, whereain
the dissociating includes providing one or both of heat and glectric current to
produce the hot carbon and the hydrogen; and

removing the hot carbon and the hydrogen from the reactor, the removing
including depositing the hot carbon o a chamber,

wherein the hot carbon includes an increased chemical potential energy

and is capabile of storing energy from an external source.

2. The method of claim 1, further comprising:
supplying an oxygen- and hydrogen-containing reactant to contact the hot
carbon o produce carbon monoxide (CO) and hydrogen {(Hz); and
obtaining the produced CO and Hy,
wherein, after the supplying the steam, remaining deposited carbon forms
a durable carbon-based good or product.

3. The method of claim 2, wherein the supplying the steam occurs in the chamber.

4. The method of claim 2, wherein the oxygen- and hydrogen-containing reactant

incliudes at least one of sieam, alcohol, or air.

5. The method of claim 2, whergin the dissociating includes an endothermic
conversion of the fuel to the hot carbon and hydrogen, and the supplying

inciudes exothermic regaction {o produce the CO and Ho.

6. The method of claim 1, wherein the dissociating includes applying an electrical
potential on one or more electrodes in the reacior 1o provide the electric current
or to generate the heat (o dissociate the fuel into the hot carbon and the

hydrogen.

. 49.
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The method of claim €, wherein the elecirodes are formed of 2 material including

at least one of a metallic alloy, graphite, silicon carbide, or molybdenum disilicide.

The method of claim 1, further comprising:
pressurizing the produced hydrogen using a galvanic cell with a proton

membrane.

The method of ¢laim 1, wherein the removing includes endothermic precipitation
of the hot carbon into the chamber.

The method of claim 1, further comprising:
storing energy from a regenerative process using the hot carbon.

The method of claim 10, further comprising:
supplying the stored energy 1o the reacior 1o provide the heat to produce
the hot carbon and the hydrogen.

The methad of claim 10, wherein the regenerative process includes braking or

absorbing shock in a vehicle application.

The method of claim 1, wherein the removing the hot carbon includes depositing
the hot carbon in the chamber on a substrate formed of a material including at
ieast one of graphene, nickel, mica, silicon carbide, a ceramic material, or carbon

with a silicon nitride coaling or a boron nitride coating.

The method of claim 13, wherein the deposited hot carbon is formed as

amorphous carbon on the substrate.

The method of claim 13, wherein the substrate includes one or more catalysts o
initiate formation of a carbon allotrope from the deposited hot carbon, the formed
carbon allotrope including at least one of a fullerene, graphene, graphite,

diamond, carbon nanctube, carbon nanofiber, or carbon nanowhisker.

The method of claim 15, wherein the one or more catalysis includes at least one

of carbon nanotubes, carbon nanofoam, nickel, iron, tungsten, molybdenum,
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niobium, vanadium, copper, copper-based alloy, or one or more intermetaliics,

carbides, nitrides, or cermet compounds.

The method of claim 1, further comprising:
using the hot carbon as a fuel and air as an oxidant in a fuel cell, and
producing, in the fuel cell, one or more oxides of carbon and one or more

nitrogenous substances.

The method of claim 17, further comprising:

during the producing, separating the oxidant from nitrogen in the fuel cell.

The method of claim 17, wherein the oxides of carbon include at least one of
carbon monoxide or carbon dioxide, and the nitrogenous substances include at

lzast one of ammonia or urea.

The methad of claim 1, further comprising:

axiracting electrical energy from the hot carbon as a fuel in a fuel cell.

The method of claim 20, wherein the removing the hot carbon includes
depositing the hot carbon on or proximate an electrode of the fuel cell.

The method of claim 21, wherein the hot carbon is deposited on or proximate {0
an anode of a composite fuel cell assembiy including the anode, a cathode, and
a proton transport membrane petween the anode and the cathode to separate
ionized hydrogen.

A system for converting a fuel into energy or specialized fuel, comprising:

a reactor to receive a feedstock fuel and dissociate the fuel to carbon
constituents and hydrogen by applying one or both of heat and electric current,
the carbon constituents including hot carbon having a temperature siate in a
range of 700 *C to 1500 °C and having an increased chaemical potential energy
such that it is capable of storing external energy; and

a chamber o receive the hot carbon, wherein the chamber is electrically
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or thermally insulated and structured to include a substrate where the hot carbon

is deposited.

The system of claim 23, wherein the is structured to include one or more
electrodes to apply an electrical potential that provides the electric current or
generates the heat {o dissociate the fuel.

The system of claim 24, wherein the elecirodes are formed of a material
including al least one of a metallic alloy, graphite, silicon carbide, or molybdenum
disilicide.

The system of claim 23, wherein the deposited hot carbon in the chamber is
reacted with an oxygen- and hydrogen-containing reactant to produce a carbon
oxide and additional hydrogen.

The system of claim 26, wherein the carbon oxide includes carbon monoxide.

The system of claim 26, wherein the oxygen- and hydrogen-containing reactant
includes at least one of steam, alcohol, or air.

The system of claim 28, further comprising:
an engine to receive and utilize one or both of the produced carbon oxide
and additional hydrogen as fuel or as reactants in reactions within the engine.

The system of claim 28, further comprising:

a fuel cell 1o receive and utilize one or both of the produced carbon oxide
and additional hydrogen as fuel or as reactants in reaclions within the fuel celf o
extract electrical energy to produce electricity.

The systerm of ¢claim 23, further comprising:
a fuel cell to receive and use the hot carbon as a fuel and air as an oxidant
to (i} produce one or more oxides of carbon and one or more nitrogenous

substances, or (i) extract electrical energy from the hot carbon.
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The system of claim 31, wherein the one or more oxides of carbon produced by
the fuel cell include at least one of carbon monoxide or carbon dioxide, and the
one or more nitrogenous substances produced by the fuel cell include at least

one of ammonia or urea.

65



WO 2015/184368 PCT/US2015/033349

In one aspect, a method to convert a fuel into energy and specialized fuel
includes, in a reactor, dissociating a fuel to produce hot carbon and hydrogen, the hot
carbon having a temperature state in a range of 700 to 1500 °C, in which the
dissocialing includes providing heal and/or electric energy to produce the hol carbon
and the hydrogen; and removing the hot carbon and the hydrogen from the reacior, the
removing including depositing the hot carbon o a chamber, in which the hot carbon
includes an increased chemical potential energy and is capable of storing energy from
an external source. In some implemeantations, the method can further include supplying
an oxygen- and hydrogen-containing reactant {o contact the hot carbon to produce
carbon monoxide (CO) and hydrogen (Hy); and obtaining the produced CO and Hy,
which, after the supplying, remaining deposited carbon forms a durable carbon-based

good or product.
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CLAIMS
What is claimed are techniques and structures described and shown, including:

1. A system for converting a feedstock into a specialized carbon fuel for energy

conversion, comprising:

a reactor to receive a feaedsiock substance and dissociate the feedsiock
substance o carbon constituents and hydrogen by applying one or both of heat
and electric current, the carbon constituents including hot carbon having a
temperature state in a range of 700 °C to 1500 °C and having an increased
chemical potential energy capable of storing external energy; and

a fuel cell structured o include a chamber {0 receive the hot carbon, the
fuel cell operable {0 receive and use the hot carbon as a fuel and air as an
oxidant o {i} produce one or more oxides of carbon and one or more nitregenous

substances, or {ii} exiract glectrical energy from the hot carbon.

2. The system of claim 1, wherein the reactor is structured to include one or more
electrodes to apply an electrical potential that provides the glectric current or
generates the heat to dissociate the fuel.

3. The system of claim 2, wherein the electrodes are formed of a material including

at least one of a metallic alloy, graphite, silicon carbide, or molybdenum disilicide.

4. The systerm of claim 1, further comprising:

an engine structured {o include a reaction chamber (o receive the hot
carbon,

whergin the reaction chamber facilitates a chemical reaction of the hot
carbon with an oxygen- and hydrogen-containing reactant to produce a carbon
oxide and additional hydrogen,

wherein the engine is operable to utilize one or both of the produced
carbon oxide and additional hydrogen as fuel or as reactants in reactions within

the engine.
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The system of claim 4, wherein the oxygen- and hydrogen-containing reaciant

inciudes at least one of steam, alcohol, or air.

The system of claim 4, wherein the fuel cell is operable {0 receive and ulilize one
or both of the produced carbon oxide and additional hydrogen as fuel or as
reactants in reactions within the fuel cell to extract electrical energy to produce

elactricity.

The system of ¢laim 1, wherein the one or more oxides of carbon produced by
the fuel cell include at least one of carbon monoxide or carbon dioxide, and the
one or more nitrogenous substances produced by the fuel cell include at least

one of ammonia or urea.
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