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ENERGY STORAGE AND GENERATION
SYSTEMS AND METHODS USING COUPLED
CYLINDER ASSEMBLIES

RELATED APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/879,595, filed on Sep. 10, 2010, which claims
the benefit of and priority to U.S. Provisional Patent Appli-
cation No. 61/241,568, filed Sep. 11, 2009; U.S. Provisional
Patent Application No. 61/251,965, filed Oct. 15, 2009; U.S.
Provisional Patent Application No. 61/318,060, filed Mar. 26,
2010; and U.S. Provisional Patent Application No. 61/326,
453, filed Apr. 21, 2010; the entire disclosure of each of which
is hereby incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
1IP-0810590 and ITP-0923633 awarded by the NSF. The gov-
ernment has certain rights in the invention.

FIELD OF THE INVENTION

In various embodiments, the present invention relates to
hydraulics, pneumatics, power generation, and energy stor-
age, and more particularly, to compressed-gas energy-storage
systems using pneumatic and/or hydraulic cylinders.

BACKGROUND

Storing energy in the form of compressed gas has a long
history and components tend to be well tested, reliable, and
have long lifetimes. The general principle of compressed-gas
energy storage (CAES) is that generated energy (e.g. electric
energy) is used to compress gas (e.g., air), thus converting the
original energy to pressure potential energy; this potential
energy is later recovered in a useful form (e.g., converted back
to electricity) via gas expansion coupled to an appropriate
mechanism. Advantages of compressed-gas energy storage
include low specific-energy costs, long lifetime, low mainte-
nance, reasonable energy density, and good reliability.

If expansion occurs slowly relative to the rate of heat
exchange between the gas and its environment, then the gas
remains at approximately constant temperature as it expands.
This process is termed “isothermal” expansion. Isothermal
expansion of a quantity of gas stored at a given temperature
recovers approximately three times more work than would
“adiabatic expansion,” that is, one in which no heat is
exchanged between the gas and its environment, because the
expansion happens rapidly or in an insulated chamber. Gas
may also be compressed isothermally or adiabatically.

An ideally isothermal energy-storage cycle of compres-
sion, storage, and expansion would have 100% thermody-
namic efficiency. An ideally adiabatic energy-storage cycle
would also have 100% thermodynamic efficiency, but there
are many practical disadvantages to the adiabatic approach.
These include the production of higher temperature and pres-
sure extremes within the system, heat loss during the storage
period, and inability to exploit environmental (e.g., cogenera-
tive) heat sources and sinks during compression and expan-
sion, respectively. In an isothermal system, the cost of adding
a heat-exchange system is traded against resolving the diffi-
culties of the adiabatic approach. In either case, mechanical
energy from expanding gas must usually be converted to
electrical energy before use.
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An efficient and novel design for storing energy in the form
of compressed gas utilizing near isothermal gas compression
and expansion has been shown and described in U.S. patent
application Ser. Nos. 12/421,057 (the *057 application) and
12/639,703 (the *703 application), the disclosures of which
are hereby incorporated herein by reference in their entireties.
The’057 and *703 applications disclose systems and methods
for expanding gas isothermally in staged hydraulic/pneu-
matic cylinders and intensifiers over a large pressure range in
order to generate electrical energy when required. Mechani-
cal energy from the expanding gas is used to drive a hydraulic
pump/motor subsystem that produces electricity.

Additionally, in various systems disclosed in the *057 and
703 applications, reciprocal motion is produced during
recovery of energy from storage by expansion of gas in the
cylinders. This reciprocal motion may be converted to elec-
tricity by a variety of means, for example as disclosed in U.S.
Provisional Patent Application Nos. 61/257,583 (the 583
application), 61/287,938 (the *938 application), and 61/310,
070 (the 070 application), the disclosures of which are
hereby incorporated herein by reference in their entireties.

The ability of such systems to either store energy (i.e., use
energy to compress gas into a storage reservoir) or produce
energy (i.e., expand gas from a storage reservoir to release
energy) will be apparent to any person reasonably familiar
with the principles of electrical and pneumatic machines.

Various embodiments described in the 057 application
involve several energy conversion stages: during compres-
sion, electrical energy is converted to rotary motion in an
electric motor, then converted to hydraulic fluid flow in a
hydraulic pump, then converted to linear motion of a piston in
a hydraulic-pneumatic cylinder assembly, then converted to
mechanical potential energy in the form of compressed gas.

Conversely, during retrieval of energy from storage by gas
expansion, the potential energy of pressurized gas is con-
verted to linear motion of a piston in a hydraulic-pneumatic
cylinder assembly, then converted to hydraulic fluid flow
through a hydraulic motor to produce rotary mechanical
motion, then converted to electricity using a rotary electric
generator.

Both these processes—storage and retrieval of energy—
present opportunities for improvement of efficiency, reliabil-
ity, and cost-effectiveness. One such opportunity is created by
the fact that the pressure in any pressurized gas-storage res-
ervoir tends to decrease as gas is released from it. Moreover,
when discrete quantities or installments of gas are released
into the pneumatic side of a pneumatic-hydraulic intensifier
for the purpose of driving its piston, as described in the *057
application, the force acting on the piston declines as the
installment of gas expands. The result, in a system where the
hydraulic fluid pressurized by the intensifier is use to drive a
hydraulic motor/pump, is variable hydraulic pressure driving
the motor/pump. For a fixed-displacement hydraulic motor/
pump whose shaft is affixed to that of an electric motor/
generator, this will result in variable electrical power output
from the system. This is disadvantageous because (a) it is
desirable that the power output of an energy storage system be
approximately constant (b) a hydraulic motor/pump or elec-
tric motor/generator runs most efficiently over a limited
power range. Widely varying hydraulic pressure is therefore
intrinsically undesirable. A variable-displacement hydraulic
motor may be used to achieve constant power output despite
varying hydraulic pressure over a certain range of pressures,
yet the pressure range must still be limited to maximize effi-
ciency.

Another opportunity is presented by the fact that pneu-
matic-hydraulic intensifier cylinders that may be utilized in
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systems described in the 057 and 703 applications may be
custom-designed and built, and may therefore be difficult to
service and maintain. Energy-storage systems utilizing more
standard components that enable more efficient maintenance
through, e.g., straightforward access to seals, would increase
up-time and decrease total cost-of-ownership.

SUMMARY

Embodiments of the present invention enable the delivery
of hydraulic flow to a motor/generator combination over a
narrower pressure range in systems utilizing inexpensive,
conventional components that are more easily maintained.
Such embodiments may be incorporated in the above-refer-
enced systems and methods described in the patent applica-
tions incorporated herein by reference above. For example,
various embodiments of the invention relate to the incorpo-
ration into an energy storage system (such as those described
in the *057 application) of distinct pneumatic and hydraulic
free-piston cylinders, mechanically coupled to each other by
some appropriate armature, rather than a single pneumatic-
hydraulic intensifier.

At least three advantages accrue to such arrangements.
First, components that transfer heat to and from the gas being
expanded (or compressed) are naturally separated from the
hydraulic circuit. Second, by mechanically coupling multiple
pneumatic cylinders and/or multiple hydraulic cylinders so as
to add (or share) forces produced by (or acting on) the cylin-
ders, the hydraulic pressure range may be narrowed, allowing
more efficient operation of the hydraulic motor/pump and the
other benefits noted above. Third, maintenance on gland seals
is easier on separated hydraulic and pneumatic cylinders than
in a coaxial mated double-acting intensifier wherein the gland
seal is located between two cylinders and is not easily acces-
sible.

In compressed-gas energy storage systems in accordance
with various embodiments of the invention, gas is stored at
high pressure (e.g., approximately 3000 pounds per square
inch (psi)). In one embodiment, this gas is expanded into a
cylindrical chamber containing a piston or other mechanism
that separates the gas on one side of the chamber from the
other, preventing gas movement from one chamber to the
other while allowing the transfer of force/pressure from one
chamber to the next. A shaft attached to the piston is attached
to a beam or other appropriate armature by which it commu-
nicates force to the shaft of a hydraulic cylinder, also divided
into two chambers by a piston. The active area of the piston of
the hydraulic cylinder is smaller than the area of the pneu-
matic piston, resulting in an intensification of pressure (i.e.,
ratio of pressure in the chamber undergoing compression in
the hydraulic cylinder to the pressure in the chamber under-
going expansion in the pneumatic cylinder) proportional to
the difference in piston areas.

The hydraulic fluid pressurized by the hydraulic cylinder
may be used to turn a hydraulic motor/pump, either fixed-
displacement or variable-displacement, whose shaft may be
affixed to that of a rotary electric motor/generator in order to
produce electricity.

In other embodiments, the expansion of the gas occurs in
multiple stages, using low- and high-pressure pneumatic cyl-
inders. For example, in the case of two pneumatic cylinders,
high-pressure gas is expanded in a high pressure pneumatic
cylinder from a maximum pressure (e.g., approximately 3000
pounds per square inch gauge) to some mid-pressure (e.g.,
approximately 300 psig); then this mid-pressure gas is further
expanded (e.g., approximately 300 psig to approximately 30
psig) in a separate low-pressure cylinder. These two stages
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may be tied to acommon shaft or armature that communicates
force to the shaft of a hydraulic cylinder as for the single-
pneumatic-cylinder instance described above.

When each of the two pneumatic pistons reaches the limit
of its range of motion, valves or other mechanisms may be
adjusted to direct higher-pressure gas to and vent lower-
pressure gas from the cylinder’s two chambers so as to pro-
duce piston motion in the opposite direction. In double-acting
devices of this type, there is no withdrawal stroke or unpow-
ered stroke: the stroke is powered in both directions.

The chambers of the hydraulic cylinder being driven by the
pneumatic cylinders may be similarly adjusted by valves or
other mechanisms to produce pressurized hydraulic fluid dur-
ing the return stroke. Moreover, check valves or other mecha-
nisms may be arranged so that regardless of which chamber of
the hydraulic cylinder is producing pressurized fluid, a
hydraulic motor/pump is driven in the same sense of rotation
by that fluid. The rotating hydraulic motor/pump and electri-
cal motor/generator in such a system do not reverse their
direction of spin when piston motion reverses, so that with the
addition of an short-term-energy-storage device such as a
flywheel, the resulting system can be made generate electric-
ity continuously (i.e., without interruption during piston
reversal).

A decreased range of hydraulic pressures, with conse-
quently increased motor/pump and motor/generator efficien-
cies, may be obtained by using multiple hydraulic cylinders.
In various embodiments, two hydraulic cylinders are used.
These two cylinders are connected to the aforementioned
armature communicating force with the pneumatic cylinder
(s). The chambers of the two hydraulic cylinders are attached
to valves, lines, and other mechanisms in such a manner that
either cylinder may, with appropriate adjustments, be set to
present no resistance as its shaft is moved (i.e., compress no
fluid).

Consider an exemplary system of the type described above,
driven by a single pneumatic cylinder. Assume that a quantity
ot high-pressure gas has been introduced into one chamber of
that cylinder. As the gas begins to expand, moving the piston,
force is communicated by the piston shaft and the armature to
the piston shafts of the two hydraulic cylinders. At any point
in the expansion, the hydraulic pressure will be equal to the
force divided by the acting hydraulic piston area. At the
beginning of a stroke, the gas in the pneumatic cylinder has
only begun to expand, it is producing maximum force; this
force (ignoring frictional losses) acts on the combined total
piston area of the hydraulic cylinders, producing a certain
hydraulic output pressure, HP,, ...

As the gas in the pneumatic cylinder continues to expand,
it exerts decreasing force. Consequently, the pressure devel-
oped in the compression chamber of the active cylinders
decreases. At a certain point in the process, the valves and
other mechanisms attached to one of the hydraulic cylinders
is adjusted so that fluid can flow freely between its two cham-
bers and thus offers no resistance to the motion of the piston
(ignoring frictional losses). The effective piston area driven
by the force developed by the pneumatic cylinder thus
decreases from the piston area of both hydraulic cylinders to
the piston area of one of the hydraulic cylinders. With this
decrease of area comes an increase in output hydraulic pres-
sure for a given force. If this switching point is chosen care-
fully the hydraulic output pressure immediately after the
switch returns to HP,,, . (For the example of two identical
hydraulic cylinders the switching pressure would be at the
half pressure point.)

As the gas in the pneumatic cylinder continues to expand,
the pressure developed by the hydraulic cylinder decreases.
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As the pneumatic cylinder reaches the end of its stroke, the
force developed is at a minimum and so is the hydraulic
output pressure, HP, ...

For an appropriately chosen ratio of hydraulic cylinder
piston areas, the hydraulic pressure range HR=HP,, , /HP, ..
achieved using two hydraulic cylinders will be the square root
of the range HR achieved with a single pneumatic cylinder.
The proof of this assertion is as follows.

Let a given output hydraulic pressure range HR; from high
pressure HP,, .. to low pressure HP,,,,, namely HR ,=HP,, ./
HP, . be subdivided into two pressure ranges of equal mag-
nitude HR,. The first range is from HP,,, down to some
intermediate pressure HP, and the second is from HP, down
to HP, . Thus, HR,=HP, . Thus, HR,=HP,  /HP,=HP,/
HP,,,. From this identity of ratios, HP,=(HP,,, /HP, )"
Substituting for HP, in HR,=HP,,, /HP,, we obtain HR,=
(He, , /HP, )?=HR,"2

Since HP,,,. is determined (for a given maximum force
developed by the pneumatic cylinder) by the combined piston
areas of the two hydraulic cylinders (HA +HA,), whereas
HP, is determined jointly by the choice of when (i.e., at what
force level, as force declines) to deactivate the second cylin-
der and by the area of the single acting cylinder HA,, it is
clearly possible to choose the switching force point and HA
s0 as to produce the desired intermediate output pressure. It
may be similarly shown that with appropriate cylinder sizing
and choice of switching points, the addition of a third cylin-
der/stage will reduce the operating pressure range as the cube
root, and so forth. In general, N appropriately sized cylinders
can reduce an original operating pressure range HR, to HR ,*/
N.

By similar reasoning, dividing the air expansion into mul-
tiple stages facilitates further reduction in the hydraulic pres-
sure range. For M appropriately sized pneumatic cylinders
(i.e., pneumatic air stages) for a given expansion, the original
pneumatic operating pressure range PR, of a single stroke can
be reduced to PR, Since for a given hydraulic cylinder
arrangement the output hydraulic pressure range is directly
proportional to the pneumatic operating pressure range for
each stroke, simultaneously combining M pneumatic cylin-
ders with N hydraulic cylinders can realize a pressure range
reduction to the 1/(NxM) power.

To achieve maximum efficiency it is desired that gas expan-
sion be as near isothermal as possible. Gas undergoing expan-
sion tends to cool, while gas undergoing compression tends to
heat. Several modifications to the systems already described
s0 as to approximate isothermal expansion can be employed.
In one approach, also described in the 703 application, drop-
lets of a liquid (e.g., water) are sprayed into the side of the
double-acting pneumatic cylinder (or cylinders) presently
undergoing compression to expedite heat transfer to/from the
gas. Droplets may be used to either warm gas undergoing
expansion or to cool gas undergoing compression. If the rate
of heat exchange is sufficient, an isothermal process is
approximated.

Additional heat transfer subsystems are described in the
U.S. patent application Ser. No. 12/481,235 (the *235 appli-
cation), the disclosure of which is hereby incorporated by
reference herein in its entirety. The 235 application discloses
that gas undergoing either compression or expansion may be
directed, continuously or in installments, through a heat-
exchange subsystem. The heat-exchange subsystem either
rejects heat to the environment (to cool gas undergoing com-
pression) or absorbs heat from the environment to warm gas
undergoing expansion). Again, if the rate of heat exchange is
sufficient, an isothermal process is approximated.
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Any implementation of this invention employing multiple
pneumatic cylinders or multiple hydraulic cylinders such as
that described in the above paragraphs may be co-imple-
mented with either of the optional heat-transfer mechanisms
described above.

Force Balancing

Various other embodiments of the present invention coun-
teract, in a manner that minimizes friction and wear, forces
that arise when two or more hydraulic and pneumatic cylin-
ders in a compressed-gas energy storage and conversion sys-
tem are attached to a common frame and the distal ends of
their piston shafts are attached to a common beam, as
described above.

When two or more free-piston cylinders, each oriented
with their piston movement in the same direction, are
attached to a common rigid, stationary frame and the distal
ends of their pistons are attached to a common rigid, mobile
beam, the forces acting along the piston shafts of the several
cylinders will not, in general, be equal in magnitude. Addi-
tionally, the forces may result in deformation of the frame,
beam, and other components. The resulting imbalance of
forces and deformations during operation may apply side
loads and/or rotational torques to parts of the system that may
be damaged or degraded as a result. For example, piston rods
may snap if subjected to excessive torque, and seals may be
damaged or wear rapidly if subjected to uneven side displace-
ment and loads. Moreover, side loads and torques may
increase friction, diminishing system efficiency. It is, there-
fore, desirable to manage unbalanced forces and deforma-
tions in such a system so as to minimize friction and other
losses and to reduce undesirable forces acting on vulnerable
components (e.g., seals, piston rods).

For any given set of hydraulic and pneumatic cylinders,
oriented and mounted as described above, with known oper-
ating pressures and linear speeds, one or more optimal
arrangements may be determined that will minimize impor-
tant peak or average operating values such as torques, deflec-
tions, and/or frictional losses. In general, close clustering of
the cylinders tends to minimize deflections for a given beam
thickness. As well, for identical cylinders operating over
identical pressures and speeds, location of cylinders mirrored
around the center axis typically will eliminate net torques and
thus reduce frictions. In other instances, if the cylinders are
mounted so that their central axes of motion all lie in a plane
(e.g., cylinders are aligned in a single row), then unwanted
forces tend to act almost exclusively in that single plane,
restricting the dimensionality of the unwanted forces to two.

Further, when the moving beam reaches the end of its range
of linear motion during either direction of motion of the
cylinder pistons, an abrupt collision with the frame or some
component communicating with the frame may occur before
the piston reverses its direction of motion. The collision tends
to dissipate kinetic energy, reducing system efficiency, and its
suddenness, transmitted through the system as a shock, may
accelerate wear to certain components (e.g., seals) or create
excessive acoustic noise. Embodiments of the invention pro-
vide for managing these unwanted forces of collision as well
as the unwanted torques and side loads already described.

Generally, embodiments that address these detrimental or
unwanted forces include up to four different techniques or
features. First, cylinders may be arranged to minimize impor-
tant peak or average operating values such as torques, deflec-
tions, and/or frictional losses. Second, rollers (e.g., track roll-
ers, linear guides, cam followers) may be mounted on the
rigid, moving beam and roll vertically along grooves, tracks,
or channels formed in the body of the frame. The rollers allow
the beam to move with low friction and are positioned so that
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any torques applied to the beam by unbalanced piston forces
are transmitted to the frame by the rollers, while keeping
rotation and/or deformation of the beam within acceptable
limits. This, in turn, reduces off-axis forces at the points
where the pistons attach to the beam. Third, deflection of the
rods and cylinders may be minimized by using a beam design
(e.g. an I-beam section for a linear arrangement) that
adequately resists deformation in the cylinder plane and
reducing transmission to pistons of torque in the cylinder
plane by attaching each piston to the beam using a revolute
joint (pin joint). Fourth, stroke-reversal forces may be man-
aged by springs (e.g. nitrogen springs) positioned so that at
each stroke endpoint, the beam bounces non-dissipatively,
rather than colliding with the frame or some component
attached thereto.

Dead-Space Suppression

The systems described herein may also be improved via the
elimination (or substantial reduction) of air dead space
therein. Herein, the terms “air dead space” or “dead space”
refer to any volume within the components of a pneumatic
system—including but not restricted to lines, storage vessels,
cylinders, and valves—that at some point in the operation of
the system is filled with gas at a pressure significantly lower
than other gas which is about to be introduced into that vol-
ume for the purpose of doing work. At other points in system
operation, the same physical volume within a given device
may not constitute dead space.

Air dead space tends to reduce the amount of work avail-
able from a quantity of high-pressure gas brought into com-
munication therewith. This loss of potential energy may be
termed a “coupling loss.” For example, if gas is to be intro-
duced into a cylinder through a valve for the purpose of
performing work by pushing against a piston within for the
cylinder, and a chamber or volume exists adjacent the piston
that is filled with low-pressure gas at the time the valve is
opened, the high-pressure gas entering the chamber is imme-
diately reduced in pressure during free expansion and mixing
with the low-pressure gas and, therefore, performs less
mechanical work upon the piston. The low-pressure volume
in such an example constitutes air dead space. Dead space
may also appear within that portion of a valve mechanism that
communicates with the cylinder interior, or within a tube or
line connecting a valve to the cylinder interior. Energy losses
due to pneumatically communicating dead spaces tend to be
additive.

Various systems and methods for reducing air dead space
are described in U.S. Provisional Patent Application No.
61/322,115 (the *115 application), the disclosure of which is
hereby incorporated by reference herein in its entirety. The
*115 application discloses actively filling dead volumes (e.g.,
valve space, cylinder head space, and connecting hoses) with
a mostly incompressible liquid, such as water, rather than
with gas throughout an expansion and compression cycle of a
compressed-air storage and recovery system.

Another approach to minimizing air dead volume is by
designing components to minimize unused volume within
valves, cylinders, pistons, and the like. One area for reduction
of dead volume is in the connection of piping between cylin-
ders. Embodiments of the present invention further reduce
dead volume by locating paired air volumes together such that
only a single manifold block resides between active air com-
partments. For example, in a two-stage gas compressor/ex-
pander, the high and low pressure cylinders are mounted back
to back with a manifold block disposed in between.

All of the mechanisms described above for converting
potential energy in compressed gas to electrical energy,
including the heat-exchange mechanisms, can, if appropri-
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ately designed, be operated in reverse to store electrical
energy as potential energy in compressed gas. Since the accu-
racy of this statement will be apparent to any person reason-
ably familiar with the principles of electrical machines, pneu-
matics, and the principles of thermodynamics, the operation
of these mechanisms to store energy rather than to recover it
from storage will not be described. Such operation is, how-
ever, explicitly encompassed within embodiments of this
invention.

In one aspect, embodiments of the invention feature a
system for energy storage and recover via expansion and
compression of a gas, which includes first and second pneu-
matic cylinder assemblies. Each of the pneumatic cylinder
assemblies includes or consists essentially of (i) a first com-
partment, (ii) a second compartment, (iii) a piston, slidably
disposed within the cylinder assembly, separating the com-
partments, and (iv) a piston rod coupled to the piston and
extending outside the first compartment. The piston rods of
the pneumatic cylinder assemblies are mechanically coupled,
and the pneumatic cylinder assemblies are coupled in series
pneumatically, thereby reducing the force range produced
during expansion or compression of a gas within the pneu-
matic cylinder assemblies. The pneumatic cylinder assem-
blies may be mechanically coupled in parallel such that,
during a single stroke, their piston rods move in the same
direction.

Embodiments of the invention may include one or more of
the following, in any of'a variety of combinations. The system
may include a first hydraulic cylinder assembly and, fluidly
coupled thereto such that a hydraulic fluid flows therebe-
tween, a hydraulic motor/pump. The first hydraulic cylinder
assembly may include or consist essentially of (i) a first
compartment, (ii) a second compartment, (iii) a piston, slid-
ably disposed within the cylinder assembly, separating the
compartments, and (iv) a piston rod coupled to the piston,
extending outside the first compartment, and mechanically
coupled to the piston rods of the first and second pneumatic
cylinder assemblies. The system may include a second
hydraulic cylinder assembly fluidly coupled to the hydraulic
motor/pump such that the hydraulic fluid flows therebetween.
The second hydraulic cylinder assembly may include or con-
sist essentially of (i) a first compartment, (ii) a second com-
partment, (iii) a piston, slidably disposed within the cylinder
assembly, separating the compartments, and (iv) a piston rod
coupled to the piston, extending outside the first compart-
ment, and mechanically coupled to the piston rod of the first
hydraulic cylinder assembly. The first and second hydraulic
cylinder assemblies may be mechanically coupled in parallel
such that, during a single stroke, their piston rods move in the
same direction. The system may include a mechanism for
selectively fluidly coupling the first and second compart-
ments of the first hydraulic cylinder assembly, thereby reduc-
ing a pressure range of the hydraulic fluid flowing to the
hydraulic motor/pump.

The system may include a second hydraulic cylinder
assembly that includes or consists essentially of (i) a first
compartment, (ii) a second compartment, and (iii) a piston,
slidably disposed within the cylinder assembly, separating the
compartments. The first hydraulic cylinder assembly may be
telescopically disposed within the second hydraulic cylinder
assembly and coupled to the piston of the second hydraulic
cylinder assembly.

The system may include an armature coupled to the piston
rods of the first and second pneumatic cylinder assemblies,
thereby mechanically coupling the piston rods. The armature
may include or consist essentially of a crankshaft assembly. A
heat-transfer subsystem may be in fluid communication with
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at least one of the pneumatic cylinder assemblies. The heat-
transfer subsystem may include a circulation apparatus for
circulating a heat-transfer fluid through at least one compart-
ment of at least one of the pneumatic cylinder assemblies. The
heat-transfer subsystem may include a mechanism, e.g., a
spray head and/or a spray rod, disposed within at least one
compartment of at least one of the pneumatic cylinder assem-
blies for introducing the heat-transfer fluid. The heat-transfer
subsystem may include a circulation apparatus and a heat
exchanger, the circulation apparatus configured to circulate
gas from at least one compartment of at least one of the
pneumatic cylinder assemblies through the heat exchanger
and back to the at least one compartment.

The system may include a manifold block on which the first
and second pneumatic cylinder assemblies are mounted, and
a connection between the first and second pneumatic cylinder
assemblies may extend through the manifold block and have
a length minimizing potential dead space between the first
and second pneumatic cylinder assemblies. The first and sec-
ond cylinder assemblies may be mounted on a first side of the
manifold block. The first cylinder assembly may be mounted
on a first side of the manifold block, and the second cylinder
assembly may be mounted on a second side of the manifold
block opposite the first side. During expansion or compres-
sion of gas, the piston of the first pneumatic cylinder assembly
may move toward the manifold block and the piston of the
second pneumatic cylinder assembly may move away from
the manifold block.

The system may include (i) a frame assembly on which the
first and second pneumatic cylinder assemblies are mounted,
and (ii) a beam assembly, slidably coupled to the frame
assembly, that mechanically couples the piston rods of the
first and second pneumatic cylinder assemblies. The system
may include a roller assembly disposed on the beam assembly
for slidably coupling the beam assembly to the frame assem-
bly, the roller assembly counteracting forces and torques
transmitted between the first and second pneumatic cylinder
assemblies and the beam assembly. The frame assembly may
include a horizontal top support configured for mounting
each pneumatic cylinder assembly thereto, and at least two
vertical supports coupled to the horizontal top support, each
of the vertical supports defining a channel for receiving a
portion of the beam assembly. At least one additional cylinder
assembly (e.g., a pneumatic cylinder assembly or a hydraulic
cylinder assembly) may be mounted on the frame assembly.
The first and second pneumatic cylinder assemblies and the at
least one additional cylinder assembly may be aligned in a
single row. Cylinder assemblies that each have substantially
identical operating characteristics may be equally spaced
about and disposed equidistant from a common central axis of
the frame assembly.

In another aspect, embodiments of the invention feature a
system for energy storage and recover via expansion and
compression of a gas that includes a manifold block and first
and second pneumatic cylinder-assemblies mounted on the
manifold block. Each of the pneumatic cylinder assemblies
includes or consists essentially of (i) a first compartment, (ii)
a second compartment, (iii) a piston, slidably disposed within
the cylinder assembly, separating the compartments, and (iv)
a piston rod coupled to the piston and extending outside the
first compartment. A first platen is coupled to the piston rod of
the first pneumatic cylinder assembly, and a second platen is
coupled to the piston rod of the second pneumatic cylinder
assembly. The second compartments of the pneumatic cylin-
der assemblies are selectively fluidly coupled via a connec-
tion disposed in the manifold block. During expansion or
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compression of a gas within the pneumatic cylinder assem-
blies, the first and second platens move reciprocally.

Embodiments of the invention may include one or more of
the following, in any of a variety of combinations. The con-
nection may have a length minimizing potential dead space
between the first and second pneumatic cylinder assemblies.
The first and second pneumatic cylinder assemblies may be
mounted to a second manifold block, and the piston rods of
the first and second pneumatic cylinder assemblies may
extend through the second manifold block. The first compart-
ments of the pneumatic cylinder assemblies may be selec-
tively fluidly coupled via a second connection disposed in the
second manifold block. The second connection may have a
length minimizing potential dead space between the first and
second pneumatic cylinder assemblies.

In a further aspect, embodiments of the invention feature a
method for energy storage and recovery. Gas is expanded
and/or compressed within a plurality of pneumatic cylinder
assemblies that are coupled in series pneumatically, thereby
reducing the range of force produced by or acting on the
pneumatic cylinder assemblies during expansion or compres-
sion of the gas. The force may be transmitted between the
pneumatic cylinder assemblies and at least one hydraulic
cylinder assembly (e.g., a plurality of hydraulic cylinder
assemblies) fluidly connected to a hydraulic motor/pump.
One of the hydraulic cylinder assemblies may be disabled to
decrease the range of hydraulic pressure produced by or act-
ing on the hydraulic cylinder assemblies. The force may be
transmitted between the pneumatic cylinder assemblies and a
crankshaft coupled to a rotary motor/generator. The gas may
be maintained at a substantially constant temperature during
the expansion or compression.

These and other objects, along with advantages and fea-
tures of the invention, will become more apparent through
reference to the following description, the accompanying
drawings, and the claims. Furthermore, it is to be understood
that the features of the various embodiments described herein
are not mutually exclusive and can exist in various combina-
tions and permutations. As used herein, the term “substan-
tially” means+10%, and, in some embodiments, +5%. The
term “consists essentially of” means excluding other materi-
als that contribute to function, unless otherwise defined
herein. Herein, the terms “liquid” and “water” refer to any
substantially incompressible liquid, and the terms “gas” and
“air” are used interchangeably.

BRIEF DESCRIPTION OF THE DRAWINGS

Inthe drawings, like reference characters generally refer to
the same parts throughout the different views. Also, the draw-
ings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention.
In the following description, various embodiments of the
present invention are described with reference to the follow-
ing drawings, in which:

FIG. 1 is a schematic diagram of the major components of
a standard pneumatic or hydraulic cylinder;

FIG. 2 is a schematic diagram of the major components of
a standard pneumatic or hydraulic intensifier/pressure
booster:

FIGS. 3 and 4 are schematic diagrams of the major com-
ponents of pneumatic or hydraulic intensifiers that allow easy
access to rod seals for maintenance, in accordance with vari-
ous embodiments of the invention:

FIGS. 5 and 6 are schematic diagrams of the major com-
ponents of pneumatic or hydraulic intensifiers in accordance
with various other embodiments of the invention, which
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allow easy access to rod seals for maintenance and allow for
the ganging of multiple cylinders to achieve high intensifica-
tion with multiple narrower cylinders in lieu of a single large
diameter cylinder;

FIG. 7 is a schematic cross-sectional diagram of a system
that utilizes pressurized stored gas to operate two series-
connected, double-acting pneumatic cylinders coupled to a
single double-acting hydraulic cylinder to drive a hydraulic
motor/generator to produce electricity, in accordance with
various embodiments of the invention;

FIG. 8 depicts the mechanism of FIG. 7 in a different phase
of'operation (i.e., with the high- and low-pressure sides of the
pneumatic pistons reversed and the direction of shaft motion
reversed);

FIG. 9 depicts the mechanism of FIG. 7 modified to have a
single pneumatic cylinder and two hydraulic cylinders, and in
a phase of operation where both hydraulic pistons are com-
pressing hydraulic fluid (thus decreasing the range of hydrau-
lic pressures delivered to the hydraulic motor as the force
produced by the pressurized gas in the pneumatic cylinder
decreases with expansion, and as the pressure of the gas
stored in the reservoir decreases), in accordance with various
embodiments of the invention;

FIG. 10 depicts the illustrative embodiment of FIG. 9in a
different phase of operation (i.e., same direction of motion as
in FIG. 9, but with only one of the hydraulic cylinders com-
pressing hydraulic fluid);

FIG. 11 depicts the illustrative embodiment of FIG. 9 in yet
another phase of operation (i.e., with the high- and low-
pressure sides of the hydraulic pistons reversed and the direc-
tion of shaft motion reversed such that only the narrower
hydraulic piston is compressing hydraulic fluid);

FIG. 12 depicts the illustrative embodiment of FIG. 9 in
another phase of operation (i.e., same direction of motion as
in FIG. 11, but with both pneumatic cylinders compressing
hydraulic fluid);

FIG. 13 depicts the mechanism of FIG. 9 with the two
side-by-side hydraulic cylinders replaced by two telescoping
hydraulic cylinders, and in a phase of operation where only
the inner, narrower hydraulic cylinder is compressing hydrau-
lic fluid (thus decreasing the range of hydraulic pressures
delivered to the hydraulic motor as the force produced by the
pressurized gas in the pneumatic cylinder decreases with
expansion, and as the pressure of the gas stored in the reser-
voir decreases), in accordance with various embodiments of
the invention;

FIG. 14 depicts the illustrative embodiment of FIG. 13 in a
different phase of operation (i.e., same direction of motion,
with the inner cylinder piston moved to its limit in the direc-
tion of motion and no longer compressing hydraulic fluid, and
the outer, wider cylinder compressing hydraulic fluid, the
fully-extended inner cylinder acting as the wider cylinder’s
piston shaft);

FIG. 15 depicts the illustrative embodiment of FIG. 13 in
yet another phase of operation (i.e. reversed direction of
motion, only the inner, narrower cylinder compressing
hydraulic fluid);

FIG. 16A is a schematic side view ofa system in which one
or more pneumatic and hydraulic cylinders produces a
hydraulic force that may be used to drive to a hydraulic
pump/motor and electric motor/generator, in accordance with
various embodiments of the invention;

FIG. 16B is a schematic top view of an alternative embodi-
ment of the system of FIG. 16A:

FIG. 17 is a schematic perspective view of a beam assem-
bly for use in the system of FIG. 16A;
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FIG. 18 is a schematic front view of the system of FIG.
16A,;

FIG. 19 is an enlarged schematic view of a portion of the
system of FIG. 16A;

FIGS. 20A, 20B, and 20C are schematic diagrams of sys-
tems for compressed gas energy storage and recovery using
staged pneumatic cylinder assemblies in accordance with
various embodiments of the invention;

FIG. 21 is a schematic diagram of an alternative system
using a plurality of staged pneumatic cylinder assemblies
connected to a hydraulic cylinder assembly in accordance
with various embodiments of the invention;

FIG. 22 is a schematic diagram of an alternative system
using a plurality of staged pneumatic cylinder assemblies
connected to a mechanical crankshaft assembly in accor-
dance with various embodiments of the invention;

FIG. 23 is a schematic diagram of an alternative system
using a plurality of staged pneumatic cylinder assemblies
connected to a plurality of hydraulic cylinder assemblies in
accordance with various embodiments of the invention;

FIG. 24A is a schematic perspective view of an embodi-
ment of the system of FIG. 23;

FIG. 24B is a schematic top view of the system of FIG. 23;

FIG. 25 is a schematic partial cross-section of a cylinder
assembly including a heat-transfer subsystem that facilitates
isothermal expansion and compression in accordance with
various embodiments of the invention;

FIGS. 26A and 26B are schematic diagrams of a system
featuring heat exchange during gas compression and expan-
sion in accordance with various embodiments of the inven-
tion;

FIG. 26C is a schematic cross-sectional view of a cylinder
assembly for use in the system of FIGS. 26A and 26B;

FIGS. 27A and 27B are schematic diagrams of a system
featuring heat exchange during gas compression and expan-
sion in accordance with various embodiments of the inven-
tion; and

FIG. 27C is a schematic cross-sectional view of a cylinder
assembly for use in the system of FIGS. 27A and 27B.

DETAILED DESCRIPTION

FIG. 11s a schematic of'the major components of a standard
pneumatic or hydraulic cylinder. This cylinder may be tie-rod
based and may be double-acting. The cylinder 101 as shown
in FIG. 1 consists of a honed tube 102 with two end caps 103,
104; the end caps are held against to the cylinder by means
such as tie rods, threads, or other mechanical means and are
capable of withstanding, high internal pressure (e.g., approxi-
mately 3000 psi) without leakage via seals 105, 106. The end
caps 103, 104 typically have one or more input/output ports as
indicated by double arrows 110 and 111. The cylinder 101 is
shown with a moveable piston 120 with appropriate seals 121
to separate the two working chambers 130 and 131. Shown
attached to the moveable piston 120 is a piston rod 140 that
passes through one end cap 104 with an appropriate rod seal
141. This diagram is shown as reference for the inventions
shown in FIGS. 3-6.

FIG. 2 is a schematic of the major components of a standard
pneumatic or hydraulic intensifier or pressure booster. This
intensifier may also be tie-rod based and double-acting. The
intensifier 201 as shown in FIG. 2 consists of two honed tubes
202a and 2025 (typically of different diameters to allow for
pressure multiplication) with end caps 2034, 2035) and 204a,
2045 coupled to each honed tube 202a, 2025, as shown. The
end caps are held against the cylinder by means such as tie
rods, threads, or other mechanical means and are capable of
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withstanding high internal pressure (e.g., approximately
3000 psi for the smaller bore cylinder and approximately 250
psi for the larger bore cylinder) without leakage via seals
205a, 2055 and 206a, 2065. In one example, end cap 2035
may be removed and an additional seal added to end cap 204a.
The end caps 203a, 2035, 204a, 2045 typically have one or
more input/output ports as indicated by double arrows 210a,
2105 and 2114, 2115. The intensifier 201 is shown with two
moveable pistons 220a, 2205 with appropriate seals 221a,
221b to separate the four working chambers 230a, 23056 and
231a, 231b. Shown attached to the moveable pistons 220a,
2206 is a piston rod 240 that passes through end caps 2035
and 204qa with appropriate rod seals 141a, 1415. This diagram
is shown as reference for the inventions shown in FIGS. 3-6.

FIG. 3 is a schematic diagram of a pneumatic or hydraulic
intensifier in accordance with various embodiments of the
invention. The depicted embodiment allows easy access to
the rod seals 3414, 3415 for maintenance. The intensifier 301
shown in FIG. 3 includes two honed tubes 302a and 3024
(typically of different diameters to allow for pressure multi-
plication) with end caps 3034, 30356 and 3044, 3045 attached
to each honed tube 302a, 3025, as shown. The end caps are
held to the cylinder by known mechanical means, such as tie
rods, and, are capable of withstanding high internal pressure
(e.g., approximately 3000 psi for the smaller bore cylinder
and approximately 250 psi for the larger bore cylinder) with-
out leakage via the seals 3054, 3056 and 3064, 3065. The end
caps 303a, 3035, 304a, 304b typically have one or more
input/output ports as indicated by double arrows 310a, 3105
and 311a, 3115. The intensifier 301 is shown with two move-
able pistons 320a, 3205 with appropriate seals 321qa, 3215 to
separate the four working chambers 330a, 3305 and 3314,
3315. Shown attached to the moveable pistons 320a, 3205 is
apiston rod 340 that passes through each end cap 3044, 3035
with appropriate rod seals 341a, 3415. The piston rod 340 is
shown as longer in length than a single honed tube and its
associated end caps such that the rod seals on the middle end
caps 3035, 3044 are easily accessible for maintenance. (Alter-
natively, the piston rod 340 may be two separate rods attached
to a common block 350, such that the piston rods move
together.) Additionally, the fluid in compartments 330a, 331a
is completely separate from the fluid in compartments 3305
and 3315, such that they do not mix and have no chance of
contamination (e.g. air in compartments 330a, 331a would
never be contaminated with oil in compartments 3305, 3315,
alleviating any worries of explosion from oil contamination
that might occur in standard intensifier 201 when driven
hydraulic fluid is used to rapidly pressurize air).

FIG. 4 is a schematic diagram of the major components of
another pneumatic or hydraulic intensifier in accordance with
various embodiments of the invention, which also allows easy
access to the rod seals for maintenance. The intensifier 401
shown in FIG. 4 includes two honed tubes 402a and 4025
(typically of different diameters to allow for pressure multi-
plication) with end caps 403a, 4035 and 4044, 4045 attached
to each honed tube 402a, 4025, as shown. The end caps are
held to the cylinder by mechanical means, such as tie rods,
and are capable of withstanding high internal pressure (e.g.,
approximately 3000 psi for the smaller bore cylinder and
approximately 250 psi for the larger bore cylinder) without
leakage via the seals 405a, 4056 and 406a, 4065. The end
caps 403a, 4035, 404a, 4045 typically have one or more
input/output ports as indicated by double arrows 410a, 4105
and 411a, 4115b. The intensifier 401 is shown with two move-
able pistons 420a, 4205 with appropriate seals 421a, 4215 to
separate the four working chambers 430a, 4305 and 4314,
4315. Shown attached to each of the moveable pistons 420a,
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4205 is a piston rod 440a, 4406 that passes through each end
cap 4035, 4045 respectively with appropriate rod seals 441a,
441 b. The piston rods 440a, 4405 are attached to a common
block 450, such that the piston rods and pistons move
together. This arrangement makes the rod seals on the end
caps 4035, 4045 easily accessible for maintenance. Addition-
ally, the fluid in compartments 430a, 431a is completely
separate from the fluid in compartments 4305, 4315, such that
they do not mix and have no chance of contamination (e.g., air
in compartments 430a, 431a would never be contaminated
with oil in compartments 4305, 4315, alleviating any worries
of explosion from oil contamination that might occur in a
standard intensifier 201 when driven hydraulic fluid is used to
rapidly pressurize air).

FIG. 5 is a schematic diagram of the major components of
yet another pneumatic or hydraulic intensifier in accordance
with various embodiments of the invention, which allows
easy access to rod seals for maintenance and allows for the
ganging of multiple cylinders to achieve high intensification
with multiple narrower cylinders in licu of a single large
diameter cylinder. The intensifier 501 shown in FIG. 5
includes multiple honed tubes 502a, 5025, 502¢ with end
caps 503a, 5035, 503¢ and 504a, 54056, 540¢ attached to each
honed tube 502a, 5025, 502¢. The end caps are held to the
cylinder by mechanical means, such as tie rods, and are
capable of withstanding high internal pressure (e.g., approxi-
mately 3000 psi for the smaller bore cylinder and approxi-
mately 250 psi for the larger bore cylinders) without leakage
via the seals 505a, 5055, 505¢ and 506a, 5065, 506¢. In this
example, three cylinders are shown; however, any number of
cylinders may be utilized in accordance with embodiments of
the present invention. The illustrated example depicts two
larger bore honed tubes 502a, 502¢ paired with a smaller bore
honed tube 5025, which may be used as an intensifier with
twice the pressure multiplication (i.e., intensification) ratio of
a single honed tube of the diameter of 5024 paired with a the
single honed tube of the diameter of 5025. Likewise, if four
such cylinders are paired with a single cylinder, the intensi-
fication ratio again doubles. Additionally, difterent pressures
may be present in each of the larger bore cylinders such that,
through addition of forces, pressure adding and multiplica-
tion are achieved. The end caps 5034, 5035, 503¢, 5044, 5045,
504c¢ typically have one or more input/output ports as indi-
cated by double arrows 510a-¢ and 511a-c. The intensifier
501 is shown with multiple moveable pistons 520a, 5205,
520¢ with appropriate seals 521a, 5215, 521c¢ to separate the
six working chambers 530a, 5305, 530c¢ and 531a, 5315,
531c. Shown attached to each of the moveable pistons 520a,
5205, 520c is a piston rod 540a, 5405, 540c¢ that passes
through a respective end cap 504a, 504¢, 5035 with appro-
priaterod seals 541a, 5415, 541¢. The piston rods 540a, 5405,
540c¢ are attached to a common block 550 such that the piston
rods and pistons move together. The piston rods 540a, 5405,
540c¢ are shown as longer in length than the single honed tube
and its associated end caps such that the rod 540 may extend
fully and the rod seals 541 on the middle end caps 504a, 504,
5035 are easily accessible for maintenance. Additionally, the
fluid in compartments 530a, 531a is completely separate
from the fluid in compartments 5305, 5315 and also com-
pletely separate from the fluid in compartments 530¢ and
531c, such that they do not mix and have no chance of con-
tamination (e.g., air in compartments 530a, 531a, 530c¢, and
531c¢ would never be contaminated with oil in compartments
5305 and 5315, alleviating any worries of explosion from oil
contamination that might occur in a standard intensifier 201
when driven hydraulic fluid is used to rapidly pressurize air).
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FIG. 6 is a schematic diagram of the major components of
another pneumatic or hydraulic intensifier in accordance with
various embodiments of the invention, which also allows easy
access to rod seals for maintenance and allows for the ganging
of'multiple cylinders to achieve high intensification with mul-
tiple narrower cylinders in lieu of a single large diameter
cylinder. The intensifier 601 of FIG. 6 also features shorter
full-extension dimensions than the intensifier 501 shown in
FIG. 5. The intensifier 601 shown in FIG. 6 includes multiple
honed tubes 6024, 6025, 602¢ with end caps 603a, 6035, 603¢
and 604a, 6045, 604¢ attached to each honed tube 6024, 6025,
602¢, as shown. The end caps are held to the cylinder by
mechanical means, such as tie rods, and are capable of with-
standing high internal pressure (e.g., approximately 3000 psi
for the smaller bore cylinder and approximately 250 psi for
the larger bore cylinders) without leakage via the seals 605a,
6055, 605¢ and 6064, 6065, 606¢. In the illustrated example,
three cylinders are shown; however, any number of cylinders
may be utilized in accordance with embodiments of the
present invention. As shown in this example, two larger bore
honed tubes 602a, 602¢ are paired with a smaller bore honed
tube 6025, which may be used as an intensifier with twice the
pressure multiplication (i.e., intensification) ratio of a single
honed tube of the diameter of 602a paired with the honed tube
of the diameter 6025. Likewise, if four such cylinders are
paired with a single cylinder, the intensification ratio again
doubles. Additionally, different pressures may be present in
each of the larger bore cylinders, such that through addition of
forces, pressure adding and multiplication may be achieved.
The end caps 603a, 6035, 603¢, 604a, 6045, 604c¢ typically
have one or more input/output ports as indicated by double
arrows 610a, 6105, 610c¢ and 611a, 6115, 611c. The intensi-
fier 601 is shown with multiple moveable pistons 620a, 6205,
620c with appropriate seals 621a, 6215, 621c¢ to separate the
six working chambers 630a, 6305, 630c and 631a, 6315,
631c. Shown attached to each of the moveable pistons 620aq,
6205, 620¢ is a piston rod 640a, 6405, 640c¢ that passes
through a respective end cap 604a, 6045, 604¢ with appro-
priate rod seals 641a, 6415, 641c. The piston rods 640a, 6405
are attached to a common block 650 such that the piston rods
and pistons move together. The piston rods 640a, 6405, 640¢
are shown as longer in length than a single honed tube and
associated end caps, such that the rod 640 may extend fully
and the rod seals 641 on the end caps 604a, 6045, 604¢ are
easily accessible for maintenance. Additionally, the fluid in
compartments 630a, 631a is completely separate from the
fluid in compartments 6305, 6315 and also completely sepa-
rate from the fluid in compartments 630c, 631c, such that they
do not mix and have no chance of contamination (e.g., air in
compartments 630a, 631a, 630c, and 631c would never be
contaminated with oil in compartments 6305 and 6315, alle-
viating any worries of explosion from oil contamination that
might occur in a standard intensifier 201 when driven hydrau-
lic fluid is used to rapidly pressurize air).

The above-described cylinder embodiments may be uti-
lized in a variety of energy-storage and recovery systems, as
disclosed herein. FIG. 7 is a schematic cross-sectional dia-
gram of a method for using pressurized stored gas to operate
double-acting pneumatic cylinders and a double-acting
hydraulic cylinder to generate electricity according to various
embodiments of the invention. If the motor/generator is oper-
ated as amotor rather than as a generator, the identical mecha-
nism can employ electricity to produce pressurized stored
gas. FIG. 7 shows the mechanism being operated to produce
electricity from stored pressurized gas.

As shown, the system includes a pneumatic cylinder 701
divided into two compartments 702 and 703 by a piston 704.
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The cylinder 701, which is shown in a horizontal orientation
in this illustrative embodiment but may be arbitrarily ori-
ented, has one or more gas circulation ports 705 which are
connected via piping 706 and valves 707 and 708 to a com-
pressed-gas reservoir 709. The pneumatic cylinder 701 is
connected via piping 710, 711 and valves 712,713 to asecond
pneumatic cylinder 714 operating at a lower pressure than the
first. Both cylinders 701, 714 are typically double-acting,
and, as shown, are attached in series (pneumatically) and in
parallel (mechanically). (Series attachment of the two cylin-
ders means that gas from the lower-pressure compartment of
the high-pressure cylinder is directed to the higher-pressure
compartment of the low-pressure cylinder.)

Pressurized gas from the reservoir 709 drives the piston
704 of the double-acting high-pressure cylinder 701. Inter-
mediate-pressure gas from the lower-pressure side 703 of the
high-pressure cylinder 701 is conveyed through valve 712 to
the higher-pressure chamber 715 of the lower-pressure cyl-
inder 714. Gas is conveyed from the lower-pressure chamber
716 of'the lower-pressure cylinder 714 through a valve 717 to
a vent 718.

One primary function of this arrangement is to reduce the
range of pressures over which the cylinders jointly operate.
Note that as used herein the terms “pipe,” “piping” and the
like shall refer to one or more conduits that are rated to carry
gas or liquid between two points. Thus the singular term
should be taken to include a plurality of parallel conduits
where appropriate.

The piston shafts 719, 720 of the two cylinders act jointly
to move a bar or armature 721 in the direction indicated by the
arrow 722. The armature 721 is also connected to the piston
shaft 723 of a hydraulic cylinder 724. The piston 725 of the
hydraulic cylinder 724, impelled by the armature 721, com-
presses hydraulic fluid in the chamber 726. This pressurized
hydraulic fluid is conveyed through piping 727 to an arrange-
ment of check valves 728 that allow the fluid to flow in one
direction (shown by arrows) through a hydraulic motor/
pump, either fixed-displacement or variable-displacement,
whose shaft drives an electric motor/generator. For conve-
nience, the combination of hydraulic pump/motor and elec-
tric motor/generator is here shown as a single hydraulic
power unit 729.

Hydraulic fluid at lessened pressure is conducted from the
output of the hydraulic motor/pump to the lower-pressure
chamber 730 of the hydraulic cylinder through a hydraulic
circulation port 731.

Reference is now made to FIG. 8, which shows the illus-
trative embodiment of FIG. 7 in a second operating state,
where valves 707, 713, and 801 are open and valves 708, 712,
and 717 are closed. In this state, gas flows from the high-
pressure reservoir 709 through valve 707 into compartment
703 of the high-pressure pneumatic cylinder 701. Lower-
pressure gas is vented from the other compartment 702 via
valve 713 to chamber 716 of the lower-pressure pneumatic
cylinder 714.

The piston shafts 719, 720 of the two cylinders act jointly
to move the armature 721 in the direction indicated by arrow
802. The armature 721 is also connected to the piston shaft
723 ofahydraulic cylinder 724. The piston 725 of the hydrau-
lic cylinder 724, impelled by the armature 721, compresses
hydraulic fluid in the chamber 730. This pressurized hydrau-
lic fluid is conveyed through piping 803 to the aforemen-
tioned arrangement of check values 728 and hydraulic power
unit 729. Hydraulic fluid at lessened pressure is conducted
from the output of the hydraulic motor/pump to the lower-
pressure chamber 726 of the hydraulic cylinder.
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As shown, the stroke volumes of the two chambers of the
hydraulic cylinder differ by the volume of the shaft 723. The
resulting imbalance in fluid volumes expelled from the cyl-
inder during the two stroke directions shown in FIGS. 7 and 8
may be corrected either by a pump (not shown) or by extend-
ing the shaft 723 through the whole length of both chambers
of the cylinder 724 so that the two stroke volumes are equal.

Reference is now made to FIG. 9, which shows an illustra-
tive embodiment of the invention in which a single double-
acting pneumatic cylinder 901 and two double-acting hydrau-
lic cylinders 902 and 903, shown here with one of larger bore
than the other, are employed. In the state of operation shown,
pressurized gas from the reservoir 904 drives the piston 905 of
the cylinder 901. Low-pressure gas from the other side 906 of
the pneumatic cylinder 901 is conveyed through a valve 907
to a vent 908.

The pneumatic cylinder shaft 909 moves a bar or armature
910 in the direction indicated by the arrow 911. The armature
910 is also connected to the piston shafts 912, 913 of the
double-acting hydraulic cylinders 902, 903.

In the state of operation shown in FIG. 9, valves 914a and
9145 permit fluid to flow to hydraulic power unit 729. Pres-
surized fluid from both of cylinders 902 and 903 is conducted
via piping 915 to the aforementioned arrangement of check
values 728 and hydraulic pump/motor 729 connected to a
motor/generator (not shown), producing electricity. Hydrau-
lic fluid at lessened pressure is conducted from the output of
the hydraulic pump/motor 729 to the lower-pressure cham-
bers 916 and 917 of the hydraulic cylinders 902, 903.

The fluid in the high-pressure chambers of the two hydrau-
lic cylinders 902, 903 is at a single pressure, and the fluid in
the low-pressure chambers 916, 917 is also at a single pres-
sure. In effect, the two cylinders 902, 903 act as a single
cylinder whose piston area is the sum of the piston areas of the
two cylinders and whose operating pressure, for a given driv-
ing force from the pneumatic piston 901, is proportionately
lower than that of either cylinder 902 or cylinder 903 acting
alone.

Reference is now made to FIG. 10, which shows another
state of operation of the illustrative embodiment of the inven-
tion shown in FIG. 9. The action of the pneumatic cylinder
and the direction of motion of'all pistons is the same as in FIG.
9. In the state of operation shown, formerly closed valve 1001
is opened to permit fluid to flow freely between the two
chambers of the wider hydraulic cylinder 902. It therefore
presents minimal resistance to the motion of its piston. Pres-
surized fluid from the narrower cylinder 903 is conducted via
piping 915 to the aforementioned arrangement of check val-
ues 728 and hydraulic power unit 729, producing electricity.
Hydraulic fluid at lessened pressure is conducted from the
output of the hydraulic pump/motor 729 to the lower-pressure
chamber 916 of the narrower hydraulic cylinder 903.

In effect, the acting hydraulic cylinder 902 has a smaller
piston area providing a higher hydraulic pressure for a given
force, than the state shown in FIG. 9, where both cylinders
were acting with a larger effective piston area. Through valve
actuations disabling one of the hydraulic cylinders a nar-
rowed hydraulic fluid pressure range is obtained.

Reference is now made to FIG. 11, which shows, another
state of operation of the illustrative embodiment of the inven-
tion shown in FIGS. 9 and 10. In the state of operation shown,
pressurized gas from the reservoir 904 enters chamber 906 of
the cylinder 901, driving its piston 905. Low-pressure gas
from the other side 1101 of the high-pressure cylinder 901 is
conveyed through a valve 1102 to vent 908. The action of the
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armature 910 on the pistons 912 and 913 of the hydraulic
cylinders 902, 903 is in the opposite direction as in F1G. 10, as
indicated by arrow 1103.

As in FIG. 9, valves 914a and 9145 are open and permit
fluid to flow to hydraulic power unit 729. Pressurized fluid
from both cylinders 902 and 903 is conducted via piping 915
to the aforementioned arrangement of check values 728 and
hydraulic power unit 729, producing electricity. Hydraulic
fluid at lessened pressure is conducted from the output of the
hydraulic pump/motor 720 to the lower-pressure chambers
1104 and 1105 of the hydraulic cylinders 902, 903.

The fluid in the high-pressure chambers of the two hydrau-
lic cylinders 902, 903 is at a single pressure, and the fluid in
the low-pressure chambers 1104, 1105 is also at a single
pressure. In effect, the two cylinders 902, 903 act as a single
cylinder whose piston area is the sum of the piston areas of the
two cylinders and whose operating pressure, for a given driv-
ing force from the pneumatic cylinder 901, is proportionately
lower than that of either cylinder 902 or cylinder 903 acting
alone.

Reference is now made to FIG. 12, which shows another
state of operation of the illustrative embodiment of the inven-
tion shown in FIGS. 9-11. The action of the pneumatic cyl-
inder 901 and the direction of motion of all moving parts is the
same as in FIG. 11. In the state of operation shown, formerly
closed valve 1001 is opened to permit fluid to flow freely
between the two chambers of the wider hydraulic cylinder
902, thus presenting minimal resistance to the motion of the
piston of cylinder 902. Pressurized fluid from the narrower
cylinder 903 is conducted via piping 915 to the aforemen-
tioned arrangement of check values 728 and hydraulic power
unit 729, producing electricity. Hydraulic fluid at lessened
pressure is conducted from the output of the hydraulic pump/
motor 729 to the lower-pressure chamber 1104 of the nar-
rower hydraulic cylinder.

In effect, the acting hydraulic cylinder 902 has a smaller
piston area providing a higher hydraulic pressure for a given
force, than the state shown in FIG. 11, where both cylinders
were acting with a larger effective piston area. Through valve
actuations disabling one of the hydraulic cylinders a nar-
rowed hydraulic fluid pressure range is obtained.

Additionally, valving may be added to cylinder 902 such
that it may be disabled in order to provide another effective
hydraulic piston area (considering that cylinders 902 and 903
have different diameters, at least in the depicted embodiment)
to somewhat further reduce the hydraulic fluid range for a
given pneumatic pressure range. Likewise, additional
hydraulic cylinders with valve arrangements may be added to
substantially further reduce the hydraulic fluid range for a
given pneumatic pressure range.

Reference is now made to FIG. 13, which shows an illus-
trative embodiment of the invention in which single double-
acting pneumatic cylinder 1301 and two double-acting
hydraulic cylinders 1302, 1303, one (1302) telescoped inside
the other (1303), are employed. In the state of operation
shown, pressurized gas from the reservoir 1304 drives the
piston 1305 of the cylinder 1301. Low-pressure gas from the
other side 1306 of the pneumatic cylinder 1301 is conveyed
through a valve 1307 to a vent 1308.

The hydraulic cylinder shall 1309 moves a bar or armature
1310 in the direction indicated by the arrow 1311. The arma-
ture 1310 is also connected to the piston shaft 1312 of the
double-acting hydraulic cylinder 1302.

In the state of operation shown, the entire narrow cylinder
1302 acts as the shaft of the piston 1313 of the wider cylinder
1303. The piston 1313, cylinder 1302, and shaft 1312 of the
hydraulic cylinder 1303 are moved in the indicated direction
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by the armature 1310. Compressed hydraulic fluid from the
higher-pressure chamber 1314 of the larger diameter cylinder
1303 passes through a valve 1315 to the aforementioned
arrangement of check values 728 and hydraulic power unit
729, producing electricity. Hydraulic fluid at lessened pres-
sure is conducted from the output of the hydraulic pump/
motor 729 through valve 1316 to the lower-pressure chamber
1317 of the hydraulic cylinder 1303.

In this state of operation, the piston 1318 of the narrower
cylinder 1302 remains stationary with respect to cylinder
1302, and no fluid flows into or out of either of its chambers
1319, 1320.

Reference is now made to FIG. 14, which shows another
state of operation of the illustrative embodiment of the inven-
tion shown in FIG. 13. The action of the pneumatic cylinder
and the direction of motion of all moving pans is the same as
in FIG. 13. In FIG. 14, the piston 1313, cylinder 1302, and
shaft 1312 of the hydraulic cylinder 1303 have moved to the
extreme of their range of motion and have stopped moving
relative to cylinder 1303. At this point, valves are opened such
that the piston 1318 of the narrow cylinder 1302 acts. Pres-
surized fluid from the higher-pressure chamber 1320 of the
narrow cylinder 1302 is conducted through a valve 1401 to
the aforementioned arrangement of check values 728 and
hydraulic power unit 729, producing electricity. Hydraulic
fluid at lessened pressure is conducted from the output of the
hydraulic pump/motor 729 through valve 1402 to the lower-
pressure chamber 1319 of the hydraulic cylinder 1303.

In this manner, the effective piston area on the hydraulic
side is changed during the pneumatic expansion, narrowing
the hydraulic pressure range for a given pneumatic pressure
range.

Reference is now made to FIG. 15, which shows another
state of operation of the illustrative embodiment of the inven-
tion shown in FIGS. 13 and 14. The action of the pneumatic
cylinder 1301 and the direction of motion of all moving parts
are the reverse of those shown in FIG. 13. As in FIG. 13, only
the wider cylinder 1303 is active; the piston 1318 of the
narrower cylinder 1302 remains stationary, and no fluid flows
into or out of either of its chambers 1319, 1320.

Compressed hydraulic fluid from the higher-pressure
chamber 1317 of the wider cylinder 1303 passes through
valve 1316 to the aforementioned arrangement of check val-
ues 728 and hydraulic power unit 729, producing electricity.
Hydraulic fluid at lessened pressure is conducted from the
output of the hydraulic pump/motor 729 through valve 1315
to the lower-pressure chamber 1314 of the hydraulic cylinder
1303.

In yet another state of operation of the illustrative embodi-
ment of the invention shown in FIGS. 13-15, not shown, the
piston 1313, cylinder 1302, and shaft 1312 of the hydraulic
cylinder 1303 have moved as far as they can in the direction
indicated in FIG. 15. Then, as in FIG. 14 but in the opposite
direction of motion, the narrow cylinder 1302 becomes the
active cylinder driving the motor/generator 729.

The spray arrangement for heat exchange and/or the exter-
nal heat-exchanger arrangement described in the above-in-
corporated *703 and *235 applications may be adapted to the
pneumatic cylinders described herein, enabling approxi-
mately isothermal expansion of the gas in the high-pressure
reservoir. Moreover, these identical exemplary embodiments
may be operated as a compressor (not shown) rather than as a
generator (shown). Finally, the principle of adding cylinders
operating at progressively lower pressures in series (pneu-
matic and/or hydraulic) and in parallel or telescoped fashion
(mechanically) may be carried out via two or more cylinders
on the pneumatic side, the hydraulic side, or both.
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The cylinder assemblies coupled to a rigid armature
described above may be utilized in a variety of energy storage
and recovery systems. Such systems may be designed so as to
minimize deleterious friction and to balance the forces acting
thereon to improve efficiency and performance. Further, such
systems may be designed so as to minimize dead space
therein, as described below. FIG. 16 A depicts an embodiment
of'a system 1600 for using pressurized stored gas to operate
one or more pneumatic and hydraulic cylinders to produce
hydraulic force that may be used to drive to a hydraulic
pump/motor and electric motor/generator. All system com-
ponents relating to heat exchange, gas storage, motor/pump
operation, system control, and other aspects of function are
omitted from the figure. Examples of such systems and com-
ponents are disclosed in the *057 and *703 applications.

As shown in FIG. 16A, the various components are
attached directly or indirectly to a rigid structure or frame
assembly 1605. In the embodiment shown, the frame 1605
has an approximate shape of an inverted “U;” however, other
shapes may be selected to suit a particular application and are
expressly contemplated and considered within the scope of
the invention. Also, as shown in this particular embodiment,
two pneumatic cylinder assemblies 1610 and two hydraulic
cylinder assemblies 1620 are mounted vertically on an upper,
horizontal support 1625 of the frame 1605. The upper, hori-
zontal support 1625 is mounted to two vertically oriented
supports 1627. The specific number, type, and combinations
of cylinder assemblies will vary depending on the system. In
this example, each cylinder assembly is a double-acting two-
chamber type with a shaft-driven piston separating the two
chambers. All piston shafts or rods 1630 pass through clear-
ance holes in the horizontal support 1625 and extend into an
open space within the frame 1605. In one embodiment, the
cylinder assemblies are mounted to the frame 1605 via their
respective end caps. As shown, the cylinder assemblies are
oriented such that the movement of each cylinder’s piston is
in the same direction.

The basic arrangement of the cylinder assemblies may vary
to suit a particular application and the various arrangements
provide a variety of advantages. For example, as shown in
FIG. 16A, the cylinder assemblies are generally closely clus-
tered, thereby, minimizing beam deflections. Alternatively
(or additionally), as shown in the embodiment of FIG. 16B,
substantially identical cylinders 1610', 1620' are disposed
about a common central axis 1628 of the frame 1605'. The
cylinders are evenly spaced (90° apart in this embodiment)
and are disposed equidistant (r) from the central axis 1628.
This alternative arrangement substantially eliminates net
torques and reduces frictions.

The distal ends of the rods are attached to a beam assembly
140 slidably coupled to the frame 1605. The pistons of the
cylinder assemblies act upon the beam assembly, which is
free to move vertically within the frame assembly. In one
embodiment, the beam assembly 1640 is a rigid I-beam. The
distal ends of the rods are attached to the beam assembly 1640
via revolute joints 1635, which reduce transmission to the
pistons of moments or torques arising from deformations of
the beam assembly 1640. Each revolute joint 1635 consists
essentially of a clevis attached to an end of arod 1630, an eye
mounting bracket, and a pin joint, and rotates freely in the
cylinder plane.

The system 1600 further includes roller assemblies 1645
that slidably couple the beam assembly 1640 to the frame
assembly 1605 to ensure stable beam position. In this illus-
trative embodiment, sixteen track rollers 1645 are used to
prevent the beam assembly 1640 from rotating in the cylinder
plane, while allowing it to move vertically with low friction.
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Only four track rollers 1645 are shownin FIG. 16A, i.e., those
mounted with their axes normal to the cylinder plane on the
visible side of the beam. As shown in subsequent figures, four
rollers are mounted on each of the other three lateral faces of
the beam in the illustrated embodiment. The roller assemblies
1645, in this embodiment track rollers, are mounted in such a
manner as to be adjustable in one direction tin this example
with a mounted block with four bolts in slotted holes and a
second fixed block with set screw adjustment of the first
block).

The system 1600 may also include two air springs 1650
mounted on the underside of the frame’s horizontal member
1625 with their pistons pointing down. The springs 1650
cushion any impacts arising between the beam assembly
1640 and frame assembly 1605 as the beam assembly 1640
travels vertically within the frame assembly 1605. The beam
assembly 1640 rebounds from the springs 1650 at the extreme
or turnaround point of an upward piston stroke.

The beam assembly 1640 is shown in greater detail in FIG.
17, which depicts the disposition of the roller assemblies
1645. As shown in FIG. 17, the beam assembly 1640 includes
a modified I-beam with an arrangement of eight rollers 1645
on two of the beam’s lateral faces. An identical arrangement
of eight additional rollers 1645 is located on the beam’s
opposing lateral sides. The beam assembly 1640 includes two
projections 1710 extending from opposite ends of the beam
(only one projection 1710 is visible in FIG. 17). The function
of the projections 1710 is discussed with respect to FIG. 18.
Also shown in FIG. 17 are the revolute joints 1635 that couple
the cylinder assembly rods to the beam assembly 1640.

FIG. 18 depicts the system 1600 of FIG. 16 A rotated 90° in
the horizontal plane, and only a single pneumatic cylinder
assembly 1610 is visible, as the other cylinder assemblies are
disposed in parallel behind the depicted cylinder assembly
1610. The rod 1630 is fully extended and coupled to the beam
assembly 1640 via the revolute joint 1635, as seen through a
rectangular opening 1810 formed in the vertical supports
1627. The opening 1810 may be part of a channel formed
within each vertical support 1627 for receiving one end of the
beam assembly 1640. As shown, four rollers 1645 mounted
normal to an end face of the beam interact with the channel/
opening 1810. Two rollers 1645 travel along each side of the
channel/opening 1810 in the frame assembly 1605.

Also shown in FIG. 18 is another air spring 1820 mounted
adjacent the base of the vertical support 1627 with its piston
pointing upward. A second air spring 1820 is identically
mounted at the opposite end of the frame assembly 1605 in
the illustrated embodiment. The protrusion 1710 extending
from the end faces of the beam assembly 1640, as shown in
FIG. 17, contacts the air spring 1820 at the extreme or turn-
around point of the downward cylinder stroke, with the beam
assembly 1640 momentarily stationary and the protrusion
1710 from the beam assembly 1640 maximally compressing
the air spring 1820. The protrusion 1710 disposed at the far
end of the beam assembly 1640 identically depresses the
piston of the air spring 1820 at that end of the frame assembly
1605. In the state depicted in FIG. 18, the air spring 1820
contains maximum potential energy from the in-stroke of its
piston and is about to begin transferring that energy to the
beam assembly 1640 via its out-stroke. The two downward-
facing air pistons shown in FIG. 16A perform an identical
function at the turnaround point of every upward stroke.

FIG. 19 depicts the counteraction, by rollers 1645, of rota-
tion of the beam 1640 due to an imbalance of piston forces. In
this example, a net clockwise unwanted moment or torque,
indicated by the arrow 1900, tends to rotate the beam assem-
bly 1640 (oriented as shown in FIG. 16A). The frame assem-
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bly 1605 exerts countervailing normal forces against two of
the four rollers 1645 visible in FIG. 19 as indicated by arrows
1905, 1910. Similar forces act on two of the four rollers 1645
located on the opposite side of the beam assembly 1640 The
taller the beam assembly, the smaller the normal forces 1905,
1910 will tend to be for a given torque 1900, since they will
act on longer moment arms. Smaller normal forces will gen-
erally result in greater system reliability and efficiency since
they place less stress on the roller components and do not
increase friction as much as larger forces. The rollers 1645
thus efficiently counteract torques from imbalanced forces
while permitting low-friction vertical motion of the beam
assembly 1640 and the pistons coupled thereto. At the same
time, a tall beam (i.e. one having a relatively large cross-
section of the beam in the cylinder plane, as shown) tends to
be more rigid for a given length, thereby reducing deforma-
tion of the beam assembly 1640 and thus reducing stress on
the piston rods 1630. Net torque acting in the opposite direc-
tion would be balanced by similar forces acting against the
other rollers 1645 (i.e., those on which forces do not act in
FIG. 19). A force diagram schematically identical to FIG. 19
may be readily derived for all four lateral faces of the beam
assembly 1640.

Additional embodiments of the invention employ different
component and frame proportions, different numbers and
placements of hydraulic and pneumatic cylinders, different
numbers and types of rollers, and different types of revolute
joints. For example, V-notch rollers may be employed, run-
ning on complementary V tracks attached to the frame 1605.
Such rollers are able to bear axial loads as well as transverse
loads, such as those shown in FIG. 19, eliminating the need
for half of the rollers 1645. Such variations are expressly
contemplated and within the scope of the invention.

FIG. 20A depicts a system 2000 for achieving near-isother-
mal compression and expansion of a gas for energy storage
and recovery using cylinders (shown in partial cross-section)
with optional integrated heat exchange. The integrated heat
exchange and mechanical means for coupling to the piston/
piston rods is not shown for simplicity. The integrated heat
exchange is described, e.g., in the *703 and °235 applications.
In addition to those described above, exemplary means for
mechanical coupling of the piston/piston rods is shown in
FIGS. 21-23, 24A, and 24B, as well as described in the *583
application.

As shown in FIG. 20A, the system 2000 includes a pneu-
matic cylinder assembly 2001 having a high pressure cylinder
body 2010 and low pressure cylinder body 2020 mounted on
a common manifold block 2030. The manifold block 2030
may include one or more interconnected sub-blocks. The
cylinder bodies 2010, 2020 are mounted to the manifold
block 2030 in such a manner as to be sealed against leakage of
pressurized air between the cylinder body and manifold block
(e.g., flange mounted with an O-ring seal or threaded with
sealing compound). The manifold block 2030 may be
machined as necessary to interface with the cylinder bodies
2010, 2020 and any other components (e.g., valves, sensors,
etc.). The cylinder bodies 2010, 2020 each contain a piston
2012, 2022 slidably disposed within their respectively cylin-
der bodies and piston rods 2014. 2024 attached thereto.

Each cylinder body 2010, 2020 includes a first chamber or
compartment 2016, 2026 and a second chamber or compart-
ment 2018, 2028. The first cylinder compartments 2016,2026
are disposed between their respective pistons 2012, 2022 and
the manifold block 2030 and are sealed against leakage of
pressurized air between the first and second compartments by
apiston seal (not shown), such that gas may be compressed or
expanded within the first compartments 2016, 2026 by mov-



US 8,109,085 B2

23

ing their respective pistons 2012, 2022. The second cylinder
compartments 2018, 2028, which are disposed farthest from
the manifold block 2030, are typically unpressurized.

One advantage of this arrangement is that the high and low
pressure cylinder compartments 2016, 2026 are in close prox-
imity to one another and separated only by the manifold block
2030. In this way, during a multiple-stage compression or
expansion, non-cylinder space (dead space) between the cyl-
inder bodies 2010, 2020 is minimized. Additionally, any nec-
essary valves may be mounted within the manifold block
2030, thereby reducing complexity related to a separate set of
cylinder heads, valve manifold blocks, and piping.

The system 2000 shown in FIG. 20A is a two-stage gas
compression and expansion system. In expansion mode, air is
admitted into high pressure cylinder 2010 from a high pres-
sure (e.g., approximately 3000 psi) gas storage pressure ves-
sel 2040 through valve 2032 mounted within the manifold
2030. After expansion in the high pressure cylinder 2010, mid
pressure air (e.g., approximately 300 psi) is admitted into the
cylinder 2020 through interconnecting piping (machined pas-
sageways in the manifold block 2030 in the illustrated
embodiment) and valve 2034. The connection distance (i.e.,
potential dead space) between cylinder bodies 2010, 2020 is
minimized through the illustrated arrangement. When air has
further expanded to near atmospheric pressure in the low
pressure cylinder 2020, the air may be vented through valve
2036 to vent 2050.

As previously discussed, the cylinders 2010, 2020 may
also include heat transfer subsystems for expediting heat
transfer to the expanding or compressing gas. The heat trans-
fer subsystems may include a spray head mounted on the
bottom of piston 2022 for introducing a liquid spray into first
compartment 2026 of the low pressure cylinder 2020 and at
the bottom ofthe manifold block 2030 for introducing a liquid
spray into the first compartment 2016 of the high pressure
cylinder 2010. Such implementations are described in the
*703 application. The rods 2014, 2024 may be hollow so as to
pass water piping and/or electrical wiring to/from the pistons
2012, 2022. Spray rods may be used in lieu of spray heads,
also as described in the *703 application. In addition, pres-
surized gas may be drawn from first compartments 2016,
2026 through heat exchangers as described in the 235 appli-
cation.

Dead space within system 2000 may also be minimized in
configurations in which cylinder bodies 2010, 2010 are
mounted on the same side of manifold block 2030, as shown
in FIG. 20B. Just as described above with respectto FIG. 20A,
in FIG. 20B, cylinder bodies 2010, 2020 are mounted to the
manifold block 2030 in such a manner as to be sealed against
leakage of pressurized air between the cylinder body and
manifold block (e.g., flange mounted with an O-ring seal or
threaded with sealing compound). Further, just as in FIG.
20A, cylinder bodies 2010, 2020 are single-acting (i.e., gas is
pressurized and/or recovered in compartments 2016, 2026
and compartments 2018, 2028 are unpressurized). As shown,
cylinder bodies 2010, 2020 are respectively attached to plat-
ens 2060, 2065 (e.g., rigid frames or armatures such as arma-
tures 721, 910 or beam assembly 1640 described above) that
move in reciprocating fashion.

In various embodiments, system 2000 may incorporate
double-acting cylinders and thus pressurize and/or recover
gas during both upward and downward motion of their
respective pistons. As shown in FIG. 20C, cylinder bodies
2010, 2020 may be double-acting and thus pressurize and/or
recover gas within compartments 2018, 2028 as well as 2016,
2026. In order to enable their double-acting functionality,
cylinder bodies 2010, 2020 are attached to a second manifold
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block 2070 that is substantially similar to manifold block
2030. Similarly, valves 2072, 2074, and 2076 have the same
functionality as valves 2032, 2034, and 2036, respectively. As
shown, piston rods 2014, 2024 extend through openings in
second manifold block 2070, and platens 2060, 2065 are
disposed sufficiently distant from second manifold block
2070 such that they do not contact second manifold block
2070 at the end of each stroke of pistons 2012, 2022. Platens
2060, 2065 move in a reciprocating fashion, as described
above in relation to FIG. 20B. Just as in the embodiments
depicted in FIGS. 20 A and 20B, the connection distance (i.e.,
potential dead space) between cylinder bodies 2010, 2020 is
minimized within both manifold block 2030 and second
manifold block 2070.

Reference is now made to FIG. 21, which shows a sche-
matic diagram of another system 2100 for achieving near-
isothermal compression and expansion of a gas for energy
storage and recovery using cylinders (shown in partial cross-
section) with optional integrated heat exchange. The system
2100 includes two staged pneumatic cylinder assemblies
2110, 2120 connected to a hydraulic cylinder assembly 2160;
however, any number and combination of pneumatic and
hydraulic cylinder assemblies are contemplated and consid-
ered within the scope of the invention.

The two pneumatic cylinder assemblies 2110, 2120 are
identical in function to cylinder assembly 2001 of system
2000 described with respect to FIG. 20A and are mounted to
acommon manifold block 2130. Work done by the expanding
gas in the pneumatic cylinder assemblies 2110, 2120 may be
harnessed hydraulically by the hydraulic cylinder assembly
2160 attached to a common beam or platen 2140a, 21405.
Likewise, in compression mode, the hydraulic cylinder
assembly 2160 may be used to hydraulically compress gas in
the pneumatic cylinder assemblies 2110, 2120.

As shown, the hydraulic cylinder assembly 2160 includes
a first hydraulic cylinder body 2170 and a second hydraulic
cylinder body 2180 that are mounted on the common mani-
fold block 2130. The hydraulic cylinder bodies 2170, 2180
are mounted to the manifold block 2130 in such a manner as
to be sealed against leakage of pressurized fluid between the
cylinder bodies and the manifold block 2130 (e.g., flange
mounted with an O-ring seal or threaded with sealing com-
pound). The cylinder bodies 2170, 2180 each contain a piston
2172, 2182 and piston rod 2174, 2184 extending therefrom.
The cylinder compartments 2176, 2186 between the pistons
2172, 2182 and the manifold block 2130 are sealed against
leakage of pressurized fluid by piston seals (not shown), such
that fluid may be pressurized by piston force or by pressurized
flow from a hydraulic pump (not shown). The cylinder com-
partments 2178, 2188 farthest from the manifold block 2130
are typically unpressurized. The hydraulic cylinder assembly
2160 acts as a double-acting cylinder with fluid inlet and
outlet ports 2190, 2192 formed in the manifold block 2130.
The ports 2190, 2192 may be connected through a valve
assembly to a hydraulic pump/motor (not shown) that allows
for hydraulically harnessing work from expansion in the
pneumatic cylinder assemblies 2110, 2120 and using hydrau-
lic work by the hydraulic motor/pump to compress gas in the
pneumatic cylinder assemblies 2110, 2120.

The second pneumatic cylinder assembly 2120 is mounted
in an inverted fashion with respect to the first pneumatic
cylinder assembly 2110. The piston rods 2102a, 21025,
2104a, 21045 for the cylinder assemblies 2110, 2120 are
attached to the common beam or platen 2140a, 21405 and
operated out of phase with one another such that when high-
pressure gas is expanding in the narrower high-pressure cyl-
inder 2112 in the first pneumatic cylinder assembly 2110,
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lower-pressure gas is also expanding in the wider low-pres-
sure cylinder 2124 in the second pneumatic cylinder assem-
bly 2120. In this manner, the forces from the high pressure
expansion in the first pneumatic cylinder assembly 2110 and
the low pressure expansion in second pneumatic cylinder
assembly 2120 are collectively applied to beam 21405. Beam
21405 is attached rigidly to beam 2140qa through tie rods
2142a, 21425 or other means, such that as expansion occurs
in cylinder 2112, air in cylinder 2122 expands into cylinder
2124 and low pressure cylinder 2114 of the first pneumatic
cylinder assembly 2110 is reset. Additionally, force from the
expansion in cylinders 2112, 2124 is transmitted to hydraulic
cylinder 2170, pressurizing fluid in hydraulic cylinder com-
partment 2176, and allowing the work from the expansions to
be harnessed hydraulically. Similar to FIG. 20A, ports 2152,
2154 may be attached to a high-pressure gas vessel and ports
2156, 2158 may be attached to a low-pressure vent. The
pneumatic cylinders 2112, 2114, 2122, 2124 may also con-
tain subsystems for expediting heat transfer to the expanding
or compressing gas, as previously described.

FIG. 22 depicts yet another system 2200 for achieving
near-isothermal compression and expansion of a gas for
energy storage and recovery using two staged pneumatic
cylinder assemblies connected to a mechanical linkage. The
system 2200 shown in FIG. 22 includes two pneumatic cyl-
inder assemblies 2110, 2120, which are identical in function
to those described with respect to FIG. 21. The cylinder rods
2102a, 21025, 2104a, 21045 for the pneumatic cylinder
assemblies 2110, 2120 are attached to a common beam or
platen structure (e.g., a structural metal frame) 2140a, 21405,
2142a, 21425, such that the cylinder pistons 2106a, 21065,
21084, 21085 and rods 2102a, 21025, 2104a, 21045 move
together. Work done by the expanding gas in the pneumatic
cylinder assemblies 2110, 2120 is harnessed mechanically by
a mechanical crankshaft assembly 2210 attached to the com-
mon beam 2140a, 214056 with connecting rods 2142a, 21425,
as described with respect to FIG. 21. Likewise, in compres-
sion mode, the mechanical crankshaft assembly 2210 may be
operated to compress gas in the pneumatic cylinder assem-
blies 2110, 2120. As previously discussed, the pneumatic
cylinder assemblies 2110, 2120 may include heat transfer
subsystems.

The mechanical crankshaft assembly 2210 consists essen-
tially of a rotary shaft 2220 attached to a rotary machine such
as an electric motor/generator (not shown). During expansion
of air in the pneumatic cylinder assemblies 2110, 2120,
up/down motion of the platen structure 21404, 21405, 21424,
21425 pushes and pulls the connecting rod 2230. The con-
necting rod 2230 is attached to the platen 2140a by a pin joint
2232, or other revolute coupling, such that force is transmit-
ted to a crank 2234 through the connecting rod 2230, but the
connecting rod 2230 is free to rotate around the axis of the pin
joint 2232. As the connecting rod 2230 is pushed and pulled
by up/down motion of the platen structure 2140a, 21405,
2142a, 21425, the crank 2234 is rotated around the axis of the
rotary shaft 2220. The connecting rod 2230 is connected to
the crank 2234 by another pin joint 2236.

The mechanical crankshaft assembly 2210 is an illustration
of one exemplary mechanism to convert the up/down motion
of the platen into rotary motion of a shaft 2220. Other such
mechanisms for converting reciprocal motion to rotary
motion are contemplated and considered within the scope of
the invention.

FIG. 23 depicts yet another system 2300 for achieving
near-isothermal compression and expansion of a gas for
energy storage and recovery using cylinders. As shown in
FIG. 23, the system 2300 includes a set of staged pneumatic
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cylinder assemblies connected to a set of hydraulic cylinder
assemblies via a common manifold block 2330 and a com-
mon beam or platen structure 2140a, 21405, 2142a, 21425b.
Specifically, the system 2300 includes two pneumatic cylin-
der assemblies 2110, 2120 that are identical in function to
those described with respect to FIG. 21. The cylinder rods
2102a, 21025, 2104a, 21045 for the pneumatic cylinder
assemblies 2110, 2120 are attached to the common beam or
platen structure 2140a, 21405, 2142a, 21425, such that the
cylinder pistons 2106a,21065,2108a, 21085 and rods 2102a,
21025, 2104a, 21045 move together. Work done by the
expanding gas in the pneumatic cylinder assemblies 2110,
2120 is harnessed hydraulically by hydraulic cylinder assem-
blies 2310, 2320 attached to the common beam 2140a, 21405.
Likewise, in compression mode, the hydraulic cylinder
assemblies 2310, 2320 may be used to hydraulically com-
press gas in the pneumatic cylinder assemblies 2110, 2120.

The hydraulic cylinder assemblies 2310, 2320 are identical
in construction to the hydraulic cylinder assembly 2160
described with respect to FIG. 21, except for the connections
in the manifold block 2330. The valve arrangement shown for
the hydraulic cylinder assemblies 2310, 2320 allows for
hydraulically driving the platen assembly 2140q, 21405,
2142a, 21425 with both hydraulic cylinder assemblies 2310,
2320 in parallel (acting as a single larger hydraulic cylinder)
or with the second hydraulic cylinder assembly 2320, while
the first hydraulic cylinder assembly 2310 is unloaded. In this
manner, the effective area of the hydraulic cylinder assembly
may be changed mid-stroke. By positioning cylinder bodies
2312, 2314 in close proximity to one another, separated only
by the manifold block 2330 with integral valve 2326, hydrau-
lic cylinder body 2312 may be readily connected to hydraulic
cylinder body 2314 with little piping distance therebetween,
minimizing any pressure losses in the unloading process.
Valves 2322 and 2324 may be used to isolate the unloaded
hydraulic cylinder assembly 2310 from the pressurized
hydraulic cylinder assembly 2320 and the hydraulic ports
2334, 2332. The ports 2334, 2332 may be connected through
additional valve assemblies to a hydraulic pump/motor (not
shown) that allows for hydraulically harnessing work from
expansion in the pneumatic cylinder assemblies 2110, 2120
and using hydraulic work by the hydraulic motor/pump to
compress gas in the pneumatic cylinder assemblies 2110,
2120.

In FIG. 23, two sets of hydraulic cylinders of identical size
are shown; however, multiple cylinder assemblies of identical
or varying diameters may be used to suit a particular appli-
cation. By adding more hydraulic cylinder assemblies and
unloading valve assemblies, the effective piston area of the
hydraulic circuit may be modified numerous times during a
single stroke.

In the exemplary systems and methods described with
respect to FIGS. 21-23, the forces on the platen assembly
2140a, 214056, 21424, 21425 are not necessarily balanced
(i.e., net torques may be present), and thus, a structure to
balance these forces and provide up/down motion of the
platen assembly (as opposed to a twisting motion) may pref-
erably be utilized. Such assemblies for managing non-bal-
anced forces from multiple cylinders of varying diameters
and pressures are described above with respect to FIGS. 16A,
16B, and 17-19. Additionally, the forces may be balanced to
offset most or all net torque on the platen assembly 2140q,
21405, 2142a, 21426 by using multiple identical cylinders
offset around a common axis, as described with respect to
FIGS. 24A and 24B, where a plurality of force-balanced
staged pneumatic cylinder assemblies is connected to a plu-
rality of force-balanced hydraulic cylinder assemblies.
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FIGS. 24A and 24B depict schematic perspective and top
views of a system 2400 of force-balanced staged pneumatic
cylinder assemblies coupled to a set of force-balanced
hydraulic cylinder assemblies via a common frame 2441 and
manifold block 2330. The common manifold block 2330,
whose function is described above with respect to FIG. 23, is
supported by the common frame 2441 (illustrated here as a
machined steel H frame) that includes top and bottom platen
assemblies 2140a, 21405 and tie rods 21424, 21425. The top
and bottom platen assemblies 2140a, 21405 are essentially as
described with respect to FIGS. 21 and 23.

FIG. 24B depicts the system 2400 with the top platen
assembly 2140a removed for clarity. As shown in FIG. 24B,
the system 2400 includes a hydraulic cylinder assembly 2410
that is centrally located within the system 2400. The hydrau-
lic cylinder assembly 2410 is operated in the same manner as
the hydraulic cylinder assembly 2310 described with respect
to FIG. 23. Because the hydraulic cylinder assembly 2410 is
centered within the system, there is no net torque introduced
to the common frame 2441 or manifold block 2330. The
additional two hydraulic cylinder assemblies 2420a, 24205
are operated in parallel and connected together in such a way
as to act as a single hydraulic cylinder assembly. The two
identical hydraulic cylinder assemblies 2420a, 24205 are
operated in the same manner as hydraulic cylinder assembly
2320 described with respect to FIG. 23. As the two identical
hydraulic cylinder assemblies 2420a, 24205 are operated in
parallel, no net torque is introduced to the frame 2441 or
manifold 2330.

The system also includes a first set of two identical pneu-
matic cylinder assemblies 2430a, 24305 that are also oper-
ated in parallel and connected together in such a way as to act
as a single pneumatic cylinder assembly. The first set of
pneumatic cylinder assemblies 2430a, 24305 are operated in
the same manner as pneumatic cylinder assembly 2110
described with respect to FIGS. 21-23. As the first set of
pneumatic cylinder assemblies 2430a, 24305 are operated in
parallel, no net torque is introduced to the frame 2441 or
manifold 2330.

The system 2400 further includes a second set of two
identical pneumatic cylinder assemblies 2440a, 24405 that
are operated in parallel and connected together in such a way
asto act as a single pneumatic cylinder assembly. The second
set of pneumatic cylinder assemblies 2440a, 24405 are oper-
ated in the same manner as pneumatic cylinder assembly
2120 described with respect to FIGS. 21-23. Because the
second set of pneumatic cylinder assemblies 2440a, 24405
are operated in parallel, no net torque is introduced to the
frame 2441 or manifold 2330.

Generally, the systems described herein may be operated in
both an expansion mode and in the reverse compression mode
as part of a full-cycle energy storage system with high effi-
ciency. For example, the systems may be operated as both
compressor and expander, storing electricity in the form of
the potential energy of compressed gas and producing elec-
tricity from the potential energy of compressed gas. Alterna-
tively, the systems may be operated independently as com-
pressors or expanders.

In addition, the mechanisms shown in FIGS. 20-23, 24 A,
and 24B, and/or other embodiments employing liquid-spray
heat exchange or external gas heat exchange (as described
above), may draw or deliver thermal energy via their heat-
exchange mechanisms to external systems (not shown) for
purposes of cogeneration, as described in U.S. patent appli-
cation Ser. No. 12/690,513, the disclosure of which is hereby
incorporated by reference herein in its entirety.
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As described above, various embodiments of the invention
feature heat exchange with gas being compressed and/or
expanded to improve efficiency thereof and facilitate, e.g.,
substantially isothermal compression and/or expansion. FIG.
25 depicts a system in accordance with various embodiments
of the invention. The system includes a cylinder 2500 con-
taining a first chamber 2502 (which is typically pneumatic)
and a second chamber 2504 (which may be pneumatic or
hydraulic) separated by, e.g., a movable (double arrow 2506)
piston 2508 or other force/pressure-transmitting barrier. The
cylinder 2500 may include a primary gas port 2510, which
can be closed via valve 2512 and that connects with a pneu-
matic circuit, or any other pneumatic source/storage system.
The cylinder 2500 may further include a primary fluid port
2514 that can be closed by valve 2516. This fluid port may
connect with a source of fluid in a hydraulic circuit or with any
other fluid (e.g., gas) reservoir.

With reference now to the heat transfer subsystem 2518, as
shown, the cylinder 2500 has one or more gas circulation
output ports 2520 that are connected via piping 2522 to a gas
circulator 2524. The gas circulator 2524 may be a conven-
tional or customized low-head pneumatic pump, fan, or any
other device for circulating gas. The gas circulator 2524 is
preferably sealed and rated for operation at the pressures
contemplated within the gas chamber 2502. Thus, the gas
circulator 2524 creates a flow (arrow 2526) of gas up the
piping 2522 and therethrough. The gas circulator 2524 may
be powered by electricity from a power source or by another
drive mechanism, such as a fluid motor. The mass-flow speed
and on/off functions of the circulator 2524 may be controlled
by a controller 2528 acting on the power source for the cir-
culator 2524. The controller 2528 may be a software and/or
hardware-based system that carries out the heat-exchange
procedures described herein. The output of the gas circulator
2524 is connected via a pipe 2528 to a gas input 2530 of a heat
exchanger 2532.

The heat exchanger 2532 of the illustrative embodiment
may be any acceptable design that allows energy to be effi-
ciently transferred to and from a high-pressure gas flow con-
tained within a pressure conduit to another mass flow (e.g.,
fluid). The rate of heat exchange is based at least in part on the
relative flow rates of the gas and fluid, the exchange surface
area between the gas and fluid, and the thermal conductivity
of the interface therebetween. For example, the gas flow is
heated in the heat exchanger 2532 by the fluid counter-flow
2534 (arrows 2536), which enters the fluid input 2538 of heat
exchanger 2532 at ambient temperature and exits the heat
exchanger 2532 at the fluid exit 2540 equal or approximately
equal in temperature to the gas in piping 2528. The gas flow at
gas exit 2542 of heat exchanger 2532 is at ambient or approxi-
mately ambient temperature, and returns via piping 2544
through one or more gas circulation input ports 2546 to gas
chamber 2502. By “ambient” it is meant the temperature of
the surrounding environment, or another desired temperature
at which efficient performance of the system may be
achieved. The ambient-temperature gas reentering the cylin-
der’s gas chamber 2502 at the circulation input ports 2546
mixes with the gas in the gas chamber 2502, thereby bringing
the temperature of the fluid in the gas chamber 2502 closer to
ambient temperature.

The controller 2528 manages the rate of heat exchange
based, for example, on the prevailing temperature (T) of the
gas contained within the gas chamber 2502 using a tempera-
ture sensor 2548 of conventional design that thermally com-
municates with the gas within the chamber 2502. The sensor
2548 may be placed at any location along the cylinder includ-
ing a location that is at, or adjacent to, the heat exchanger gas
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input port 2520. The controller 2528 reads the value T from
the cylinder sensor and may compare it to an ambient tem-
perature value (TA) derived from a sensor 2550 located some-
where within the system environment. When T is greater than
TA, the heat transfer subsystem 2518 is directed to move gas
(by powering the circulator 2524) therethrough at a rate that
may be partly dependent upon the temperature differential
(e.g., so that the exchange does not overshoot or undershoot
the desired setting). Additional sensors may be located at
various locations within the heat exchange subsystem to pro-
vide additional telemetry that may be used by a more complex
control algorithm. For example, the output gas temperature
(TO) from the heat exchanger may measured by a sensor 2552
that is placed upstream of the outlet port 2546.

The heat exchanger’s fluid circuit may be filled with water,
a coolant mixture, and/or any acceptable heat-transfer
medium. In alternative embodiments, a gas, such as air or
refrigerant, is used as the heat-transfer medium. In general,
the fluid is routed by conduits to a large reservoir of such fluid
in a closed or open loop. One example of an open loop is a
well or body of water from which ambient water is drawn and
the exhaust water is delivered to a different location, for
example, downstream in a river. In a closed loop embodiment,
a cooling tower may cycle the water through the air for return
to the heat exchanger. Likewise, water may pass through a
submerged or buried coil of continuous piping where a
counter heat-exchange occurs to return the fluid flow to ambi-
ent before it returns to the heat exchanger for another cycle.

FIGS. 26A and 26B depict another system in accordance
with embodiments of the present invention. As shown, water
(or other heat-transfer fluid) is sprayed downward into a ver-
tically oriented cylinder 2600, with a first chamber 2602
(which is typically pneumatic) separated from a second
chamber 2604 by amoveable piston 2606 (or other separation
mechanism). FIG. 26A depicts the cylinder 2600 in fluid
communication with a heat transfer subsystem 2608 in a state
prior to a cycle of compressed air expansion. The first cham-
ber 2602 of the cylinder 2600 may be completely filled with
liquid, leaving no air space (a circulator 2610 and a heat
exchanger 2612 may be filled with liquid as well) when the
piston 2606 is fully to the top as shown in FIG. 26A.

Stored compressed gas in pressure vessels, not shown but
indicated by 2614, is admitted via valve 2616 into the cylinder
2600 through air port 2618. As the compressed gas expands
into the cylinder 2600, fluid (e.g., gas or hydraulic fluid) is
forced out through fluid port 2620 as indicated by 2622.
During expansion (or compression), heat exchange liquid
(e.g., water) may be drawn from a reservoir 2624 by a circu-
lator, such as a pump 2610, through a liquid-to-liquid heat
exchanger 2612, which may be a shell-and-tube type with an
input 2626 and an output 2628 from the shell running to an
environmental heat exchanger or to a source of process heat,
cold water, or other external heat exchange medium.

As shown in FIG. 26B, the liquid (e.g., water) that is
circulated by pump 2610 (at a pressure similar to that of the
expanding gas) is introduced, e.g., sprayed (as shown by
spray lines 2630), via a spray head 2632 into the first chamber
2602 of the cylinder 2600. Overall, this method allows for an
efficient means of heat exchange between the sprayed liquid
(e.g., water) and the air being expanded (or compressed)
while using pumps and liquid-to-liquid heat exchangers. It
should be noted that in this particular arrangement, the cyl-
inder 2600 is preferably oriented vertically, so that the heat
exchange liquid falls with gravity. At the end of the cycle, the
cylinder 2600 is reset, and in the process, the heat exchange
liquid added to the first chamber 2602 is removed via the
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pump 2610, thereby recharging reservoir 2624 and preparing
the cylinder 2600 for a successive cycling.

FIG. 26C depicts the cylinder 2600 in greater detail with
respect to the spray head 2632. In this design, the spray head
2632 is used much like a shower head in the vertically ori-
ented cylinder. In the embodiment shown, nozzles 2634 are
approximately evenly distributed over the face of the spray
head 2632; however, the specific arrangement and size of the
nozzles may vary to suit a particular application. With the
nozzles 2634 of the spray head 2632 evenly distributed across
the end-cap area, substantially the entire gas volume is
exposed to the spray 2630. As previously described, the heat
transfer subsystem circulates/injects the water into the first
chamber 2602 via port 2636 at a pressure slightly higher than
the air pressure and then removes the water at the end of the
return stroke at ambient pressure.

FIGS. 27A and 27B depict another system in accordance
with embodiments of the present invention. As shown, water
(or other heat-transfer fluid) is sprayed radially into an arbi-
trarily oriented cylinder 2700. The orientation of the cylinder
2700 is not essential to the liquid spraying and is shown as
horizontal in FIGS. 27A and 27B. The cylinder 2700 has a
first chamber 2702 (which is typically pneumatic) separated
from a second chamber 2704 (which may be pneumatic or
hydraulic) by, e.g., a moveable piston 2706. FIG. 27A depicts
the cylinder 2700 in fluid communication with a heat transfer
subsystem 2708 in a state prior to a cycle of compressed air
expansion. The first chamber 2702 of the cylinder 2700 may
be filled with liquid (a circulator 2710 and a heat exchanger
2712 may also be filled with liquid) when the piston 2706 is
fully retracted as shown in FIG. 27A.

Stored compressed gas in pressure vessels, not shown but
indicated by 2714, is admitted via valve 2716 into the cylinder
2700 through air port 2718. As the compressed gas expands
into the cylinder 2700, fluid (e.g., gas or hydraulic fluid) is
forced out through fluid port 2720 as indicated by 2722.
During expansion (or compression), heat exchange liquid
(e.g., water) may be drawn from a reservoir 2724 by a circu-
lator, such as a pump 2710, through a liquid-to-liquid heat
exchanger 2712, which may be a tube-in-shell setup with an
input 2726 and an output 2728 from the shell running to an
environmental heat exchanger or to a source of process heat,
cold water, or other external heat exchange medium. As indi-
cated in FI1G. 27B, the liquid (e.g., water) that is circulated by
pump 2710 (at a pressure similar to that of the expanding gas)
is introduced, e.g., sprayed, via a spray rod 2730 into the first
chamber 2702 of the cylinder 2700. The spray rod 2730 is
shown in this example as fixed in the center of the cylinder
2700 with a hollow piston rod 2732 separating the heat
exchange liquid (e.g., water) from the second chamber 2704.
As the moveable piston 2706 is moved (for example, leftward
in FIG. 27B) forcing fluid out of cylinder 2700, the hollow
piston rod 2732 extends out of the cylinder 2700 exposing
more of the spray rod 2730, such that the entire first chamber
2702 is exposed to the heat exchange spray. Overall, this
method enables efficient heat exchange between the sprayed
liquid (e.g., water) and the air being expanded (or com-
pressed) while using pumps and liquid-to-liquid heat
exchangers. It should be noted that in this particular arrange-
ment, the cylinder 2700 may be oriented in any manner and
does not rely on the heat exchange liquid falling with gravity.
Atthe end of the cycle, the cylinder 2700 may be reset, and in
the process, the heat exchange liquid added to the first cham-
ber 2702 may be removed via the pump 2710, thereby
recharging reservoir 2724 and preparing the cylinder 2700 for
a successive cycling.
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FIG. 27C depicts the cylinder 2700 in greater detail with
respect to the spray rod 2730. In this design, the spray rod
2730 (e.g., a hollow stainless steel tube with many holes) is
used to direct the water spray radially outward throughout the
gas volume of the cylinder 2700. In the embodiment shown,
nozzles 2734 are approximately evenly distributed along the
length of the spray rod 2730; however, the specific arrange-
ment and size of the nozzles may vary to suit a particular
application. The water may be continuously removed from
the bottom of the first chamber 2702 at pressure, or may be
removed at the end of a return stroke at ambient pressure. As
previously described, the heat transfer subsystem 2708 circu-
lates/injects the water into the first chamber 2702 via port
2736 at a pressure slightly higher than the air pressure and
then removes the water at the end of the return stroke at
ambient pressure.

The terms and expressions employed herein are used as
terms of description and not of limitation, and there is no
intention, in the use of such terms and expressions, of exclud-
ing any equivalents of the features shown and described or
portions thereof, but it is recognized that various modifica-
tions are possible within the scope of the invention claimed.

What is claimed is:

1. A method for efficient use and conservation of energy
resources, the method comprising:

compressing a gas within a plurality of pneumatic cylin-

ders, the pneumatic cylinder assemblies being coupled
in series pneumatically, thereby reducing a range of
force acting on the pneumatic cylinder assemblies dur-
ing compression of the gas;

storing the compressed gas in a storage vessel after com-

pression; and

generating electricity with the stored compressed gas.

2. The method of claim 1, further comprising transmitting
the force between the pneumatic cylinder assemblies and at
least one hydraulic cylinder assembly fluidly connected to a
hydraulic motor/pump.

3. The method of claim 2, wherein the at least one hydraulic
cylinder assembly comprises a plurality of hydraulic cylinder
assemblies.

4. The method of claim 3, further comprising disabling one
of the hydraulic cylinder assemblies to decrease a range of
hydraulic pressure produced by or acting on the hydraulic
cylinder assemblies.

5. The method of claim 3, wherein the plurality of hydrau-
lic cylinder assemblies comprises a first hydraulic cylinder
assembly telescoped inside a second hydraulic cylinder
assembly.

6. The method of claim 3, wherein the plurality of hydrau-
lic cylinder assemblies are coupled in parallel mechanically.

7. The method of claim 2, further comprising disabling a
compartment of at least one said hydraulic cylinder assembly
to decrease a range of hydraulic pressure produced by or
acting on the hydraulic cylinder assembly.

8. The method of claim 1, wherein the plurality of pneu-
matic cylinder assemblies comprises a first pneumatic cylin-
der assembly telescoped inside a second pneumatic cylinder
assembly.

9. The method of claim 1, further comprising maintaining
the gas at a substantially constant temperature during the
compression by exchanging heat with the gas being com-
pressed.
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10. The method of claim 1, further comprising disabling
one of the pneumatic cylinder assemblies during the com-
pressing the gas.

11. A method for efficient use and conservation of energy
resources, the method comprising:

at least one of (i) expanding a gas within a plurality of

pneumatic cylinder assemblies, the pneumatic cylinder
assemblies being coupled in series pneumatically,
thereby reducing a range of force produced by the pneu-
matic cylinder assemblies during expansion of the gas,
or (il) compressing a gas within a plurality of pneumatic
cylinder assemblies, the pneumatic cylinder assemblies
being coupled in series pneumatically, thereby reducing
arange of force acting on the pneumatic cylinder assem-
blies during compression of the gas; and

transmitting force between the pneumatic cylinder assem-

blies and a crankshaft coupled to a rotary motor/genera-
tor.

12. The method of claim 11, further comprising disabling
one of the pneumatic cylinder assemblies during the at least
one of expanding or compressing the gas.

13. The method of claim 11, wherein the plurality of pneu-
matic cylinder assemblies are coupled in parallel mechani-
cally.

14. The method of claim 11, further comprising maintain-
ing the gas at a substantially constant temperature during the
at least one of expansion or compression by exchanging heat
with the gas being expanded or compressed.

15. The method of claim 14, wherein exchanging heat
comprises circulating a heat-transfer fluid through at least one
compartment of at least one of the pneumatic cylinder assem-
blies.

16. The method of claim 14, wherein exchanging heat
comprises circulating the gas from at least one compartment
of at least one of the pneumatic cylinder assemblies through
an external heat exchanger.

17. A method for efficient use and conservation of energy
resources, the method comprising:

at least one of (i) expanding a gas within a plurality of

pneumatic cylinder assemblies, the pneumatic cylinder
assemblies being coupled in series pneumatically,
thereby reducing a range of force produced by the pneu-
matic cylinder assemblies during expansion of the gas,
or (il) compressing a gas within a plurality of pneumatic
cylinder assemblies, the pneumatic cylinder assemblies
being coupled in series pneumatically, thereby reducing
arange of force acting on the pneumatic cylinder assem-
blies during compression of the gas; and

maintaining the gas at a substantially constant temperature

during the at least one of expansion or compression.

18. The method of claim 17, wherein maintaining the gas at
a substantially constant temperature comprises exchanging
heat with the gas being expanded or compressed.

19. The method of claim 18, wherein exchanging heat
comprises circulating a heat-transfer fluid through at least one
compartment of at least one of the pneumatic cylinder assem-
blies.

20. The method of claim 18, wherein exchanging heat
comprises circulating the gas from at least one compartment
of at least one of the pneumatic cylinder assemblies through
an external heat exchanger.
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