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METHOD FOR ON BOARD CONVERSION OF CO2 TO FUEL AND
ARPARATUS THEREFOR

FIELD OF THE INVENTION

01} The invention relates to methods and apparatus for using CO; produced
via an infernal combustion engine (ICE), preferably on a moving vehicle {o product liguid
or gaseous hydrocarbon fuel via electrochemisiry, as well as an apparatus system for
accomplishing this, Among the advaniages provided by the invention sre the ability to
use energy in exhaust gas as the energy io convert the U0 to lguid or gaseous fuel

Storage of the converted fuel on board the vehicle is also possible

BACKGROUND AND PRIOR ART

{32} The wansporiation industry has experienced increasingly stringent
regultations, especially in the area of CO; emissions from engines, such as e.g., gasoline
and diesel engines. Hence, there is increased interest in how 1o lower the emission of
CO, and other gases when moving vehicles using any form of internal combustion engine

(ICE} are operated,

{031 The prior art shows much more effort in capturing €O, from combustion
of fuels, when the source of the CO; is stationary.  Applying the principles of Oy
capture used for stationary sources, to mobile ones, is not always possible. The limited
approaches to CO; capture “on board” mobile sources either use pure O for combustion,
and provide no means for re-use and regeneration of the agent used 1o capture the Ty,

and/or do not use waste heat that is alse recovered in the process.

{64!  Solving the problem of capture and reuse of CO; on 8 moving vehicle for,
e.g., generation of usable fusel onboard the vehicle has been viewed as difficult, or at least
impractical, because of space limilations, energy and apparaius requirements, and the
dynamic nature of a vehicle’s operating cycle, £.g., infermitient periods of acceleration,

followed by periods of deceleration.
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(B8] It is a goal of this invention {0 provide a process and apparatus system for
on board use of €O and waste heat, produced by ICEs, with transformation of the €O,
into liguid or gasecus fuel, which can then be stored, on board, until a suitable facility is

reached for removal,

6] Further, the fuel produced on board can be used as a secondary fuel

BETAN

dual {or “bi” fuel vehicles,

171 Dual fuel vehicles operate by using a primary, or main fuel, and 3
secondary, or pilot fuell  Among the materials suggesied as fuels to improve engine
performance, and to permit use of fuels involving fewer processing steps, are ethanol,
syngas, hydrogen, and methane. These secondary fuels are injected into the cylinder with

the main fusl as needed, but generally, to suppress “knock” at higher engine loads,

081  Also, the secondary fuel can be used in so-called “splash blending,” in
order to increase the octane level of the main fuel. In turn, the main fuel can be ons
subjected to less processing, or of a lower octane guality, thus making the engine fuel
more cost effective, and allowing for control over N and soot emissions, in

cOmpression ignition engines.

9] Dual fuel engines have great value for various reasons, Via utilization of
waste heat {produced via the ICE), 1o produce fuel on board, better energy efficiency is
achieved, Also, via using the €0y produced by the ICE to make g secondary fuel and
then using the fuel, storage and offioading systems are no longer needed. On a more
“global” level, refineries produce less Oh because less primary fuel is needed, and fuel
consumpiion costs are reduced, due to the interaction between the primary and secondary

fuels.
1187 How this is accomplished will be seen in the disclosure which follows.

BRIEF DESCRIPTION OF THE DRAWINGS

113} Figures la - 1d present block diagrams of the process of the invention,

using high temperature chemiesl reactors.
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{83} Figures 2a - 2d present block diagrams of the process of the invention

using low temperature elecirochemical reaciors.

{13} Figure 3 shows generally how a solid oxide electrolysis cell (“SOEC™,

funiciions 1o carry out steam electrolysis,

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

14} Referring now io FPigures la - 1d, an ICE *101” is shown, which is a
source of exhaust gas, which is shown by 102, In the embodiments shown in Figures 1a
and 1b, COy is not separated from the exhaust gas, all of which moves to an
slectrochernical reactor 103, Electrochemical reactors are known which require either
high or low temperatures to function. In Figures 1a and 1b, high temperature reactors are
used, and hence, the hot exhaust gas rmoves directly fo the reactor, to provide the reguired
heat. “High temperature” as used herein refers to temperatures above 400°C and up o
about 900°C. A source of electricsl current {not shown) provides current to both the
elecirochemical rector 103 and, in the case of Figure 1a, to a compressor 105, discussed

briefly infra.

18] At 103, water can be added but, in the case of most exhanst gases, is
already present. At the clectrochemical generator, the majority of the reaction produects
are U0 and Hj, in the mixture known as “syngas.”” As is shown in Figures 1a and 1b,
these, and other gases, are channeled back to the ICE w0 serve as fuel. If operation of the
system disclosed herein does not vield enough syngas, one may channe!l additional

eleotricity from, ¢.8., the battery or aliemator,

fi6}  Both of Figures 1a and 1b show that the waste heat, Le., the heat energy
from the exhaust gas, can be used o generaie electricity at a thermoelectric gensrator
184, To elaborate, a heat transfer surface is integrated into thenmo electric materials, o
reduce resistance 1o heat transfer and to increase conversion efficiency. The electricity
produced here can be used to power the electrochemical reactor 103, or in other optional

embodiments discussed herein,
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(178 As noted, supra, Figure la includes 2 compressor, which can be used
when further reactions are desired. If, e.z, a Fischer Tropsch reactor 106 is used and H,
and CO are channeled thereto, the compressor is used because pressure conditions for the
Fischer Tropsch reactions to take place may vary. The temperature necessary for the
reaction is well known to range from 150 ~ 300°C. This requires removal of heat from

the exhaust gas, as is discussed herein, and at the heat transfer surface, referred to supra.

18] The compressor i3 an optional apparaius, io be used when one wishes o
operate the Fischer Tropsch reactor at pressures above atmospheric pressure. While
increased pressures Increase the conversion sate, i¢., the production of hydrocarbons,
long chain alkanes result, and these solids are undesirable. Gas moves to the compressor
from 104 via transport means 110, it should be noted that this gas has lost heat which has
been converted to eleciricity.  As noted, supra, a compressor is needed ai higher
pressurés. Thus, the system of Figure la can be so used, while that of Figure 1b requires
the use of a compressor inserted between Fischer Tropsch reacior 106 and separation unit

{07, As this is optional, it is not shown,

1%}  As is shown in Figwe la and tb, following reaction, the hydrocarbon

mroducts can be directed back to the ICE, or stored on hoard.

1281 It 1s to be noted that the Fischer Tropsch reaction discussed herein is

oplional, and neither compressor 105 nor reactor 106 are reguired by the invention,

{211 Figure 1b differs from Figure la in showing a further, optional separation
step, by which gases other than CO and H, {e.g., Ny, H20, and CO) are removed, using
known processes, leaving only OO and Ha to move to the Fischer Tropsch reacior. Such

separation facilitates the reactions at the Fischer Tropsch reactor.

{22] Figuwre lc and 1d depict additional embodiments of the invention
embodied in Figures Taand 1h, As with Figurses 1a and 1b, these figures show the use of
high temperature chemical reactions, where heat energy from exhaust gas passes through

a heat exchange 108, and is used o heat the electrochemical reactor. Additional heat is
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converted to electricity, as in Figures 1a and 1b, and the resulting slecuricily is used to

power the reactor.

1231 Figures lo and 1d both differ from Figures la and Ih in effecting partial
separation of the components of the exhaust gas at 109 and transporting some of CO; and
H.4 to the electrochemical reactor, ransporting some of these components to the Fischer
Tropsch reactor if it is used, and removing the M. Via selection of, e.g., particular
separation membranes, the degree of separation of C0 and HyO from other materials can
be controfled by the skilled artisan, Membranes, liguid solvents, and sold adsorbents,

can all be used.

124] Figure 1d shows an additional optional embodiment, a means for a water
gas shifi1 10, where Hp( is added to the U and Ha, resulting in production of more Hy,
and conversion of toxic CO to less noxious €0y, Adding mors Hy Increases the oclane

nurnber of the resulting product

[23] Figures 2a - 2d pavallel Figures la - 1d, except that they employ a low
tomperature electrochemical reactor. “Low lemperature” as used herein refers to reactors
which operate at temperatures from room temperature to 400°0, While hest, as from,
¢.g.. the exbaust gas is not cssential to the operation of the electrochemical reactor, high

temmperatures are not 5o the order of lems “104” and “1037 is reversed in the process,

[36] The reactions which take place in the reactor, discussed infra, lead to the
production of one or more of liquid hydrocarbon fuel, syngas, hydrocarbon gas, of a
liquid oxygenate, which is stored on board the vehicle, and which may then be offloaded
at, e.g., 8 gas statlon or other appropriate depol. As noted supra, these products may also

be used on the moving vebicles,

1271 Figure 3 depicts, generally, what ccours in the electro-chemical reactor. A
solid oxide electrolysis cell (“SOBEC”) 201 is depicted, showing a mixiure of COy and

HaA

28]  The SOEC displays a cathode 202 and an ancde 203, where a series of

“oreliminary” reactions oceur, followed by reactions which yield hydrocarbon fuels,
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ey

(29] Within the electrode, water reacts with the anode, such that H and ©

species are formed. At the anode, the reaction:
208 - Oy + de”

takes place, Meanwhile, at the cathode the H' species becomes Hp, while CO; is reduced

to CO, permiiting the reaction:
{2n+ 1D, + nCO — CnHppy + o0

i take place. Most of the product will be the mix of H; and CO referred 1o as syngas,

and this can be stored on board the moving vehicle until such thme a5 it is combined with

primary fuel, or off loaded. Colown i the formmis for various hydrocarbon fuels,
Further reactions can also take place, resulling in, ¢.g., methanol, dimethylether, both of
which have roles as synthetic fuels. Other, larger molecules can result if, .., a Fischer

Tropsch or other suitable reactor is employed,
13¢]  Exemplary reactions which take place within the reactor are!
O3 + 2HT + 2e" = CO + H0
COy -+ 8H 4+ 827 — CHy + 2H0
200, + 12H + 1267 — Colly + 440
OO0, + 6H + 6" — CHaOH + HyO
Oy + 2H + 2¢7 — HCOOOH

see, .z, HBeck et al, Electrochemical Conversion of Carbon Dioxide to Hydrocarbon

Fuels, EMESS0 (Spring, 2010), incorporated by reference,
{311 In general, the following reaction is a “guide™

COy + 2H 0 - Fuel + 28,
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[32]  Specific features of the invention, which are relevant, include the use of
energy recovered from the exhaust gases, and the absence of any source for an external

air stregm.

{331 Referring back to Figures 1 and 2, it will be seen that the electrochemical

reactor is supplied with electrical epergy from, e.g., a thermoelectric generator.

[34]  Hydrocarbon fuels produced in the reactor are imrniscible with water, and
are separated therefrom easily, as Hquid fuel. This Hoquid fuel is moved to a storage
container rosans, until such point as the moving vehicle reaches a site, such as 4 gas

sigtion, where it can be off loaded.

[35]  Specific features of the invention which are relevant include the use of
energy recovered from the exhaust gases, and the absence of any source for an extermal

air stream.

1361 Other features of the invention will be clear to the skilled artisan and need

not be retierated here.

(377  The terms and expression which have been employed are used as terms of
deseription and not of limitation, and thers is no intention in the use of such terms and
expression of excluding any equivalents of the features shown and described or portions
thereof, it being recognized that various modifications are possible within the scope of

the invention.



CLAIMS

1. A method for converting CO, produced by an internal combustion engine (ICE)

on a moving vehicle into hydrocarbon fuel, comprising:

Q) transporting exhaust gas containing CO, and produced by said ICE to a
heat exchanger to remove excess heat from said gas to form a heat exchanged exhaust gas
and moving said heat exchanged exhaust gas to a CO, separator to remove CO,
therefrom, by contacting said heat exchanged exhaust gas with a CO; separator which is a
membrane permeable to CO; and gaseous H,O but not other gases present in said exhaust

gas produced by said ICE; and

(i)  combining said CO, with water in an electrochemical reactor to form

hydrocarbon fuel.

2. The method of claim 1, further comprising transporting said hydrocarbon fuel to a

storage means.

3. The method of claim 1, wherein said heat exchanger is a thermometric cell, a

Rankin cycler or a sterling engine.

4. The method of claim 1, further comprising supplying electrical energy from an

electrical generator to said electrochemical reactor.

5. The method of claim 1, further comprising supplying heat energy from said heat
exchanger to said electrochemical reactor.

6. The method of claim 1, wherein said hydrocarbon fuel is syngas, ethanol,

methane, methanol, or dimethylether.

7. The method of claim 1, further comprising producing H; at said electrochemical
reactor.
8. The method of claim 1, further comprising mixing said hydrocarbon fuel

produced at said electrochemical reactor with a primary fuel for said ICE.



9. The method of claim 1, further comprising converting said H,O and CO, to H,
and CO, and transporting said H, and CO to a Fisher Tropsch reactor to produce

hydrocarbons.

10.  The method of claim 1, further comprising converting said H,O and CO; to H,
and CO, transporting said H, and CO to a water gas shift, and adding H,O thereto to

produce more hydrogen.



