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Abstract

Energy recovery systems can utilize waste heat from an internal

combustion engine or other base energy conversion system in the operation of

hydrogen processors. Some energy recovery systems can utilize more than one

5 source of waste heat from the energy converting system for this purpose.
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SYSTEMS FOR ENERGY RECOVERY AND RELATED METHODS

" [0000] This application is a divisional of Canadian National Phase Patent
Application No. 2,780,306 filed November 16, 2017.

TECHNICAL FIELD

5 [0001] The present disclosure relates generally to the field of energy recovery.

More specifically, the present disclosure relates to recovering heat energy for use in

the production of fuel.

SUMMARY OF THE INVENTION

[0001a] According to one aspect of the present invention, there is provided a

10 vapor transport device comprising: a tube; a first cap positioned at a first region of the
tube, a second cap positioned at a second region of the tube, and a piston positioned
between the first cap and the second cap so as to divide the tube into a first chamber
of variable size that extends between the first cap and the piston and a seconad
chamber of variable size that extends between the piston and the second cap; a drive

15 shaft connected to the piston and extending through the second cap, wherein the
drive shaft is configured to translate the piston between the first and second caps;
and a plurality of one-way valves, wherein each of the first cap, the second cap, and
the piston comprises one or more of the plurality of one-way valves, and wherein the
plurality of one-way valves are oriented so as to permit vapor to flow from a position

20 outside of the tube into the first chamber, from the first chamber to the seconad
chamber, and from the second chamber to a position outside of the tube, but to

prevent vapor flow from the first chamber to a position outside of the tube and from

the second chamber to the first chamber.

[0001b] According to another aspect of the present invention, there is provided

25 a vapor transport device comprising: a tube; a first cap positioned at a first region of
the tube, a second cap positioned at a second region of the tube, and a piston

positioned between the first cap and the second cap so as to divide the tube into a

1
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first chamber that extends between the first cap and the piston and a second

_ chamber that extends between the piston and the second cap; a drive shaft

connected to the piston; and a one way valve between the first cap and the second

cap so as to permit vapor to flow from the first chamber to the second chamber.

[0001c] According to still another aspect of the present invention, there Is
provided a vapor transport device comprising: a hollow structure; a first cap
positioned at a first region of the hollow structure, a second cap positioned at a
second region of the hollow structure, and a piston positioned between the first cap
and the second cap so as to divide the hollow structure into a first chamber that
extends between the first cap and the piston and a second chamber that extends
between the piston and the second cap; a drive shaft connected to the piston; and a
one way valve between the first cap and the second cap so as to permit vapor to flow

from the first chamber to the second chamber.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] The present embodiments will become more fully apparent from the
following description and appended claims, taken in conjunction with the
accompanying drawings. Understanding that the accompanying drawings depict only
typical embodiments and are, therefore, not to be considered to be limiting of the
scope of the disclosure, the embodiments will be described and explained with

specificity and detail in reference to the accompanying drawings.

[0003] FIG. 1 is a schematic diagram of an embodiment of an energy recovery

system that is configured to utilize waste heat from a base energy conversion system

in the generation of hydrogen fuel.

[0004] FIG. 2 is a schematic diagram of a portion of a low-grade heat recovery
and conveyance system compatible with the energy recovery system of FIG. 1, which

includes an embodiment of a vaporizer.

1a
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[0005] FIG. 3 I1s a schematic diagram of another portion of a low-grade heat

_ recovery and conveyance system compatible with the energy recovery system of

FIG. 1 that includes a partial cutaway view of an embodiment of a mechanical vapor

recompressor.

[0006] FIG. 4 Is a perspective view of a portion of another embodiment of a

mechanical vapor recompressor.

[0007] FIG. 5 Is a perspective view of a portion of another embodiment of a

mechanical vapor recompressor.

[0008] FIG. 6 Is a schematic diagram of another portion of the energy recovery

system of FIG. 1.

[0009] FIG. 7 Is a schematic diagram of another embodiment of an energy
recovery system that is configured to utilize waste heat from a base energy

conversion system in the generation of hydrogen fuel.

[0010] FIG. 8 is a schematic diagram of an embodiment of an energy recovery

system that is configured to utilize waste heat from a base energy conversion system

1b
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in the generation of hydrogen fuel, and that is contained onboard an automotive
.vehicle.

[0011] FIG. 9 is a schematic diagram of another embodiment of an energy
recovery system that is configured to utilize waste heat from a base energy
conversion system in the generation of hydrogen fuel, and that is contained onboara
an automotive vehicle.
[0012] FIG. 10 is a schematic diagram of still another embodiment of an energy
recovery system that is configured to utilize waste heat from a base energy
conversion system in the generation of hydrogen fuel, and that is contained onboard
an automotive vehicle.
[0013] FIG. 11 is a schematic diagram of a fueling system that is compatible with
embodiments of the systems of FIGS. 8-10.
[0014] FIG. 12 is a schematic diagram of another fueling system that is
compatible with embodiments of the systems of FIGS. 8-10.
[0015) FIG. 13 is a schematic diagram of another embodiment of an energy
recovery system that is configured to utilize waste heat from a base energy
conversion system in the generation of hydrogen fuel.
[0016] FIG. 14 is a schematic diagram of a further embodiment of an energy
recovery system that is configured to utilize waste heat from a base energy
conversion system in the generation of hydrogen fuel.
[0017] FIG. 15 is a schematic diagram of a further embodiment of an energy
recovery system that is configured to utilize waste heat from a base energy
conversion system in the generation of hydrogen fuel.
[0018] FIG. 16 is a schematic diagram of a pasteurization system that can be
used with an energy recovery system.

DETAILED DESCRIPTION
[0019] It will be readily understood that the components of the embodiments as
generally described and illustrated in the figures herein could be arranged and
designed in a wide variety of different configurations. Thus, the following more
detailed description of various embodiments, as represented in the figures, is not
intended to limit the scope of the disclosure, as claimed, but is merely representative
of various embodiments.
[0020] Certain embodiments of energy recovery systems disclosed herein are
configured to recapture waste heat that is generated by a base energy conversion

2
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system and utilize the waste heat in the production of hydrogen fuel (e.g., hydrogen
.gas). The energy recovery systems thus can increase the overall efficiency of the
base energy conversion systems, while producing hydrogen fuel in an economical
and an environmentally beneficial manner. As more fully described below, certain of
such systems can be operated on a relatively small scale, such as at a residential
building or onboard an automotive vehicle. The systems thus can provide hydrogen
fuel locally, which can reduce or eliminate challenges that may be associated with
the distribution of hydrogen fuel. Other embodiments and advéntages thereof will be
apparent from the following discussion.

[0021] FIG. 1 illustrates an embodiment of an energy recovery system 100 that
includes a base energy conversion system 110. In the illustrated embodiment, the
base energy conversion system 110 comprises an internal combustion engine 112,
which is configured to convert a base fuel 111 into multiple forms of energy. The
base fuel 111 can include, for example, gasoline, diesel, methane (or natural gas),
propane, ethanol, and/or hydrogen. The converted energy forms can include
electricity, high-grade waste heat (e.g., heated exhaust gases), low-grade waste
heat (e.g., heated coolant fluids), and/or radiant heat. In the illustrated embodiment,
converted energy is removed from the internal combustion engine 112 via an
electrical generator 114, an exhaust systemd1 16, and an engine cooling system 118.
[0022] As shown at arrow 120, converted energy in the form of electricity is
recovered from the internal combustion engine 112 via the electrical generator 114.
The electricity can be distributed to a power grid 122 or used in any other suitable
manner.

[0023] The energy recovery system 100 can also recover low-grade heat energy
from the internal combustion engine 112. In particular, heated liquid engine coolant
is channeled from the engine cooling system 118 via a pathway 132 to a low-grade
heat recovery and conveyance system 130. The low-grade heat recovery and
conveyance system 130 can include a vaporizer 135 and a mechanical vapor
recompressor 137. Once heat has been extracted from the liquid coolant by the low-
grade heat recovery and conveyance system 130, the coolant can be returned to the
engine cooling system 118 via a pathway 134. In some embodiments, the pathways
132, 134 may be integrally formed with each other or otherwise connected so as to
define a substantially continuous pathway that passes through a vaporizer 135. In

other embodiments, the pathways 132, 134 may be separated physical pathways.

3
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The term “pathway” is a broad term and includes one or more conduits, pipes, tubes,
‘hoses, channels, passageways, and/or other conveyance devices, or a combination
thereof. Certain pathways may be insulated to prevent or inhibit their contents from
undergoing thermal changes due to contact therewith, whereas other pathways may
be configured for ready thermal exchange with their environment.

[0024] As more fully described below, liquid water is supplied to the vaporizer 135
where it is allowed to thermally interact with the heated coolant and vaporize (e.g.,
transition to a gaseous state). The mechanical vapor recompressor 137 can induce
a suitable reduced environmental pressure in the vaporizer 135, which can facilitate
vaporization of liquid water and thereby yield a desirable form of heat transfer. The
water vapor is then transferred into a mechanical vapor recompressor 137, where it
IS mechanically compressed such that its temperature and pressure are raised. The
water vapor is then introduced into a heat recovery module 140 via a pathway 138.
[0025] When within the heat recovery module 140, the water vapor is permitted to
thermally interact with heated exhaust from the exhaust system 116. The exhaust
116 can be contained within a first pathway, section, or environment 142 that is
physically separated from a second pathway, section, or environment 144. The first
and second environments 142, 144 can be in thermal communication with each
other via any suitable thermal interface 146, such as, for example, a heat exchanger
of any suitable variety. The heated exhaust within the first environment 142 can be
at a higher temperature than the water vapor that is received into the second
environment 144 via the pathway 138. Accordingly, the temperature of the water
vapor can be raised by the heat recovery module 140 until it has reached a desired

or predetermined level. The heated water vapor can then be delivered, via a
pathway 139, to a hydrogen processor 150 where it is used to produce hydrogen.

[0026] The energy recovery system 100 can further recover high-grade heat
energy from the intermal combustion engine 112. In particular, heated exhaust is
delivered from the exhaust system 118 into a high-grade heat recovery and
conveyance system 160. The system 160 can include a pathway 162 through which
the exhaust is channeled to the heat recovery module 140. As previously
mentioned, the exhaust is contained within the first environment 142 when it is within
the heat recovery module 140. The exhaust remains at a high temperature as it
exits the heat recovery module and is delivered to the hydrogen processor 150 via a

pathway 164.
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[0027] The hydrogen processor 150 can comprise any suitable form of hydrogen
.processor, reactor, or reformer in which heat is used in the generation, separation,
and/or purification of hydrogen gas. For exampile, the hydrogen processor 150 can
employ high-temperature electrolysis, thermochemical processing, and/or catalytic
steam reforming. In the illustrated embodiment, the hydrogen processor 150
comprises a catalytic steam reformer that generates ultrapure hydrogen by steam
reforming a feedstock 151, which can include methanol, methane, and/or any other
suitable composition. The feedstock 151 can be combined with the heated water
vapor that is delivered to the hydrogen processor 150 by the low-grade heat
recovery and conveyance system 130, and the hydrogen processor 150 can act on
this input stream to yield purified hydrogen 152 and off gas 154. The off gas 154 can
include uncollected hydrogen, unconverted feedstock 151, and/or impurities other
than the feedstock 151 that would foul a fuel cell if used therein.

[0028] The heated exhaust can be used separately within the hydrogen processor
150 to provide proper temperature (or temperatures) for operation of the hydrogen
processor 150. The spent exhaust can then be emitted from the hydrogen processor
150 as stack gas 156. Accordingly, the exhaust from the internal combustion engine
112 can proceed along a pathway through the hydrogen processor 150 that is
physically separate from a pathway along which the heated water vapor ana
feedstock travel.

[0029] The purified hydrogen 152 can be used in a variety of applications, as
indicated by the dashed arrows in FIG. 1. For example, at least a portion of the
hydrogen 152 can be delivered to a fuel cell 170 where it is used to generate
electricity. As shown at the arrow 124, the electricity can be delivered to the power
grid 122, or it may be used in any other suitable manner. In other or further
embodiments, at least a portion of the hydrogen 152 can be delivered to an
automotive vehicle 172 where it can be used in a fuel cell and/or in a combustion
engine. In still other or further embodiments, at least a portion of the hydrogen 152
can be delivered to the internal combustion engine 112 as fuel. In yet other or
further embodiments, at least a portion of the hydrogen 152 can be delivered to one
or more storage units 174 where it is retained for future use, such as in any of the
applications just described.

[0030] Additional details regarding features of certain embodiments of the energy
recovery system 100 will now be provided. FIG. 2 schematically illustrates the

S
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cooling system 118 of the intemal combustion engine 112 coupled with an
»embodiment of the vaporizer 135 via the pathways 132, 134. The iliustrated
vaporizer 135 comprises a variable pressure chamber 180 and a heat-exchanging
pathway 182. The variable pressure chamber 180 can provide an environment
having a relatively low or reduced pressure. For example, in some embodiments,
the variable pressure chamber 180 Is maintained at a pressure that Is, or within a
range of pressures that are, at or less than atmospheric. The heat-exchanging
pathway 182 may be positioned within the variable pressure chamber 180 or
otherwise positioned so a‘s to contact liquid water and/or water vapor (i.e., fluidized
water) that passes through the variable pressure chamber 180. For example, In
some embodiments, the vaporizer 135 may comprise one or more chambers In
addition to the variable pressure chamber 180 through which at least a portion of the
heat-exchanging pathway 182 may pass. The heat-exchanging pathway 182 can be
connected at input and output ends thereof with the output and input pathways 132,
134, respectively, of the cooling system 118. The heat-exchanging pathway 182 can
comprise any suitable arrangement for efficiently transferring heat from coolant
flowing therein to its surrounding environment (e.g., to the variable pressure
chamber 180), while maintaining the coolant separate from the contents of the
variable pressure chamber 180. For example, in the illustrated embodiment, the
heat-exchanging pathway 182 and the variable pressure chamber 180 are arranged
substantially in a shell-and-tube heat exchanger configuration. Any suitable
configuration of the heat-exchanging pathway 182 and the variable pressure
chamber is also contemplated, such as, for example, a plate heat exchanger
configuration.
[0031] As shown at arrow 184, the vaporizer 135 can be provided with a supply of
liquid water. In various embodiments, the water supply can comprise pressurized
deionoized or distilled water. The water can be introduced into the variable pressure
chamber 180 via an atomizer nozzle 186, which can facilitate vaporization of the
liquid water.
[0032] The vaporizer 135 can further include a condensate pump 188 that is
configured to remove condensed water from the variable pressure chamber 180 via
a pathway 189. As shown at arrow 190, vaporized water can be removed from the
variable pressure chamber 180 and transferred to the mechanical vapor

recompressor 137.
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[0033] When the vaporizer 135 is in operation, heated coolant fluid can flow from
the cooling system 118, through the output pathway 132, through the heat-
exchanging pathway 182 within the variable pressure chamber 180, and then back to
the cooling system 118 through the input pathway 134. The coolant fluid thus can
provide heat to the variable pressure chamber 180 and the contents thereof such
that the coolant fluid returns to the cooling system 118 with a reduced thermal load.
As used herein, the term “fluid” and derivatives thereof are broad terms that can
include both liquids and gases. In many embodiments, the coolant fluid is in liquid
form throughout its movement through the pathways 132, 182, 134. The variable
pressure chamber 180 can be maintained at a pressure (or within a pressure range)
that is substantially lower than the vaporization pressure of water that Is at the
elevated temperature within the variable pressure chamber 180. Accordingly, when
the pressurized water is atomized and enters the variable pressure chamber 180, it
readily vaporizes.

[0034] Vaporization of the water removes heat energy from the coolant, and this
energy is stored in the water vapor as latent heat, in certain arrangements. in
particular, water that is introduced into the variable pressure chamber 180 in liquid
form can withdraw sensible heat from the coolant so as to undergo a change of
state. As a result, a given mass of liquid water can withdraw more heat from the
coolant than it would if it were already in a vaporized state prior to entering the
variable pressure chamber 180. The amount of water that is vaporized in the
variable pressure chamber 180 and that is ultimately delivered to the hydrogen
processor 150 thus may be smaller than if vaporized water were used solely to
undergo a sensible heat change when removing sensible heat from the coolant. For
some hydrogen processors 150, this smaller mass of water may be desirable for
proper operation. Other hydrogen processors 150 may operate better with a larger
mass of water, thus pre-vaporized water may also be introduced into the variable
pressure chamber 180 in a desired amount, in some instances.

[0035] The latent heat energy that is stored in the water vapor can be readily
transmitted to other parts of the energy recovery system 100 simply by relocating the
water vapor, as further discussed below. Moreover, with the water in vapor form,
energy can be imparted to the water so as to yield a sensible heat increase, such as
via compression and/or via an air-to-air heat exchanger that contains a heated gas

or gas mixture (also discussed further below). As indicated at arrow 190, the water
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vapor can be ftransferred from the vaporizer 135 to the mechanical vapor
‘recompressor 137.

[0036] FIG. 3 schematically Illustrates the vaporizer 135 coupled with an
embodiment of the mechanical vapor recompressor 137. The portion of the
mechanical vapor recompressor 137 that is between the dashed vertical lines (which
Indicate end-of-stroke positions) is shown in a cutaway perspective view. Within this
region, the illustrated mechanical vapor recompressor 137 comprises a water vapor
transporter 200, which can include a tube 201 or other hollow structure. The tube
201 may be insulated so as to prevent heat losses when the transporter 200 is in
use. A movable piston 202 can be positioned within the tube 201, and can be
constrained to translate (e.g., reciprocate) between a distal end cap 204 and a
proximal end cap 2006 that are attached to the tube 201 in any suitable manner. The
distal end cap 204 can be at a distal end-of-stroke position of the piston 202 and the
proximal end cap 206 can be at a proximal end-of-stroke position of the piston 202.
The proximal end cap 206 can define an opening 210 through which a drive shaft or
connecting rod 212 can pass. In some embodiments, the piston 202 is in sliding,
fluid-tight engagement with the interior surface of the tube 201, and/or the
connecting rod 212 is in shding, fluid-tight engagement with the proximal end cap
206. The connecting rod 212 can move the piston 202 reciprocally within the tube
201. In particular, as shown at arrow 214, the connecting rod 212 can move the
piston 202 in a proximal direction from the distal end cap 204 to the proximal end
cap 206 to achieve a primary stroke, and as shown at arrow 216, the connecting rod
212 can move the piston 202 in a distal direction from the proximal end cap 206 to

the distal end cap 204 to achieve a secondary stroke.
[0037] The piston 202 can divide the volume of space that is within the tube 201

between the end caps 204, 206 into a distal chamber 220 and a proximal chamber
222. The size of the chambers 220, 222 is variable and changes with movement of
the piston 202. In particular, the size of the distal chamber 220 increases during a
primary stroke and decreases during a secondary stroke, whereas the size of the
proximal chamber 222 decreases during a primary stroke and increases during a
secondary stroke.

[0038] The distal end cap 204 can comprise one or more one-way valves 234, the
piston 202 can comprise one or more one-way valves 232, and the proximal end cap

206 can comprise one or more one-way valves 236. The one-way valves 232, 234,

8
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236 can be configured to permit fluids to pass through them in a single direction and
.to prevent fluids from passing through them in the opposite direction. For example,
the one-way valves 232, 234, 236 can comprise reed valves and/or check valves.
The one-way valves 232, 234, 236 may each comprise the same variety of valve, or
different valves may be used. For example, in some embodiments, reed valves may
be used for the one-way valves 232, 234, but check valves that are configured to
open only when a predetermined or desired pressure within the proximal volume 222
IS achieved may be used for the one-way valves 236. Proximally located check
valves can, in some cases, provide for a more controlled and/or more consistent
pressure (and temperature), and/or a narrower pressure range (and temperature
range), of water vapor that exits the mechanical vapor recompressor 137.
[0039] The mechanical vapor recompressor 137 can be coupled with the variable
pressure chamber 180 of the vaporizer 135 via a pathway 240. Accordingly, the
variable pressure chamber 180 can be in selective fluid communication with the
distal chamber 220 — that is, the variable pressure chamber 180 and the distal
chamber 220 are in fluid communication with each other when the one-way valves
234 are open, but are not in fluid communication with each other when the one-way
valves 234 are closed. Additionally, as previously mentioned, the mechanical vapor
recompressor 137 can provide a feedstock stream of heated steam to the heat
recovery module 140 via the pathway 138. Accordingly, the proximal chamber 222
can be in selective fluid communication with the heat recovery module 140 — that is,
the proximal chamber 222 and the heat recovery module 140 are in fluid
communication with each other when the one-way valves 236 are open, but are not
in fluid communication with each other when the one-way valves 236 are closed.
f0040] When the vaporizer 135 and the mechanical vapor recompressor 137 are
in operation, the mechanical vapor recompressor 137 can maintain a low-pressure
environment within the variable pressure chamber 180. In particular, as water
entering the variable pressure chamber 180 is vaporized, it expands, which may
thereby potentially increase the pressure within the variable pressure chamber 180
and, likewise, within the pathway 240. As the piston 202 is moved from the distal
end-of-stroke position to the proximal end-of-stroke position (i.e., during a first
primary stroke), the volume of the distal chamber 220 expands. This creates a
negative pressure within the distal chamber 220, which can result in the one-way
valves 234 opening to permit water vapor to pass through them and thereby reduce

9
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the pressure within the variable pressure chamber 180. When the piston 202
.reaches the proximal end-of-stroke position, the distal chamber 220 contains water
vapor therein at pressure that is approximately equal to an operating pressure of the
variable pressure chamber 240.

[0041]  As the piston 202 is moved from the proximal end-of-stroke position to the
distal end-of-stroke position (i.e., during a secondary stroke), the volume of the distal
chamber 220 decreases. Some of the water vapor is initially permitted to pass
through the one-way valves 232 of the piston 202 into the proximal chamber 222,
whereas the distal one-way valves 234 prevent water vapor from exiting the distal
chamber 220 through them. Since the total surface area of the one-way valves 232
through which the water vapor is permitted to pass is less than the surface area of
the piston 202, the water vapor that remains within the distal chamber 220 is
compressed. As a result, the pressure and temperature of the water vapor within the
chamber 220 continuously increases as the piston 202 is moved to the distal end-of-
stroke position. When the piston 202 ultimately reaches the distal end-of-stroke
position, substantially all of the water vapor has passed through the one-way valves
232 into the proximal chamber 222. Accordingly, during the secondary stroke, the
volume of the proximal chamber 222 increases and is filled with the heated water
vapor.

[0042] As the piston 202 is again moved from the distal end-of-stroke position to
the proximal end-of-stroke position (i.e., during a second primary stroke), some of
the heated water vapor is permitted to pass through the proximal one-way valves
236 of the end cap 206 into the pathway 138, whereas the one-way valves 232 of
the piston 202 prevent water vapor from exiting the proximal chamber 222 through
them. Since the total surface area of the one-way valves 236 through which the
water vapor is permitted to pass is less than the surface area of the end cap 206, the
water vapor that remains within the proximal chamber 222 is compressed. As a
result, the pressure of the water vapor within the chamber 222 continuously
increases, and the temperature increases to even greater levels, as the piston 202 is
moved to the proximal end-of-stroke position. When the piston 202 ultimately
reaches the proximal end-of-stroke position, substantially all of the water vapor has
passed through the one-way valves 236 into the pathway 138.

[0043] During the second primary stroke just described, the distal chamber 220 is

filled with water vapor from the variable pressure chamber 180 in the same manner

10
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described above with respect to the first primary stroke. In some embodiments, it
" can be desirable for water to remain in the vapor state at least until it has entered the
distal chamber 220. Thereafter, any latent energy that may be lost from water vapor
if it condenses can remain within the water vapor transporter 200, or can eventually
be moved downstream, since the processes within the transporter 200 can be
substantially adiabatic. Operation of the water vapor transporter 200 in the foregoing
manner can be referred to as dual-action piston movement.
[0044] As can be seen from the foregoing discussion, in certain embodiments, the
mechanical vapor recompressor 137 can provide the variable pressure chamber 180
with a relatively low-pressure environment and can also heat and pressurize water
vapor extracted from the variable pressure chamber. I[n some instances, the
mechanical vapor recompressor 137 can maintain the pressure within the variable
pressure chamber 180 at or below a threshoid level. Pressures that are at or below
the threshold level may be well suited for vaporization of water. For example, in
some embodiments, the mechanical vapor recompressor 137 can maintain the
pressure within the chamber 180 at or below atmospheric pressure. Other
arrangements of the mechanical vapor recompressor 137 are also possible.
[0045] For example, as shown in FIG. 4, in some embodiments, a mechanical
vapor recompressor 137 can comprise multiple water vapor transporters 200 that
operate in parallel. In the illustrated embodiment, two water vapor transporters
200a, 200b operate simultaneously at a 180 degree offset relative to each other. For
example, in the illustrated snapshot of operation, the transporter 200a is at the
beginning of an initial primary stroke, whereas the transporter 200b is at the
beginning of an initial secondary stroke. Other embodiments can comprise three or

more transporters 200, four or more transporters 200, five or more transporters 200,
etc. In some embodiments, the use of multiple transporters 200 in parallel can
maintain a more consistent pressure level within the variable pressure chamber 180
and/or can provide a more consistent pressure level and temperature of water vapor
exiting the mechanical vapor recompressor. For example, four transporters 200 can
be operated at 90 degree offsets to reduce pressure pulsing at the input end and the
output end of a mechanical vapor recompressor 137.

[0046] As shown in FIG. 5, in other or further embodiments, water vapor
transporters 200 can be operated in series. In the illustrated embodiment of a

mechanical vapor recompressor 137, the output from a first water vapor transporter
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200c can be supplied as the input to a second water vapor transporter 200d. The
‘internal volume of the second transporter 200d is smaller than that of the first
transporter 200c, which can result in higher pressures and temperatures than could
be achieved by the first transporter 200c alone. Other embodiments can comprise
three or more transporters 200, four or more transporters 200, five or more
transporters 200, etc. In some embodiments, the use of multiple transporters 200 in
series can assist in achieving a desired operational pressure or operational
temperature at the output of a mechanical vapor recompressor 137. The
transporters 200 may define sequentially smaller volumes. Any suitable combination
of transporters 200 operating in series and/or in parallel is possible to achieve the
desired ranges and values of the temperature and the pressure of water vapor
exiting a mechanical vapor recompressor 137.

[0047] In view of the foregoing, both the operational parameters and
arrangements of the vaporizer 135 and of the mechanical vapor recompressor 137
can be selected, adjusted, or otherwise designed to ultimately provide the proper
amount of water vapor to the hydrogen processor 150 at the desired temperature
and pressure. As further discussed below, additional heating of the water vapor can
take place in the heat recovery module 140 such that the temperature of the water
vapor as it leaves the mechanical vapor recompressor 137 may be lower than the
desired operational temperature for the hydrogen processor 150.

[0048] Other arrangements of mechanical vapor recompressors 137 are also
possible, and may comprise any suitable variety of vacuum pump. For example, In
some embodiments, the mechanical vapor recompressor 137 can comprise a liquid

ring vacuum pump, such as the Titan 40 horsepower single-stage liquid ring vacuum
pump, Model No. DV0550B-KA, which is available from Dekker Vacuum

Technologies, Inc. of Michigan City, Indiana.

[0049] FIG. 6 schematically illustrates heated and pressurized water vapor from
the mechanical vapor recompressor 137 being introduced into the environment 144
of the heat recovery module 140 via the pathway 138. As previously mentioned,
since the water vapor has previously sustained a phase change into the vapor state,
it can sustain a sensible heat change within the heat recovery module 140. Heating
of the water vapor can be provided by the exhaust that is expelled from the exhaust
system 116. In particular, the exhaust and the water vapor thermally interact -with

each other within the heat recovery module 140. As previously mentioned, the
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thermal interaction may occur via any suitable thermal interface 146, such as an air-
. fo-air heat exchanger, such that the exhaust and the water vapor remain physically
separated from each other during the heat exchange. Once the water vapor has
been heated to the desired level, it can be introduced into the hydrogen processor
150 via the pathway 139.
[0050] As previously discussed, in the embodiment shown in FIG. 1, the
hydrogen processor 150 comprises a catalytic steam reformer that operates on a
feedstock 151 (e.g., methane). Any suitable catalytic steam reformer may be used,
such as, for example, compact membrane reactors. Certain of such reactors are
configured for operation at temperatures from about 200 degrees Celsius to about
450 degrees Celsius, with a maxiumum pressure of about 300 psi at 350 degrees
Celsius. Others are configured for operation at temperatures from about 200
degrees Celsius to about 700 degrees Celsius, with a maxiumum pressure of about
350 psi at 400 degrees Celsius.
[0051] With continued reference to FIG. 6, the feedstock 151 is shown in dashed
lines to indicate its optional nature. For example, the feedstock 151 can be omitted
in some embodiments, such as embodiments in which the hydrogen processor 150
employs high-temperature electrolysis rather than catalytic steam reformation.
[0052] FIG. 6 also shows injection streams 260 and 262 in dashed arrows to
indicate optional points at which oxygen can be introduced into the hot exhaust to
increase its temperature. For example, oxygen can be injected into the exhaust
pathway 162 via the injection stream 260 if the hydrogen processor 150 is configured
to operate on water vapor that is at a relatively high temperature. In other or further
embodiments, oxygen can be injected into the exhaust pathway 164 via the injection
stream 262 if relatively high process temperatures are employed by the hydrogen
processor 150.
[0053] As can be appreciated from the foregoing description, numerous
configurations are possible for the energy recovery system 100. For example,
different internal combustion engines 112 may be used In different embodiments,
which can result in different amounts of heat being expelied from the engines 112 via
the respective exhaust systems 116 and cooling systems 118. Similarly, different
hydrogen processors 150 may be employed that operate at different temperatures

and/or with different inputs. Accordingly, various components and operational
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parameters of the energy recovery system 100 can be adjusted for optimal

* performance of the system 100.

[0054] Provided hereafter are illustrative examples of various energy recovery
systems 100 and their associated operational parameters. The specific examples
are not intended to limit the present disclosure, although the details recited with
respect to the specific examples may include patentable subject matter.

Example 1

[0055] With reference again to FIG. 1, in one embodiment, the internal
combustion engine 112 used in an embodiment of the energy recovery system 100
comprises an Olympian natural gas electrical generator set, Model No. G17.5UH3S,
which Is available from Caterpillar Inc. of Peoria, lllinois. The engine 112 consumes
326 cubic feet of natural gas fuel per hour, with each cubic foot of natural gas
containing approximately 986 BTUs, such that the engine 112 converts energy
contained within the natural gas at a rate of 94.2 kilowatts. The following table
identifies the energy forms into which the combusted natural gas is converted, and
the efficiency of the energy recovery system 100 as compared with the engine 112

alone.
TABLE 1
Energy Form | Rateof | Rateof | Percentage | Percentage | Percentage
Energy Energy of Total of Energy of Total
Conversion | Conversion Energy Recaptured Energy
(kilowatts) | (BTU/hour) | Converted by the Recaptured
[Wasted System 100 by the
Energy System 100
Shown in
| ) | Brackets]
Electricity 17.5 59,728 | 19% 100% 19%
Efficiency 0
Losses 3.5 | 1 1,9:6 ‘ F4%] | 0% | 0%
Heat
Dissipation to 13.9 47,400 | [15%] 50% 7%
Environment | | B ] L
Heating of | o o o
, Liquid Coolant 27.5 93,340 | [29%)] | 85% 25%
Heated o
| Exhaust 31.8 108,523 [34 %] 85% 29%
l TOTAL 94 .2 321,437 100% N/A 79%
14
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‘{0056] As can be seen from Table 1 (see column 4), the internal combustion
engine 112 is only about 19% efficient in energy recovery by means of electrical
generation when it operates alone. In contrast, the energy recovery system 100 is
able to recover energy from the otherwise wasted heat such that the overall recovery
is about 80%. In other embodiments, the overall recovery of the system 100 can be
within a range of from about 60% to about 90%, from about 65% to about 85%, or
from about 70% to about 80%, or can be no less than about 60%, no less than about
65%, no less than about 70%, no less than about 75%, no less than about 80%, no
less than about 85%, or no less than about 90%.

[0057] As shown in Table 1, it is possible to recover about 85% of the heat that is
carried away frorh the engine 112 via the liquid coolant. In particular, heat can be
removed from the liquid coolant to vaporize water within the vaporizer 135. With
reference to FIG. 3, in order to provide a low-pressure environment within the
pressure chamber 180, the mechanical vapor recompressor 137 can be configured
to continuously remove substantially all of the vaporized water from the pressure
chamber 180. Based on the information in Table 1, it is possibie to calculate the
volume of steam that is to be removed from the variable pressure chamber 180 as

follows:

(93,900 BTU load/hour) / (960 BTU/Ib H20 required for vaporization)
97 .8 Ib/hour of vaporized H,0 = 1.63 Ib/minute of vaporized H50.

[0058] Each pound of steam occupies a volume of 25.8 cubic teet at atmospheric

pressure. Accordingly, the rate at which steam can be removed from the variable
pressure chamber 180 in order to maintain a consistent pressure within the variable

pressure chamber 180 is calculated as follows:

(1.63 Ib H.0/minute) x (25.8 cubic feet/Ib H,0) = 43.7 cubic feet/minute
[0059] Accordingly, the mechanical vapor recompressor 137 can operate so as {o
remove water vapor from the pressure chamber 180 at 43.7 cubic feet per minute.

Where a single water vapor transporter 200 is used, such as that illustrated in FIG. 3,
this can be accomplished, for example, when the piston 202 has a diameter of about
3.75 inches, a stroke length of about 3.75 inches, and is operated at 1800 strokes
per minute. Where six water vapor transporters 200 operating in parallel with each
other are used (see, e.g., FIG. 4), this can be accomplished, for example, when each
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piston 202 has a diameter of about 2.1 inches, a stroke length of about 2.0 inches,
.and Is operated at 1800 strokes per minute.
[0060] As shown in Table 1, it is possibie to recover about 85% of the heat that is
carried away from the engine 112 via the exhaust. With reference to FIG. 1, this
heat can be used for the sensible temperature increase of the vaporized water that is
within the environment 144 of the heat recovery module 140, to increase the working
pressure of the exhaust used in the hydrogen processor 150, and/or to increase the
sensible temperature of the working environment of the hydrogen processor 150.
Example 2
[0061] In another embodiment, the internal combustion engine 112 used in the
energy recovery system 100 comprises a 60 hertz hydrogen-fueled industrial
generator, Model No. GGKB, which is available from Cummins of Columbus,
Indiana. The engine 112 consumes 4,334 cubic feet of hydrogen fue! per hour,
thereby reieasing 1,290,000 BTUs per hour, or 21,500 BTUs per minute. The
released energy takes various forms. About 7600 BTU/min is in the form of
electricity, about 5160 BTU/min is lost as heat to the exhaust stream, about 7223
BTU/min is lost as heat that is dissipated from the engine via the cooling system, and
about 1517 BTU/min is lost as radiant heat.
[0062] With reference to FIG. 2, for such a system a glycerin/water cooling fluid
may be channeled through the pathways 132, 182, 134 of the cooling system 118.
When in the pathway 132, the cooling fluid may be at a temperature of about 240
degrees Fahrenheit. In particular, the cooling fluid may flow through the pathway
132 at a rate of 64 gallons per minute, be at a pressure of about 17 psig, and be at a
temperature of about 240 degrees. The cooling fluid may lose heat to the vaporizer
135 such that the cooling fluid may be at a temperature of about 226 degrees
Fahrenheit when it is within the return pathway 134 (and may also flow at 64 galions
per minute and be at a pressure of about 17 psig).
[0063] Liquid make-up water can be provided to the vaporizer 135 at a rate of
about 7 pounds per minute at a pressure of 50 psig and at a temperature of 50
degrees Fahrenheit. The variable pressure chamber 180 can have a diameter of
about 12 inches and a height of about 24 inches, although other arrangements are
possible. After having passed through the mechanical vapor recompressor 137
(FIG. 3), the vaporized water can be at a pressure of about 104 psia and be at a
temperature of about 325 degrees Fahrenheit.
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[0064] With reference to FIG. 3, the mechanical vapor recompressor 137 can
*achieve operational parameters, such as after the piston 202 of the water vapor
transporter 200 has cycled a few times. In the instant example, the pathway 240 to
the mechanical vapor recompressor 137 can be maintained at a pressure of about 1
atmosphere and a temperature of about 212 degrees Fahrenheit. In a primary
stroke, the distal chamber 220 can be at a pressure of about 1 atmosphere and a
temperature of about 212 degrees Fahrenheit. Stated otherwise, the distal chamber
220 and the pathway 240 may be the same, or nearly the same, during a primary
stroke. The proximal chamber 222 can range from a pressure of about 34 psia to
about 104 psia during the primary stroke, and the temperature therein can also be
increased. In a secondary stroke, the proximal chamber 222 can be at about 34
psia. The distal chamber 220 can range from a pressure of about 14 psia to about
34 psia during the secondary stroke, and the temperature therein can also be
iIncreased.
[0065] The mechanical vapor recompressor 137 can be configured to transport
much or all of the 7 pounds per minute of water that is vaporized in the vaporization
chamber 135. In some instances, the water vapor transporter 200 comprises a
single cylinder system. The cylinder can have a diameter of about 3 inches, the
piston can have a stroke length of about 2.5 inches, and the piston can cycle at 1800
strokes per minute.
[0066] The approximately 7 pounds per minute of vaporized water can be
delivered from the mechanical vapor recompressor 137 to the heat recovery module
140. After leaving the module 140, the water vapor can be at a pressure of about

110 psig and a temperature of about 640 degrees Fahrenheit, having been heated
by the exhaust gases from the internal combustion engine 112.

[0067] FIG. 7 illustrates another embodiment of an energy recovery system 300,
which can resemble the energy recovery system 100 described above in certain
respects. Accordingly, like features are designated with like reference numerals.
Relevant disclosure set forth above regarding similarly identified features thus may
not be repeated hereafter. Moreover, specific features of the energy recovery
system 300 may not be identified by a reference numeral in the drawings or
specifically discussed in the written description that follows. However, such features
may clearly be the same, or substantially the same, as features depicted in other

embodiments and described with respect to such embodiments. Accordingly, the
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relevant descriptions of such features apply equally to the features of the energy
. recovery system 300. Any suitable combination of the features and variations of the
same described with respect to the energy recovery system 100 and components
thereof can be employed with the energy recovery system 300 and components
thereof, and vice versa. This pattern of disclosure applies equally to further
embodiments depicted in subsequent figures and described hereafter.
[0068] The energy recovery system 300 can include a base energy conversion
system 110 that can comprise any suitable source of heat, such as, for example,
internal or extemal combustion systems that may be used for a variety of power
applications, including, for example, chemical reaction heat generation systems
(e.g., boilers, industrial furnaces, or combustion engines), nuclear powered heat
generation systems, heat transfer or change-oi-state systems (e.g., reirigeration
systems or cooling towers), and/or systems configured to capture naturally occurring
environmental energy. Such systems can provide one or more forms of heat that
can be used in the ultimate production of hydrogen, including high-grade heat (e.g.,
in exhaust or high-temperature steam), mid-grade heat (e.g., in mid-temperature
steam or other media), and/or low-grade heat (e.g., in coolant fluids). Stated
otherwise, the base energy conversion systems 110 may be operated on any
suitable scale, whether residentially or on an industrial scale. In the illustrated
embodiment, the base energy conversion system 110 comprises an internal
combustion engine 112 of a suitable size for a residence or small business. _
[0069] The energy recovery system 300 may be able to satisfy many or all of the
electrical needs of the residence or business, and thus may be electrically connected
with the local wiring 306 of the residence or business. In some embodiments, the
energy recovery system 300 may produce excess electrical energy, which can be
sold to the grid 122.
[0070] The illustrated embodiment of the energy recovery system 300 can include
a superheater 310 that is configured to convert waste heat from a hydrogen
processor 150 into additional steam feedstock that can be cycled back to the
hydrogen processor 150. Depending on the application, the superheater 310 can be
positioned before or after a heat recovery module 140. In the illustrated
embodiment, the superheater 310 is positioned to receive heated steam from a
mechanical vapor recompressor 137 and to deliver steam to the heat recovery
module 140 via a pathway 138. The superheater 310 can receive waste heat energy
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from a hydrogen processor 150 via a pathway 312. Liquid water may be provided
' directly to the superheater 310 to be converted into additional steam.
[0071] FIG. 8 illustrates another embodiment of an energy recovery system 400,
which can resemble the energy recovery systems 100, 300 described above in
certain respects. The energy recovery system 400 can be situated onboard an
automotive vehicle 420. In some embodiments, the automotive vehicle 420 includes
an internal combustion engine 412 that can run on any suitable fuel (e.qg., gasoline,
diesel, or hydrogen). Energy can be removed from the intemal combustion engine
412 via a power train including an electrical hybrid 415, an exhaust system 416, and
an engine cooling system 418
[0072] The automotive vehicle 420 can further include a fuel cell 425 configured
to convert purified hydrogen 152 into electrical energy, which may be stored or may
be used directly. Accordingly, the automotive vehicle 420 can be a highly efficient
hybrid vehicle.
[0073] FIG. 9 illustrates another embodiment of an energy recovery system 500
that is located onboard an automotive vehicle 520. The vehicle 520 includes an
internal combustion engine 512 that can be fueled by hydrogen and other energetic
gases. The vehicle 520 can include a hydrogen processor 150 that need not
necessarily produce highly purified hydrogen. Accordingly, hydrogen and off gases
530 produced in the hydrogen processor 150 can be delivered as fuel to the internal
combustion engine 512.
[0074] FIG. 10 illustrates another embodiment of an energy recovery system 600
that is located onboard an automotive vehicle 620. The vehicle 620 includes an

internal combustion engine 612 that can be fueled by hydrogen and other energetic
gases. Accordingly, off gas 630 generated by a hydrogen processor 150 can be

used as fuel. The vehicle 620 further includes a fuel cell 625 that is configured to
operate using purified hydrogen 152. The automotive vehicle 620 thus can efficiently
utilize products and co-products of the hydrogen processor 150 so as to be a highly
efficient hybrid vehicle.

[0075] FIG. 11 illustrates an embodiment of a fueling system 700 configured for
use with an automotive vehicle 720 such as any of the automotive vehicles 420, 520,
620 just described. The system 700 can include a parking structure 740, which can
be situated at a residence (e.g., a garage), a business establishment (e.g., a

commercial parking structure), a fuel station, or any other suitable parking site at
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which an automotive vehicle may be stationed for a sustained period. The parking
. structure 740 can include a fuel/feedstock hookup 742 (e.g., connection to a natural
gas line, a water line, and/or any other suitable input) and an electrical hookup 744
(e.g., a standard A/C connector).
[0076] When the vehicle 720 is parked, it can be connected to each of the
fuel/feedstock hookup 742 and the electrical hookup 744. Its intemal combustion
engine can be left running while the vehicle 720 is parked so as to continue
producing usable energy efficiently. The vehicle 720 can provide electricity to the
parking structure 740, and may even produce sufficient electricity such that a surplus
may be delivered to the grid 122. In further embodiments, the parking structure 740
may include multiple sets of fuel/feedstock and electrical hookups 742, 744 at which
muitiple vehicles 720 may simultaneously produce electrical energy while parked.
[0077] FIG. 12 illustrates another embodiment of a fueling system 800 configured
for use with an automotive vehicle 820 such as any of the automotive vehicles 420,
520, 620 described above. The system 800 can include a parking structure 840 that
can include a fuel/feedstock hookup 842, which may include connections to a
hydrocarbon source 847 and a water line 848, an electrical hookup 844, and a
hydrogen hookup 846. In various embodiments, the hydrogen hookup 846 can
provide an outlet for vehicies 820 that may not include fuel cells to distribute
hydrogen that has been produced by an onboard energy recovery system, or to
preserve the fuel cells of those vehicles 820 that do have such fuel cells onboard. In
some instances, the hydrogen hookup 846 may also be used to fuel a vehicle.
Offloaded hydrogen may be converted to electricity onsite at the parking structure
840 for local needs and/or distribution to the grid, or it may be stored for future
distribution to other hydrogen powered vehicles.
[0078] FIG. 13 illustrates another embodiment of an energy recovery system 800
that can resemble the energy recovery systems described above. The energy
recovery system 900 can include a base energy conversion system 910 can
comprise any suitable source of heat that does not produce exhaust, but
nevertheless provides a high temperature release 916 that could power a hydrogen
processor 150.
[0079] FIG. 14 illustrates another embodiment of an energy recovery sysiem
1000 that can resemble the energy recovery systems described above. The energy
recovery system 1000 can include a base energy conversion system 1010 that
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produces a mid-temperature release 1017, rather than a high temperature reiease.
. For example, the base energy conversion system 1010 can comprise a change of
state system, a refrigeration unit, a cooling tower, or other similar source of waste
heat. Despite the lower temperatures provided by the base energy conversion
system 1010, the waste heat can nevertheless be used to successfully power certain
hydrogen processors 150.
[0080] FIG. 15 illustrates another embodiment of an energy recovery system
1100 that can resemble the energy recovery systems described above. The energy
recovery system 1100 can include a base energy conversion system 1110 that is
primarily devoted to producing heated gases 1119 or other high-grade heat outputs,
such as boilers or industrial fumaces. The heat can be used to power hydrogen
processors 150, and in some embodiments, off gases 154 can be recycled back {o
the base energy conversion system 1110 as fuel.
[0081] FIG. 16 illustrates an embodiment of a purification or pasteurization
system 1200 that can be used in conjunction with any suitable energy recovery
system discussed above. The illustrated pasteurization system 1200 is shown In use
with the energy recovery system 100 of FIG. 1. The pasteurization system 1200 can
include a primary heat exchanger 1202 and a secondary heat exchanger 1204. The
primary heat exchanger 1202 can be coupled with the return pathway 134 through
which engine coolant fluid flows so as to draw heat therefrom and/or so as to be
maintained at an elevated temperature. The secondary heat exchanger 1204 can be
used to reduce the amount of heat that is drawn from the return pathway 134. In the
illustrated embodiment, both heat exchangers 1202, 1204 are defined by a single
fluid pathway 1208.
[0082] In operation, any suitable substance for which pasteurization is desired is
delivered through the fluid pathway 1208 at the position 1210 and flows through the
fluid pathway 1208 in the direction of the arrows. In particular, the substance passes
through the secondary heat exchanger 1204, then through the primary heat
exchanger 1202, then back through the secondary heat exchanger 1204.
Substances for which pasteurization may be desired can include, for example,
beverages (e.g., water, milk, juice, etc.) or foods (e.g., appiesauce).
[0083] For the remainder of the discussion regarding the pasteurization system
1200, water is identified as the substance that is provided through the fluid pathway
1208, for the sake of convenience. At the position 1210, the water may initially be at
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a temperature that is at or below room temperature. In making its initial pass
‘through the secondary heat exchanger 1204, the water heats up to an elevated
temperature due to its interaction with water that has previously passed through the
primary heat exchanger. Thus, at the position 1212, the water may be at a
temperature that Is about the same or somewhat less than the temperature of the
water at the position 1214. Accordingly, little heat from the return pathway 134 is
transferred to the water as it passes through the primary heat exchanger 1202.
[0084] The primary heat exchanger 1202 can be used to ensure pasteurization of
the water. Pasteurization can take place under a variety of conditions. For example,
pasteurization can occur where liquid is maintained at a temperature of 161 degrees
Fahrenheit for about 15 to 20 seconds. Higher temperatures can result in quicker
pasteurization. For example, liquids that are maintained at a temperature of 275
degrees Fahrenheit can be pasteurized in a fraction of a second. Accordingly, flow
rates through the pathway 1218 can be controlled such that water is maintained at a
sufficient temperature for pasteurization.
[0085] After the water has passed through the primary heat exchanger 1202 and
has been pasteurized thereby, it s passed back through the secondary heat
exchanger 1204 so as to heat up incoming water. This heat exchange lowers the
temperature of the outgoing, pasteurized water, such that the temperature of the
water at the position 1216 may be slightly above that at the entry position 1210.
[0086] In other embodiments, the secondary heat exchanger 1202, which may be
referred 0o as a recovery heat exchanger, may be omitted. The primary heat
exchanger 1202 thus may remove more energy from the return line 134. In either

case, embodiments that employ a pasteurization system 1200 thus can provide
potable water without drawing significant energy from a base energy conversion

system.

[0087] As noted above with respect to Example 2, in some embodiments, a
temperature of coolant within the return pathway 134 is about 226 degrees
Fahrenheit, thus pasteurization can take place in a matter of seconds when the
water nears this temperature.

[0088] In some embodiments, water may flow through the pathway 1208 at a rate
of about 12 gallons per day. Its temperature at the position 1210 may be about 54
degrees Fahrenheit. Its temperature at the position 1212 may be at or near the

working temperature, or a temperature at which pasteurization can proceed. After
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passing through the secondary heat exchanger 1204 to the position 1216, the water
‘may be at a temperature of about 60 degrees.
[0089]

Example 3

[0090] In an illustrative embodiment, the energy recovery system 100 described
above with respect to Example 2 may be used. That is, various embodiments of the
pasteurization system 1200 can be coupled with the return line 134 of the energy
recovery system 100 described with respect to Example 2. In some instances, both
heat exchangers 1202, 1204 may be used, whereas in other embodiments, only the
primary heat exchanger 1202 may be used. As can be seen in Table 2, use of both
heat exchangers can significantly reduce the amount of energy that is consumed in

the pasteurization process.

TABLE 2
Parameter System 1200 Including | System 1200 Including
Only Primary Heat Primary Heat Exchanger
Exchanger 1202 1202 and Secondary
L . | | Heat Exchanger 1204
Gallons of water perday 10,000 110,000
Pounds of water per day 80,000 80,000
Temperature at position 1210
Fahrenheit) N/A 54 degrees ﬂ
Temperature at position 1212
Fahrenheit) 54 degrees | ] 175 degrees
Operating temperature (at
which pasteurization occurs) 180 degrees 180 degrees
(Fahrenheit) -
Temperature rise of substance
within the system 1200 when
within the primary heat 120 degrees © degrees
exchanger 1202 (Fahrenheit) _ |
Temperature at position 1214
| (Fahrenheit) 180 degrees 180 degrees
Temperature at position
1216(Fahrenheit) NA o0 degrees
'_E”eggy for entire process 100 | 44 080 000 BTU 400,000 BTU
eru ay ’ H :
Energ_y for entire process 100 7 000 BTU 278 BTU
per minute L | _
Amount of energy used by
system 1200 relative to entire | 32.6% 1.3%
| process 100
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[0091] Although not shown in the drawings, any of the energy recovery systems
* disclosed herein, or portions thereof, can include any suitable control system (e.g.,
one or more programmable logic controliers). The control system can monitor
outputs from some portions of an energy recovery system and dynamically control
inputs to other portions of ‘the energy recovery system in response thereto in any
suitable manner.
[0092] Any methods disclosed herein comprise one or more steps or actions for
performing the described method. The method steps and/or actions may be
interchanged with one another. In other words, unless a specific order of steps or
actions is required for proper operation of the embodiment, the order and/or use of
specific steps and/or actions may be modified.
[0093] Throughout this specification, any reference to “one embodiment,” “an
embodiment,” or “the embodiment” means that a particular feature, structure, or
characteristic described in connection with that embodiment is included in at least
one embodiment. Thus, the quoted phrases, or variations thereof, as recited
thrbughout this specification are not necessarily all referring to the same
embodiment.
[0094] Similarly, it should be appreciated that in the above description of
embodiments, various features are sometimes grouped together in a single
embodiment, figure, or description thereof for the purpose of streamlining the
disclosure. This method of disclosure, however, is not to be interpreted as reflecting
an intention that any claim require more features than those expressly recited in that
claim. Rather, inventive aspects lie in a combination of fewer than all features of any
single foregoing disclosed embodiment. Recitation in the claims of the term "first”

with respect to a feature or element does not necessarily imply the existence of a
second or additional such feature or element. It will be apparent to those having skill
in the art that changes may be made to the detaiis of the above-described
embodiments without departing from the underlying principles set forth herein.
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CL{MMS:

1. A vapor transport device comprising:

a tube;

a first cap positioned at a first region of the tube, a second cap
positioned at a second region of the tube, and a piston positioned between the first
cap and the second cap so as to divide the tube into a first chamber of variable size
that extends between the first cap and the piston and a second chamber of variable

size that extends between the piston and the second cap:;

a drive shaft connected to the piston and extending through the second
cap, wherein the drive shaft is configured to translate the piston between the first and

second caps,; and

a plurality of one-way valves, wherein each of the first cap, the second
cap, and the piston comprises one or more of the plurality of one-way valves, and
wherein the plurality of one-way vaives are oriented so as to permit vapor to flow from
a position outside of the tube into the first chamber, from the first chamber to the
second chamber, and from the second chamber to a position outside of the tube, but
to prevent vapor flow from the first chamber to a position outside of the tube and from

the second chamber to the first chamber.

2. The vapor transport device of claim 1, wherein the first chamber is

larger than the second chamber.
3. A vapor transport device comprising:
a tube;

a first cap positioned at a first region of the tube, a second cap
positioned at a second region of the tube, and a piston positioned between the first

cap and the second cap so as to divide the tube into a first chamber that extends
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between the first cap and the piston and a second chamber that extends between the

~ piston and the second cap;

a drive shaft connected to the piston; and

a one way valve between the first cap and the second cap so as to

permit vapor to flow from the first chamber to the second chamber.

4. The vapor transport device of claim 3, wherein the first chamber is

larger than the second chamber.

5. The vapor transport device of claim 3, wherein the piston comprises the

one way valve.

6. The vapor transport device of claim 5, wherein the first cap or the first

chamber comprises a second one way valve.

7. The vapor transport device of claim 6, wherein the second one way

valve permits vapor to flow from a position outside of the tube into the first chamber.

8. The vapor transport device of any of claims 5-7, wherein the second

cap or the second chamber comprises a further one way valve.

9. The vapor transport device of claim 8, wherein the further one way
valve permits vapor to flow from the second chamber to a position outside of the
tube.

10. The vapor transport device of claim 3, wherein the drive shaft extends

through the second cap.

11. The vapor transport device of claim 3, wherein the drive shatft is

configured to translate the piston between the first and second caps.
12. A vapor transport device comprising:

a hollow structure;
26
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a first cap positioned at a first region of the hollow structure, a second

~cap positioned at a second region of the hollow structure, and a piston positioned

between the first cap and the second cap so as to divide the hollow structure into a
first chamber that extends between the first cap and the piston and a second

chamber that extends between the piston and the second cap;
a drive shaft connected to the piston; and

a one way valve between the first cap and the second cap so as to

permit vapor to flow from the first chamber to the second chamber.

13. The vapor transport device of claim 12, wherein the first chamber is

larger than the second chamber.

14. The vapor transport device of claim 12, wherein the piston comprises

the one way valve.

15. The vapor transport device of claim 12, wherein the first cap or the first

chamber comprises a second one way valve.

16. The vapor transport device of claim 15, wherein the second one way

valve permits vapor to flow from a position outside of the hollow structure into the first

chamber.

17. The vapor transport device of any of claims 14-16, wherein the second

cap or the second chamber comprises a further one way valve.

18. The vapor transport device of claim 17, wherein the further one way

valve permits vapor to flow from the second chamber to a position outside of the

hollow structure.

19. The vapor transport device of claim 12, wherein the drive shaft extends

through the second cap.
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20. The vapor transport device of claim 12, wherein the drive shaft is

L)

. configured to translate the piston between the first and second caps.
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