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SYSTEMS AND METHODS FOR OPTIMIZING THERMAL EFFICIENCY OF A

COMPRESSED AIR ENERGY STORAGE SYSTEM

Cross-Reference to Related Application

[0001] This application claims priority to and the benefit of, and incorporates herein by

reference in its entirety U.S. Patent Application Serial No. 13/294,862 filed on November 11,

2011. This application is related to U.S. Patent Application Serial No. 13/294,675, entitled

"Systems and Methods for Compressing and/or Expanding a Gas Utilizing a Bi-Directional

Piston and Hydraulic Actuator," filed on November 11, 2011, the disclosure of which is

incorporated herein in its entirety.

Background

[0002] The invention relates generally to systems, devices and methods for the compression

and/or expansion of a gas, such as air, and particularly to a system, device and method for

optimizing the energy efficiency of a compressed air energy storage system.

[0003] Traditionally, electric power plants have been sized to accommodate peak power

demand. Moreover, electric power plant sizing must take into account their maximum power

output, minimum power output, and a middle power output range within which they most

efficiently convert fuel into electricity. Electric power plants are also constrained in terms of

how quickly they can start-up and shut-down, and it is commonly infeasible to completely shut-

down a power plant. The combination of power output constraints, and start-up and shut-down

constraints, restricts a power plant's ability to optimally meet a fluctuating power demand.

These restrictions may lead to increased green house gas emissions, increased overall fuel

consumption, and/or to potentially higher operating costs, among other drawbacks.

Augmenting a power plant with an energy storage system may create an ability to store power

for later use, which may allow a power plant to fulfill fluctuating consumer demand in a

fashion that minimizes these drawbacks.



[0004] An energy storage system may improve overall operating costs, reliability, and/or

emissions profiles for electric power plants. Existing energy storage technologies, however,

have drawbacks. By way of example, batteries, flywheels, capacitors and fuel cells may

provide fast response times and may be helpful to compensate for temporary blackouts, but

have limited energy storage capabilities and may be costly to implement. Installations of other

larger capacity systems, such as pumped hydro systems, require particular geological

formations that might not be available at all locations.

[0005] Intermittent electric power production sites, such as some wind farms, may have

capacities that exceed transmission capabilities. Absent suitable energy storage systems, such

intermittent power production sites may not be capable of operating at full capacity. The

applicants have appreciated that intermittent production sites may benefit from a storage system

that may be sized to store energy, when the production site is capable of producing energy at

rates higher than may be transmitted. The energy that is stored may be released through the

transmission lines when power produced by the intermittent site is lower than transmission line

capacity.

[0006] Electric power consumption sites, such as buildings, towns, cities, commercial

facilities, military facilities, may have consumption that periodically exceeds electricity

transmission capabilities. Absent suitable energy storage systems, such power consumers may

not be capable of operating at preferred levels. The applicants have appreciated that

transmission constrained consumption sites may benefit from a storage system that may be

sized to store energy, when the consumption site is consuming energy at rates lower than may

be transmitted, and that the transmitted energy that is not immediately consumed may be

stored. The energy that is stored may be released to the consumers when power consumption

of the consumers is higher than the transmission line capacity. The energy may also be stored

during off-peak time periods (e.g., at night) when electricity prices are generally less expensive

and released during peak time periods (e.g., during the day) when electricity prices are

generally more expensive.

[0007] Compressed air energy storage systems (CAES) are another known type of system

in limited use for storing energy in the form of compressed air. CAES systems may be used to

store energy, in the form of compressed air, when electricity demand is low, typically during



the night, and then to release the energy when demand is high, typically during the day. Such

systems include a compressor that operates, often at a constant speed, to compress air for

storage. Turbines, separate from the compressor, are typically used to expand compressed air

to produce electricity. Turbines, however, often require the compressed air to be provided at a

relatively constant pressure, such as around 35 atmospheres. Additionally or alternatively, air

at pressures higher than 35 atmospheres may need to be throttled prior to expansion in the

turbine, causing losses that reduce the efficiency of the system, and/or reduce the energy

density that a storage structure may accommodate. Additionally, to increase electrical energy

produced per unit of air expanded through the turbine, compressed air in such systems is often

pre-heated to elevated temperatures (e.g., 1000 °C) prior to expansion by burning fossil fuels

that both increases the cost of energy from the system and produces emissions associated with

the storage of energy.

[0008] Known CAES-type systems for storing energy as compressed air have a multi-stage

compressor that may include intercoolers that cool air between stages of compression and/or

after-coolers that cool air after compression. In such a system, however, the air may still

achieve substantial temperatures during each stage of compression, prior to being cooled,

which will introduce inefficiencies in the system. Thus, there is a need to provide for CAES

type systems that have improved efficiencies.

[0009] A CAES system may be implemented using a hydraulic drive system comprised of

hydraulic components including components such as hydraulic pumps used to drive working

pistons. Therefore, there is also a need for systems and methods to obtain a high efficiency

output of a compressed air energy storage system, or other systems used to compress and/or

expand gas, including controls and operating modes that leverage bi-directional piston

movement during operation of such a system.

Summary of the Invention

[0010] Systems, methods and devices for optimizing energy efficiency within a device or

system used to compress and/or expand a gas, such as air, are described herein. In some

embodiments, a compressed gas-based energy storage system can include a first hydraulic

cylinder, a second hydraulic cylinder, and a hydraulic actuator. The first hydraulic cylinder has

a first working piston disposed therein for reciprocating movement in the first hydraulic



cylinder and which divides the first hydraulic cylinder into a first hydraulic chamber and a

second hydraulic chamber. The second hydraulic cylinder has a second working piston

disposed therein for reciprocating movement in the second hydraulic cylinder and which

divides the second hydraulic cylinder into a third hydraulic chamber and a fourth hydraulic

chamber. A connecting rod is disposed between, and coupled to, the first working piston and

the second working piston. The hydraulic actuator is coupled to at least one of the first

working piston, the second working piston, or the connecting rod, and is operable to move the

first and second working pistons in a first direction to reduce the volume of the first hydraulic

chamber and the third hydraulic chamber, and to move the first and second working pistons in a

second direction, opposite the first direction, to reduce the volume of the second hydraulic

chamber and the fourth hydraulic chamber.

Brief Description of the Drawings

[0011] FIG. 1 is a schematic illustration of a compression and/or expansion system

according to an embodiment.

[0012] FIG. 2 is a schematic illustration of a compressed gas-based energy storage and

recovery system, according to an embodiment.

[0013] FIG. 3 is a schematic illustration of a compressed gas-based energy storage and

recovery system, according to an embodiment.

[0014] FIGS. 4A-4C are schematic illustrations of a lock pump used in a compressed gas-

based energy storage and recovery system shown in a first, second and third configuration,

respectively, according to an embodiment.

[0015] FIGS. 5A-5G are schematic illustrations of a compressed gas-based energy storage

and recovery system shown in a first, second, third, fourth, fifth, sixth and seventh

configuration, respectively, illustrating a compression cycle according to an embodiment.

[0016] FIGS. 6A-6G are schematic illustrations of the compressed gas-based energy

storage and recovery system of FIGS. 5A-5G shown in a first, second, third, fourth, fifth, sixth

and seventh configuration, respectively, illustrating an expansion cycle according to an

embodiment.



Detailed Description

[0017] Systems, devices and methods for optimizing and efficiency operating a gas

compression and/or expansion system are disclosed herein. The gas compression and/or

expansion systems can include one or more double-acting working pistons movably disposed

within a cylinder to compress gas within a working chamber and configured to compress gas

when moved in more than one direction. For example, the double-acting piston can be

configured to compress gas both when moved in a first direction and when moved in a second

direction opposite to the first direction. The gas compression and/or expansion systems can

also include one or more double-acting working pistons movably disposed within a cylinder

and configured to displace liquid within a working chamber when moved in more than one

direction. For example, the double acting piston can be configured to discharge liquid from a

first working chamber and draw liquid into a second working chamber when moved in a first

direction, and discharge liquid from the second working chamber and draw liquid into the first

working chamber when moved in a second direction, opposite the first direction. As used

herein the term "piston" is not limited to pistons of circular cross-section, but can include

pistons with a cross-section of a triangular, rectangular, or other multi-sided shape. The gas

compression and/or expansion systems can be configured for two or more stages of gas

compression and/or expansion.

[0018] In some embodiments, the double-acting working piston within a gas compression

and/or expansion system can be driven by or drive one or more hydraulic actuators. The

hydraulic loads applied to the working piston(s) can be varied during a given cycle of the

system. For example, by applying hydraulic fluid pressure to different hydraulic pistons,

and/or different surfaces of the piston(s) within the hydraulic actuator(s), the ratio of the net

working surface area of the hydraulic actuator to the working surface area of the working

piston acting on the gas and/or liquid in the working chamber can be varied, and therefore the

ratio of the hydraulic fluid pressure to the gas and/or fluid pressure in the working chamber can

be varied during a given cycle or stroke of the system. In addition, the number of working

pistons / working chambers and hydraulic actuator can be varied as well as the number of

piston area ratio changes within a given cycle.

[0019] In some embodiments, an actuator can include one or more pump systems, such as

for example, one or more hydraulic pumps that can be use to move one or more fluids within



the actuators. U.S. Provisional App. No. 61/216,942, to Ingersoll, et al, filed May 22, 2009,

entitled "Compressor and/or Expander Device," and U.S. Patent App. Nos. 12/785,086,

12/785,093 and 12/785,100, each filed May 21, 2010 and entitled "Compressor and/or

Expander Device" (collectively referred to herein as the "the Compressor and/or Expander

Device applications"), the disclosures of which are hereby incorporated herein by reference, in

their entireties, describe various energy compression and/or expansion systems in which the

systems and methods described herein can be employed.

[0020] The hydraulic actuator can be coupleable to a hydraulic pump, which can have

efficient operating ranges that can vary as a function of, for example, flow rate and pressure,

among other parameters. Systems and methods of operating the hydraulic pumps/motors to

allow them to function at an optimal efficiency throughout the stroke or cycle of the gas

compression and/or expansion system are described in U.S. Patent App. No. 12/977,724 to

Ingersoll, et al, filed December 23, 2010, entitled "Systems and Methods for Optimizing

Efficiency of a Hydraulically Actuated System," ("the '724 application") the disclosure of

which is incorporated herein by reference in its entirety.

[0021] In some embodiments, the devices and systems described herein can be configured

for use only as a compressor. For example, in some embodiments, a compressor device

described herein can be used as a compressor in a natural gas pipeline, a natural gas storage

compressor, or any other industrial application that requires compression of a gas. In another

example, a compressor device described herein can be used for compressing carbon dioxide.

For example, carbon dioxide can be compressed in a process for use in enhanced oil recovery

or for use in carbon sequestration. In another example, a compressor device described herein

can be used for compressing air. For example, compressed air can be used in numerous

applications which may include cleaning applications, motive applications, ventilation

applications, air separation applications, cooling applications, amongst others.

[0022] In some embodiments, the devices and systems described herein can be configured

for use only as an expansion device. For example, an expansion device as described herein can

be used to generate electricity. In some embodiments, an expansion device as described herein

can be used in a natural gas transmission and distribution system. For example, at the

intersection of a high pressure (e.g., 500 psi) transmission system and a low pressure (e.g., 50

psi) distribution system, energy can be released where the pressure is stepped down from the



high pressure to a low pressure. An expansion device as described herein can use the pressure

drop to generate electricity. In other embodiments, an expansion device as described herein

can be used in other gas systems to harness the energy from high to low pressure regulation.

[0023] FIG. 1 schematically illustrates a compression and/or expansion device (also

referred to herein as "compression/expansion device") according to an embodiment. A

compression/expansion device 100 can include one or more pneumatic cylinders 110, 130, one

or more pistons 120, 140, at least one actuator 172, a controller 170, and a liquid management

system 192. The compression/expansion device 100 can be used, for example, in a CAES

system.

[0024] The piston 120 (referred to herein as "first piston") is configured to be at least

partially and movably disposed in the first pneumatic cylinder 110. The first piston 120 divides

the first pneumatic cylinder 110 into, and defines therewith, a first pneumatic chamber and a

second pneumatic chamber (not shown in FIG. 1). The first piston 120 can also be coupled to

the actuator 172 via a piston rod (not shown in FIG. 1). The actuator 172 can be, for example,

an electric motor or a hydraulically driven actuator such as, for example, the hydraulic

actuators described in the '724 application, incorporated by reference above. The actuator 172

can be used to move the first piston 120 back and forth within the first pneumatic cylinder 110.

As the first piston 120 moves back and forth within the first pneumatic cylinder 110, a volume

of the first pneumatic chamber and a volume of the second pneumatic chamber will each

change. For example, the first piston 120 can be moved between a first position in which the

first pneumatic chamber has a volume greater than a volume of the second pneumatic chamber,

and a second position in which the second pneumatic chamber has a volume greater than a

volume of the first pneumatic chamber.

[0025] The piston 140 (referred to herein as "second piston") is configured to be at least

partially disposed in the second pneumatic cylinder 130. The second piston divides the second

pneumatic cylinder into, and defines therewith, a third pneumatic chamber and a fourth

pneumatic chamber (not shown in FIG. 1). The second piston 140 can also be coupled to the

actuator 172 via a piston rod (not shown in FIG. 1). The actuator 172 can be used to move the

second piston 140 back and forth within the second pneumatic cylinder 130. As the second

piston 140 moves back and forth within the second pneumatic cylinder 130, a volume of the

third pneumatic chamber and a volume of the fourth pneumatic chamber will each change. For



example, the second piston 140 can be moved between a first position in which the third

pneumatic chamber has a volume greater than a volume of the fourth pneumatic chamber, and a

second position in which the fourth pneumatic chamber has a volume greater than a volume of

the third pneumatic chamber.

[0026] Each piston 120, 140 can be moved within its respective pneumatic cylinder 110,

130 to compress and/or expand a gas, such as air, within the cylinder. In some embodiments,

the compression/expansion device 100 can be configured to be double-acting, in that at least

one of the pistons 120, 140 can be actuated in two directions. In other words, the pistons 120,

140 can be actuated to compress and/or expand gas (e.g., air) in two directions. For example,

in some embodiments, as the first piston 120 is moved in a first direction, a first volume of gas

having a first pressure disposed in the first pneumatic chamber of the first pneumatic cylinder

110 can be compressed by one side of the first piston 120 to a second pressure greater than the

first pressure, and a second volume of gas having a third pressure can enter the second

pneumatic chamber on the other side of the first piston 120. When the first piston 120 is

moved in a second direction opposite the first direction, the second volume of gas within the

second pneumatic chamber can be compressed by the first piston 120 to a fourth pressure

greater than the third pressure, and simultaneously a third volume of gas can enter the first

pneumatic chamber. The second piston 140 can be similarly operable with respect to the third

and fourth pneumatic chambers of the second pneumatic cylinder 130.

[0027] As such, movement of the first and second pistons 120, 140 (e.g., by the actuator

172) within each of the first and second pneumatic cylinders 110, 130, respectively, can change

the volume of the first and second pneumatic chambers and the third and fourth pneumatic

chambers, respectively (e.g., by decreasing the volume to compress the gas, by increasing the

volume as the gas expands). The controller 170 is configured to control distribution of an input

of hydraulic power, which can then be used to drive the actuator 172, such as when the

compression/expansion device 100 is operating to compress gas (i.e., a compression mode).

The controller 170 can also be configured to control distribution of hydraulic power to a

pump/motor (not shown in FIG. 1), where the hydraulic power can be converted into

mechanical power, such as when the compression/expansion device 100 is operating to expand

a gas (i.e., an expansion mode).



[0028] In use, the compression/expansion device 100 operates in the compression mode to

compress gas during at least a first stage of compression, in which the gas is compressed to a

first pressure greater than an initial pressure, and a second stage of compression, in which the

gas is compressed to a second pressure greater than the first pressure. Similarly, the

compression/expansion device 100 can operate in the expansion mode to expand gas during at

least a first stage of expansion, in which the gas is permitted to expand to a first pressure lower

than the pressure of the gas in storage, and a second stage of expansion, in which the gas is

permitted to expand to a second pressure lower than the first pressure.

[0029] Each of the first pneumatic cylinder 110 and second pneumatic cylinder 130 can

include one or more inlet/outlet conduits (not shown in FIG. 1) in fluid communication with

their respective pneumatic chambers. The pneumatic chambers can contain at various time

periods during a compression and/or expansion cycle, a quantity of gas (e.g., air) that can be

communicated to and from the pneumatic chambers via the inlet/outlet conduits. The

compression/expansion device 100 can also include multiple valves (not shown in FIG. 1)

coupled to the inlet/outlet conduits and/or to the pneumatic cylinders 110, 130. The valves can

be configured to operatively open and close the fluid communication to and from the pneumatic

chambers. Examples of use of such valves are described in more detail in the Compressor

and/or Expander Device applications incorporated by reference above.

[0030] The liquid management system 192 is configured to control a temperature of gas as

it is compressed and/or expanded within the compression/expansion device 100 by selectively

introducing a liquid into and/or removing a liquid from the pneumatic cylinders. The liquid can

directly or indirectly receive heat energy from, or release heat energy to, gas in the pneumatic

cylinders. For example, the liquid management system 192 can be configured to receive heat

energy from, and thereby lower the temperature of, the gas when the compression/expansion

device 100 is operating in the compression mode. In another example, the liquid management

system 192 can be configured to release heat energy to, and thereby increase the temperature

of, the gas when the compression/expansion device 100 is operating in the expansion mode. In

some embodiments, the liquid management system 192 is configured to control the temperature

of gas using a heavy gas (or other suitable substance) in addition to using liquid. In other

embodiments, however, the liquid management system 192 uses heavy gas (or another suitable

substance) in lieu of using liquid.



[0031] The liquid management system 192 is configured to be coupled to at least one of the

first pneumatic cylinder 110 and the second pneumatic cylinder 130. The liquid management

system 192 can include one or more fluid inlet/outlet conduits (not shown in FIG. 1) in fluid

communication with one or more of the inlet/outlet conduits (not shown in FIG. 1) of the first

pneumatic cylinder 110 and/or second pneumatic cylinder 130. The liquid management system

192 can also include multiple valves (not shown in FIG. 1) coupled to the inlet/outlet conduits

and/or to one or more chambers (not shown in FIG. 1) of the liquid management system 192.

The valves can be configured to operatively open and close the fluid communication to and

from the liquid management system. Examples of use of such valves are described in more

detail in the Compressor and/or Expander Device applications incorporated by reference above.

[0032] In some embodiments, the liquid management system can include a lock pump or

other device that facilitates movement of liquid into and/or out of the pneumatic cylinders 110,

130 during operation of the compression/expansion device 100. Examples of lock pumps are

illustrated and described with respect to FIGS. 4A-4D. Examples of devices and methods for

optimizing heat transfer within a compression and/or expansion device are described in more

detail in U.S. Patent App. No. 12/977,679 to Ingersoll, et al, filed December 23, 2010, entitled

"Methods and Devices for Optimizing Heat Transfer Within a Compression and/or Expansion

Device" ("the '679 application"), incorporated herein by reference in its entirety.

[0033] FIG. 2 is a schematic illustration of an embodiment of an energy storage and

recovery system 200 in which a compression/expansion device 201 may be used to both store

energy and release energy that has previously been stored. Generally, as shown in FIG. 2, a

source of electrical power, in this case a wind farm 208 including a plurality of wind turbines

209, may be used to harvest and convert wind energy to electric energy for delivery to a

motor/generator 278. It is to be appreciated that the system 200 may be used with electric

sources other than wind farms, such as, for example, with an electric power grid 206 or solar

power sources (not shown). The motor/generator 278 converts the input electrical power from

the wind turbines or other sources into mechanical power. That mechanical power can then be

converted by a hydraulic pump/motor 271 into a hydraulic power. In turn, a hydraulic

controller 270 controls distribution of the hydraulic power to drive one or more hydraulic

actuators 272, 274 connected to the compression/expansion device 201.



[0034] Energy can be stored within the system 200 in the form of compressed gas, which

can be expanded at a later time period to release the energy previously stored. To store energy

generated by the wind farm 208, the hydraulic actuators 272, 274 can change the volume of

respective pneumatic chambers 212, 214, 232, 234, as described in more detail herein. The

reduction in volume compresses a gas contained therein. During this process, heat can be

removed from the gas. During compression, the gas is delivered to a downstream stage of the

compression/expansion device 201 and eventually, at an elevated pressure, to a compressed gas

storage chamber 204. At a subsequent time, for example, when there is a relatively high

demand for power on the power grid 206, and/or when energy prices are high, compressed gas

may be communicated from the storage chamber 204 and expanded through the

compression/expansion device 201. Expansion of the compressed gas drives the hydraulic

actuators 272, 274, which, in turn, displace fluid to generate hydraulic power. The hydraulic

controller 270 directs the hydraulic power to the pump/motor 271, which converts the hydraulic

power to mechanical power. In turn, the motor/generator 278 converts the mechanical power to

electrical power for delivery to the power grid 206. During this process, heat can be added to

the gas.

[0035] The compression/expansion device 201, as illustrated in FIG. 2, includes a first

pneumatic cylinder 210, a second pneumatic cylinder 230, the first actuator 272 operatively

coupled to the first pneumatic cylinder via a first working piston 220, the second actuator 274

operatively coupled to the second pneumatic cylinder via a second working piston 240, and the

hydraulic controller 270 operatively coupled to the first and second actuators 272, 274.

[0036] The first pneumatic cylinder 210 is configured for a first stage of gas compression.

The first pneumatic cylinder 210 has the first working piston 220 disposed therein for

reciprocating movement in the first pneumatic cylinder. The first working piston 220 divides

the first pneumatic cylinder 210 into, and thereby defines, a first pneumatic chamber 212 and a

second pneumatic chamber 214. The first pneumatic cylinder 210 is fluidically coupleable to

the gas source. The first pneumatic chamber 212 includes a first fluid port 216 and a second

fluid port 218. The second pneumatic chamber 214 includes a first fluid port 222 and a second

fluid port 224. The first fluid port 216 of the first pneumatic chamber 212 and the first fluid

port 222 of the second pneumatic chamber 214 are each fluidically couplable to a source of gas

202. The gas source 202 can be, for example, atmospheric air or a pre-compressor.



[0037] The second pneumatic cylinder 230 is configured for a second stage of gas

compression. The second pneumatic cylinder 230 has the second working piston 240 disposed

therein for reciprocating movement in the second pneumatic cylinder. The second working

piston 240 divides the second pneumatic cylinder 230 into, and thereby defines, a third

pneumatic chamber 232 and a fourth pneumatic chamber 234. The third and fourth pneumatic

chambers 232, 234 of the second pneumatic cylinder 230 have a collective volume less than a

collective volume of the first and second pneumatic chambers 212, 214 of the first pneumatic

cylinder 210. Additionally, a maximum volume of each of the third and fourth pneumatic

chambers 232, 234 is less than a maximum volume of each of the first and second pneumatic

chambers 212, 214.

[0038] The third pneumatic chamber 232 includes a first fluid port 236 and a second fluid

port 238. The fourth pneumatic chamber 234 includes a first fluid port 242 and a second fluid

port 244. The second pneumatic cylinder 230 is configured to be fluidically coupleable to the

first pneumatic cylinder 210. Specifically, the first fluid port 236 of the third pneumatic

chamber 232 is configured to be fluidically coupleable to the second fluid port 218 of the first

pneumatic chamber 212. In this manner, gas can be communicated from the first pneumatic

chamber 212 via the fluid ports 218, 236 into the third pneumatic chamber 232. Additionally,

the first fluid port 242 of the fourth pneumatic chamber 234 is configured to be fluidically

coupleable to the second fluid port 224 of the second pneumatic chamber 214. In this manner,

gas can be communicated from the second pneumatic chamber 214 via the fluid ports 224, 242

into the fourth pneumatic chamber 234.

[0039] The second pneumatic cylinder 230 is configured to be fluidically coupleable to the

compressed gas storage chamber 204. Specifically, the second fluid port 238 of the third

pneumatic chamber 232 is fluidically coupleable to the gas storage chamber, and the second

fluid port 244 of the fourth pneumatic chamber 234 is fluidically coupleable to the compressed

gas storage chamber 204.

[0040] As noted above, each of the first working piston 220 and the second working piston

240 are configured for reciprocating movement in the first pneumatic cylinder 210 and the

second pneumatic cylinder 230, respectively. The first working piston 220 is coupled to the

first hydraulic actuator 272, and the second working piston 220 is coupled to the second



hydraulic actuator 274. The first hydraulic actuator 272 and the second hydraulic actuator 274

are each fluidically coupleable to the hydraulic controller 270.

[0041] The hydraulic controller is operable in a compression mode in which gas is

discharged from the second pneumatic cylinder 230 to the compressed gas storage chamber at a

higher pressure than it enters the first pneumatic cylinder 210 from the gas source 202. In the

compression mode, the hydraulic controller 270 is configured to produce a hydraulic actuator

force via the first hydraulic actuator 272 on the first working piston 220. Such hydraulic

actuator force is sufficient to move the first working piston 220 in a first direction such that gas

contained in the first pneumatic chamber 212 is discharged from the first pneumatic chamber

into the third pneumatic chamber 232. The hydraulic actuator force is also sufficient to move

the first working piston 220 in a second direction, opposite the first direction, such that gas

contained in the second pneumatic chamber 214 is discharged from the second pneumatic

chamber into the fourth pneumatic chamber 234. In the compression mode, the hydraulic

controller 270 is also configured to produce a hydraulic actuator force via the second hydraulic

actuator 274 on the second working piston 240. Such hydraulic actuator force is sufficient to

move the second working piston 240 in a first direction such that gas contained in the third

pneumatic chamber 232 is discharged from the third pneumatic chamber into the compressed

gas storage chamber 204. The hydraulic actuator force is also sufficient to move the second

working piston 220 in a second direction, opposite the first direction, such that gas contained in

the fourth pneumatic chamber 234 is discharged from the fourth pneumatic chamber into the

compressed gas storage chamber 204.

[0042] The hydraulic controller is also operable in an expansion mode in which gas is

discharged from the first pneumatic cylinder 210 to the gas source at a lower pressure than it

enters the second pneumatic cylinder 230 from the compressed gas storage chamber 204. In

the expansion mode, gas can be transferred from the storage chamber 204 into the second

pneumatic cylinder 230, and, when gas expands in at least one of the third pneumatic chamber

232 and the fourth pneumatic chamber 234 of the second pneumatic cylinder 230, the gas

exerts a force on the second working piston 240, thereby moving the second working piston in

one of the first direction and the second direction. When the second working piston 240 is

moved by the expanding gas, the second working piston is configured to produce a hydraulic

actuator force via the second hydraulic actuator 274, i.e. to do work on the second hydraulic



actuator 274. The hydraulic controller 270 controls distribution of the work done on the

hydraulic actuator to the pump/motor 271, where the work can be converted into mechanical

power, which can then be converted into electrical power by the motor/generator 278.

[0043] Similarly, in the expansion mode, gas can be transferred from the first stage of

expansion in the second pneumatic cylinder 230 into the first pneumatic cylinder 210 for a

second stage of expansion. When gas expands in at least one of the first pneumatic chamber

212 or the second pneumatic chamber 214 of the first pneumatic cylinder 210, the gas exerts a

force on the first working piston 220, thereby moving the first working piston in one of the first

direction or the second direction. When the first working piston 220 is moved by the

expanding gas, the first working piston 220 is configured to produce a hydraulic actuator force

via the first hydraulic actuator 272, i.e. to do work on the first hydraulic actuator 272. The

hydraulic controller 270 controls distribution of the work done on the hydraulic actuator to the

pump/motor 271, where the work can be converted into mechanical power, which can then be

converted into electrical power by the motor/generator 278.

[0044] The compression/expansion device 201 can include one or more valves to control

the flow of gas between the gas source 202 and the compressed gas storage chamber 204. For

example, a first valve 280 can be configured to selectively permit the gas to flow between the

gas source 202 and the first pneumatic chamber 212. Similarly, a second valve 282 can be

configured to selectively permit the gas to flow between the gas source 202 and the second

pneumatic chamber 214. A third valve 284 and a fourth valve 286 can be configured to

selectively permit the flow of gas between the first pneumatic chamber 212 and the third

pneumatic chamber 232 and between the second pneumatic chamber 214 and the fourth

pneumatic chamber 234, respectively. A fifth valve 288 is configured to selectively control the

flow of gas between the third pneumatic chamber 232 and the compressed gas storage chamber

204. Similarly, a sixth valve 290 is configured to selectively control the flow of gas between

the fourth pneumatic chamber 234 and the compressed gas storage chamber 204.

[0045] In use, the energy storage and recovery system 200, and the compression/expansion

system 201 particularly, is configured to operate in the compression mode to compress gas for

storage. As noted above, wind energy can be harvested by the wind turbines 209 of the wind

farm 208 and converted by the wind turbines into electric power for delivery to the



motor/generator 278. The motor/generator 278 inputs the electrical power into the pump/motor

271 where it is converted into hydraulic power. The hydraulic controller 270 controls

distribution, such as using appropriate software and/or a system of valves, of the hydraulic

power to actuate each of the first hydraulic actuator 272 and the second hydraulic actuator 274.

Upon actuation, the first hydraulic actuator 272 moves the first working piston 220 within the

first pneumatic cylinder 210 in the first direction. As the first working piston 220 is moved in

the first direction, gas contained in the first pneumatic chamber 212 is discharged from the first

pneumatic chamber via its second fluid port 218 into the third pneumatic chamber 232 via its

first fluid port 236. Upon actuation, the second hydraulic actuator 274 moves the second

working piston 240 within the second pneumatic cylinder 230 in the second direction. As the

second working piston 240 is moved in the second direction, gas contained in the fourth

pneumatic chamber 234 is discharged from the fourth pneumatic chamber via its second fluid

port 244 to the compressed gas storage chamber 204.

[0046] Upon further actuation of the first hydraulic actuator 272, the first hydraulic actuator

272 moves the first working piston 220 within the first pneumatic cylinder 210 in the second

direction. As the first working piston 220 is moved in the second direction, gas contained in

the second pneumatic chamber 214 is discharged from the second pneumatic chamber via its

second fluid port 224 into the fourth pneumatic chamber 234 via its first fluid port 242. Upon

further actuation of the second hydraulic actuator 274, the second hydraulic actuator moves the

second working piston 240 within the second pneumatic cylinder 230 in the first direction. As

the second working piston 240 is moved in the first direction, gas contained in the third

pneumatic chamber 232 is discharged from the third pneumatic chamber via its second fluid

port 238 to the compressed gas storage chamber 204. In this manner, the second working

piston 240 can be characterized as moving out of phase with the first working piston 220. In

some embodiments, movement of the first working piston 240 in the first direction is

substantially concurrent with movement of the second working piston 220 in the second

direction, and vice versa. The compressed gas is then stored in the compressed gas storage

chamber 204.

[0047] In use, the energy storage and recovery system 200, and the compression/expansion

system 201 particularly, are also configured to operate in the expansion mode to expand

compressed gas (e.g., to generate electrical energy). In the expansion mode, compressed gas is



permitted to flow from the compressed gas storage chamber 204 into the fourth pneumatic

chamber 234 of the second pneumatic cylinder 230. As the gas expands in the fourth

pneumatic chamber 234, the gas exerts a force on the second working piston 240 to move the

second working piston in the first direction, thereby increasing the volume of the fourth

pneumatic chamber 234 and decreasing the volume of the third pneumatic chamber 232.

Movement of the second working piston 240 in the first direction causes the second hydraulic

actuator 274 to displace a first volume of hydraulic fluid. When the second working piston 240

is moved in the first direction, gas contained in the third pneumatic chamber 232 is displaced to

the first pneumatic chamber 212. In the first pneumatic chamber 212, the displaced gas

expands and exerts a force on the first working piston 220 to move the first working piston in

the second direction, thereby increasing the volume of the first pneumatic chamber 212 and

decreasing the volume of the second pneumatic chamber 214. Movement of the first working

piston 220 in the first direction causes the first hydraulic actuator 272 to displace a second

volume of hydraulic fluid. When the first working piston 220 is moved in the second direction,

gas contained in the second pneumatic chamber 214 is displaced from the second pneumatic

chamber to the gas source 202.

[0048] In the expansion mode, gas is also permitted to flow from the compressed gas

storage chamber 204 into the third pneumatic chamber 232 of the second pneumatic cylinder

230. As the gas expands in the third pneumatic chamber 232, the gas exerts a force on the

second working piston 240 to move the second working piston in the second direction, thereby

increasing the volume of the third pneumatic chamber 232 and decreasing the volume of the

fourth pneumatic chamber 234. Movement of the second working piston 240 in the second

direction causes the second hydraulic actuator 274 to displace a third volume of hydraulic fluid.

When the second working piston 240 is moved in the second direction, gas contained in the

fourth pneumatic chamber 234 is displaced to the second pneumatic chamber 214. In the

second pneumatic chamber 214, the displaced gas expands and exerts a force on the first

working piston 220 to move the first working piston in the first direction, thereby increasing the

volume of the second pneumatic chamber and decreasing the volume of the first pneumatic

chamber 212. Movement of the first working piston 220 in the second direction causes the first

hydraulic actuator 272 to displace a fourth volume of hydraulic fluid. When the first working

piston 220 is moved in the first direction, gas contained in the first pneumatic chamber 212 is

displaced from the first pneumatic chamber to the gas source 202.



[0049] The displacement of each of the first and third volumes of fluid by the second

actuator 274 and of the second and fourth volumes of fluid by the first actuator 272 generates

hydraulic power which the hydraulic controller 270 directs to the pump/motor 271, where the

hydraulic power is converted to mechanical power. The motor/generator 278 is configured to

convert the mechanical power to electrical power, which can be delivered to the electric power

grid 206 for consumption.

[0050] A compression/expansion device 300 according to an embodiment is illustrated in

FIG. 3. The device 300 includes a first pneumatic cylinder 310 divided into a first pneumatic

chamber 312 and a second pneumatic chamber 314 by a first working piston 320. The first

working piston 320 is coupled to a first hydraulic actuator 372, which is fluidically coupleable

to a hydraulic controller 370. The hydraulic controller 370 is configured to control distribution

of a hydraulic force or power from a pump/motor 371 to the first hydraulic actuator 372 and a

second hydraulic actuator 374, described below. The pump/motor 371 is configured to convert

mechanical power received from a motor/generator 378 into hydraulic power, and to convert

hydraulic power into mechanical power to be transferred to the motor/generator. The

motor/generator 378 is configured to convert mechanical power into electrical power, and to

convert electrical power into mechanical power.

[0051] The first and second pneumatic chambers 312, 314 of the first pneumatic cylinder

310 are fluidically coupleable to a gas source 302. Gas from the gas source can be introduced

into the first pneumatic chamber 312 via a first fluid port 316 of the first pneumatic chamber

and into the second pneumatic chamber 314 via a first fluid port 322 of the second pneumatic

chamber. Flow of gas between the gas source 302 and the first and second pneumatic

chambers 312, 314 can be selectively controlled with valves 380, 382, respectively.

[0052] The device 300 includes a second pneumatic cylinder 330 divided into a third

pneumatic chamber 332 and a fourth pneumatic chamber 334 by a second working piston 340.

The second working piston 340 is coupled to the second hydraulic actuator 374, which is

fluidically coupleable to the hydraulic controller 370. The third and fourth pneumatic

chambers 332, 334 of the second pneumatic cylinder 330 have a collective volume less than a

collective volume of the first and second pneumatic chambers 312, 314 of the first pneumatic

cylinder 310. Additionally, a maximum volume of each of the third and fourth pneumatic



chambers 332, 334 is less than a maximum volume of each of the first and second pneumatic

chambers 312, 314.

[0053] The first pneumatic chamber 312 is fluidically couplable to the third pneumatic

chamber 332. Specifically, gas can be permitted to flow out of a second fluid port 318 of the

first pneumatic chamber 312 and into the third pneumatic chamber 332 via a first fluid port 336

of the third pneumatic chamber. Gas can also be permitted to flow out of a second fluid port

324 of the second pneumatic chamber 314 and into the fourth pneumatic chamber 334 via a

first fluid port 342 of the fourth pneumatic chamber. Flow of gas between the first and third

pneumatic chambers 312, 332 can be selectively controlled with valve 384, and flow of gas

between the second and fourth pneumatic chambers 314, 334 can be selectively controlled with

valve 386.

[0054] The third and fourth pneumatic chambers 332, 334 are fluidically coupleable to a

compressed gas storage chamber 304. Specifically, gas can flow between the third pneumatic

chamber 332 via a second fluid port 338 of the third pneumatic chamber and the compressed

gas storage chamber 34, and between the fourth pneumatic chamber 334 via a second fluid port

344 of the fourth pneumatic chamber and the compressed gas storage chamber 304. Flow of

gas between the third and fourth pneumatic chambers 332, 334 and the compressed gas storage

chamber 304 can be selectively controlled with valves 388, 390, respectively.

[0055] The device 300 can be similar in many respects to the compression/expansion

devices described herein (e.g., compression/expansion device 100, compression/expansion

device 201) and includes components similar in many respects to similarly identified

components of such devices. Additionally, the device 300 is similar in operation to compress

and/or expand a gas, as described above with respect to devices 100, 201. The device 300 also

includes a liquid management system 392. The liquid management system 392 is fluidically

coupleable with the first and second pneumatic chambers 312, 314 of the first pneumatic

cylinder 310 and with the third and fourth pneumatic chamber 332, 334 of the second

pneumatic cylinder 330. As such, the liquid management system 392 is configured to transfer a

heat transfer fluid (e.g., a liquid or a heavy gas) to and/or from each pneumatic chamber 312,

314, 332, 334.



[0056] Flow of the heat transfer fluid (e.g., water) between the liquid management system

392 and the first and second pneumatic chambers 312, 314 can be selectively controlled by

valves 394, 395, respectively. Flow of the heat transfer fluid between the liquid management

system 392 and the third and fourth pneumatic chambers 332, 334 can be selectively controlled

by valves 396, 397, respectively. In this manner, the liquid management system 392 is

configured to change or otherwise control a temperature of gas as it is compressed and/or

expanded within the compression/expansion device 300. For example, the liquid management

system 392 can be configured to lower the temperature of the gas, such as when the

compression/expansion device 300 is operating in the compression mode, for example, by

transferring heat transfer fluid into at least one of the pneumatic chambers 312, 314, 332, 334

such that the heat transfer fluid can cool or otherwise draw heat away from gas contained

within the respective pneumatic chamber.

[0057] In another example, the liquid management system 392 can be configured to

increase the temperature of the gas, such as when the compression/expansion device 300 is

operating in the expansion mode, for example, by transferring heat transfer fluid into at least

one of the pneumatic chambers 312, 314, 332, 334 such that the heat transfer fluid can increase

the heat of gas contained within the respective pneumatic chamber. Examples of devices and

methods for optimizing heat transfer within a compression and/or expansion device are

described in more detail in the '679 application incorporated by reference above.

[0058] In some embodiments, the liquid management system 392 is configured to transfer

heat transfer fluid to and/or from the pneumatic chambers 312, 314, 332, 334 using a lock

pump (not shown in FIG. 3). For example, FIGS. 4A-4C illustrate a lock pump 490 that can be

part of a liquid management system for transferring heat energy to and/or from a

compression/expansion device. The lock pump 490 is shown in FIGS. 4A-4C in a first, second

and third configuration, respectively. The lock pump 490 includes a first hydraulic cylinder

450, a second hydraulic cylinder 460, a first working piston 451, a second working piston 461,

a piston rod 477, and an actuator 476.

[0059] The first and second hydraulic cylinders 450, 460 are each configured to contain

fluid capable of absorbing and/or releasing heat, such as water, carbon dioxide, calcium

chloride, brine, glycol and/or the like. Such fluid is also referred to herein as "heat transfer



fluid." The first hydraulic cylinder 450 can be fluidically isolated from the second hydraulic

cylinder 460 such that any heat transfer fluid contained within the first hydraulic cylinder 450

is prevented from flowing into the second hydraulic cylinder 460 and vice versa. The first

hydraulic cylinder 450 can also be thermally isolated from the second hydraulic cylinder 460 so

that each cylinder 450, 460 can contain and/or maintain fluid at a specific temperature

irrespective of the temperature of fluid in the other cylinder. For example, the first hydraulic

cylinder 450 can maintain fluid at 10 degrees Celsius and the second hydraulic cylinder 460

can maintain fluid at 60 degrees Celsius without affecting the temperature of the cooler fluid in

the first hydraulic cylinder 450. The first hydraulic cylinder 450 can be separated (or isolated)

from the second hydraulic cylinder 460 by a divider (not identified in FIGS. 4A-4C) such as,

for example, a wall or other like barrier. In this example, the first hydraulic cylinder 450 and

the second hydraulic cylinder 460 can be formed from a single cylindrical structure where the

divider creates the boundaries of the cylinders 450, 460. In some embodiments, the first

hydraulic cylinder 450 and the second hydraulic cylinder 460 can be separately formed

structures that can be coupled together or, alternatively, spaced apart from each other.

Although the first and second hydraulic cylinders 450, 460 are illustrated as being substantially

the same size and shape, in other embodiments, the size and/or shape of each hydraulic cylinder

450, 460 can differ. For example, in some embodiments, the volume of the first hydraulic

cylinder 450 can be greater than the volume of the second hydraulic cylinder 460.

[0060] The first working piston 451 is configured to be at least partially and movably

disposed in the first hydraulic cylinder 450. The first working piston 451 divides the first

hydraulic cylinder 450 into, and defines therewith, a first hydraulic chamber 452 and a second

hydraulic chamber 454. The first working piston 451 is coupled to the actuator 476 via the

piston rod 477. The actuator 476 can be, for example, an electric motor or a hydraulically

driven actuator such as, for example, the hydraulic actuators described in the '724 application,

incorporated by reference above. The actuator 476 can be used to move the first working

piston 451 back and forth within the first hydraulic cylinder 450.

[0061] The second working piston 461 is configured to be at least partially disposed in the

second hydraulic cylinder 460. The second working piston 461 divides the second hydraulic

cylinder 460 into, and defines therewith, a third hydraulic chamber 462 and a fourth hydraulic

chamber 462. The second working piston 461 is coupled to the actuator 476 via the piston rod



477. As such, the second working piston 461 is operatively coupled to, and moveable with, the

first working piston 45 1. The actuator 476, therefore, can be used to move the second working

piston 461 back and forth within the second hydraulic cylinder 460 at the same time the first

working piston 45 1 is moved back and forth within the first hydraulic chamber 450. In other

words, the first and second working pistons 451, 461 operate or move "in phase" with each

other. This in-phase movement is illustrated and described below with respect to FIGS. 4A-4C.

In other embodiments, the actuator 476 can be configured to move the first and second working

pistons 451, 461 back and forth within their respective cylinders at different times such that the

respective movement of the first and second working pistons 451, 461 is "out of phase."

[0062] As shown in FIG. 4A, the first working piston 451 and the second working piston

461 are in a first (or starting) position at or towards the end of their respective hydraulic

cylinders 450, 460. The first working piston 451 is disposed within the first hydraulic cylinder

450 such that the volume of the first hydraulic chamber 452 is less than the volume of the

second hydraulic chamber 454. In some embodiments, the first working piston 451 is disposed

within the first hydraulic cylinder 450 such that the volume of the first hydraulic chamber 452

is at or near zero. In other embodiments, the first hydraulic chamber 452 can have a different

minimum volume.

[0063] The second working piston 461 is disposed within the second hydraulic cylinder

460 such that the volume of the third hydraulic chamber 462 is less than the volume of the

fourth hydraulic chamber 464. In some embodiments, the second working piston 461 is

disposed within the second hydraulic cylinder 460 such that the volume of the third hydraulic

chamber 462 is at or near zero. In other embodiments, the third hydraulic chamber 462 can

have a different minimum volume.

[0064] As shown in FIG. 4A, the volume of the first hydraulic chamber 452 is substantially

equal to the volume of the third hydraulic chamber 462, and the volume of the second hydraulic

chamber 454 is substantially equal to the volume of the fourth hydraulic chamber 464. In some

embodiments, the volume of two or more of these chambers 452, 454, 462, 464 are not equal

(or substantially equal) and can vary depending on the structure of the lock pump 490 and/or

the specific needs of the system. For example, in some embodiments, the second working

piston 461 is coupled to the piston rod 477 and the second working piston 461 is disposed

within the second hydraulic cylinder 460 such that the volume of the third hydraulic chamber



462 is greater than the volume of the first hydraulic chamber 452. In some embodiments, the

size of the first hydraulic cylinder 450 differs from the size of the second hydraulic cylinder

460 such that the volumes of their respective chambers differ. In some instances, however,

despite the size differences between the hydraulic cylinders 450, 460, the volume of the first

hydraulic chamber 452 can still be substantially equal to the volume of the third hydraulic

cylinder 462 due to the placement of the pistons 451, 461 within their respective hydraulic

cylinders 450, 460.

[0065] In FIG. 4B, the first working piston 451 and the second working piston 461 are

shown in a second, intermediate, position between the first position and third position. The

first working piston 451 is disposed within the first hydraulic cylinder 450 such that the volume

of the first and second hydraulic chambers 452, 454 are substantially equal, and the second

working piston 461 is disposed within the first hydraulic cylinder 460 such that the volume of

the third and fourth hydraulic chambers 462, 464 are also substantially equal. In some

embodiments, however, the first and second hydraulic chambers 452, 454 can have different

volumes, and/or the third and fourth hydraulic chambers 462, 464 can have different volumes.

[0066] The first and second working pistons 451, 461 are moved from the first position to

the second position by the actuator 476. Specifically, the actuator 476 moves the first working

piston 451 in a first direction towards an opposing end of the first hydraulic cylinder 450 while

simultaneously moving the second working piston 461 in the first direction towards an

opposing end of the second hydraulic cylinder 460. Since the first working piston 45 1 is

operatively coupled to the second working piston 461 via the piston rod 477, the actuator 476

need only apply a force to one of the pistons 451, 461 to move the set of pistons 451, 461. In

other words, moving the first working piston 451 in the first direction results in the second

working piston 461 moving in the first direction. The distance that the first working piston 451

moves within the first hydraulic cylinder 450 is substantially equal to the distance that the

second working piston 461 moves within the second hydraulic cylinder 460.

[0067] Movement of the pistons 451, 461 from the first position to the second position

results in the volume of the first and third hydraulic chambers 452, 462 increasing and the

volume of the second and fourth hydraulic chambers 454, 464 decreasing. Therefore, in the

second position, the first and third hydraulic chambers 452, 462 are capable of containing more

fluid than previously allowed in the first position, and the second and fourth hydraulic



chambers 454, 464 are not capable of containing as much fluid as previously allowed in the

first position. During operation of the lock pump 490 and as the pistons 451, 461 transition

from the first position to the second position, additional fluid can be drawn into the first and

third hydraulic chambers 452, 462 from an external source such as a pond, pool or tank, and

fluid within the second and fourth hydraulic chambers 454, 464 can be discharged or expelled

from the second and fourth hydraulic chambers 454, 464 to, for example, the

compressor/expander device. As will be discussed in more detail herein, it is possible that fluid

entering the hydraulic chambers 452, 462 can produce sufficient hydraulic force to move the

pistons 451, 461. In this manner, the pistons 451, 461 can be moved by both the actuator 476

and hydraulic force.

[0068] In FIG. 4C, the first working piston 451 and the second working piston 461 are

shown in a third (or final) position at or towards the opposing end of their respective hydraulic

cylinders 450, 460. Movement of the first working piston 451 from its first position to its third

position completes a first stroke of the first working piston 451. Likewise, the distance the

second working piston 461 moves from its first position to its third position completes a first

stroke of the second working piston 461. Since the first and second working pistons 451, 461

are operatively moveable together, these first strokes can be collectively referred to herein as a

first stroke of the lock pump 490.

[0069] As shown in FIG. 4C, the first working piston 451 is disposed within the first

hydraulic cylinder 450 such that the volume of the first hydraulic chamber 452 is greater than

the volume of the second hydraulic chamber 454. In some embodiments, the first working

piston 45 1 is disposed within the first hydraulic cylinder 450 such that the volume of the

second hydraulic chamber 454 is at or near zero. In other embodiments, the second hydraulic

chamber 454 can have a different minimum volume.

[0070] The second working piston 461 is disposed within the second hydraulic cylinder 460

such that the volume of the third hydraulic chamber 462 is greater than the volume of the fourth

hydraulic chamber 464. In some embodiments, the second working piston 461 is disposed

within the second hydraulic cylinder 460 such that the volume of the fourth hydraulic chamber

464 is at or near zero. In other embodiments, the fourth hydraulic chamber 464 can have a

different minimum volume.



[0071] In FIG. 4C, the first working piston 451 is disposed within the first hydraulic

cylinder 450 such that the volume of the first and second hydraulic chambers 452, 454 are

substantially equal, and the second working piston 461 is disposed within the first hydraulic

cylinder 460 such that the volume of the third and fourth hydraulic chambers 462, 464 are also

substantially equal. In some embodiments, however, the first and second hydraulic chambers

452, 454 can have different volumes, and/or the third and fourth hydraulic chambers 462, 464

can have different volumes.

[0072] The first and second working pistons 451, 461 are moved from the second position

to the third position by the actuator 476. Specifically, the actuator 476 continues moving the

first working piston 451 in the first direction towards the opposing end of the first hydraulic

cylinder 450 while simultaneously moving the second working piston 461 in the first direction

towards the opposing end of the second hydraulic cylinder 460. Movement of the pistons 451,

461 from the second position to the third position results in the volume of the first and third

hydraulic chambers 452, 462 increasing further and the volume of the second and fourth

hydraulic chambers 454, 464 decreasing further. In the third position, the first and third

hydraulic chambers 452, 462 are capable of containing more fluid than previously allowed in

the first and second positions. In other words, the first and third hydraulic chambers 452, 462

are at their maximum volume in the third position and can therefore contain a maximum

amount of fluid. To account for this increase in volume, additional fluid can be drawn into the

first and/or third hydraulic chambers 452, 462. In contrast, when the second and fourth

hydraulic chambers 454, 464 are in the third position, they are not capable of containing as

much fluid as in the first and second positions. In other words, the second and fourth hydraulic

chambers 454, 464 are at their minimum volume in the third position and, therefore, can only

contain a minimum amount of fluid. To account for this decrease in volume, fluid can be

discharged or expelled from the second and fourth hydraulic chambers 454, 464.

[0073] Although the lock pump 490 is illustrated and described as having a single actuator

476 for moving the first and second working pistons 451, 461, in other embodiments, the lock

pump 490 can include two actuators. For example, the first actuator and the second actuator

can be operatively coupled to the first and second working pistons 451, 461, respectively, via

piston rods. In this manner, the first actuator can, for example, exert a force on the first

working piston 451 to move the first and second working pistons 451, 461 in the first direction,

and the second actuator can, for example, exert a force on the second working piston 461 to



move the first and second working pistons 451, 461 in a second (or opposite) direction. In

other embodiments, a first actuator (e.g., actuator 476) can be operatively coupled to the first

working piston 451 via a first piston rod (e.g., piston rod 477) and a second actuator can be

separately and operatively coupled to the second working piston 461 via a second piston rod.

In this manner, movement of the first working piston 45 1 can be independent from movement

of the second working piston 461. In this manner, the timing and/or distance to complete a

stoke for the first working piston 451 can be different from the timing and/or distance required

for the second working piston 461 to complete a stroke. The respective movement of the

pistons 451, 461 can therefore be "out of phase."

[0074] Although the lock pump 490 is illustrated and described as having two hydraulic

cylinders 450, 460, in other embodiments, the lock pump 490 can any include any number of

hydraulic cylinders. The lock pump 490 can include, for example, one hydraulic cylinder or

more than two hydraulic cylinders. FIG. 4D is a schematic illustration of a lock pump 690

having three hydraulic cylinders 680, 650, 660. The lock pump 690 also includes three

working pistons 681, 651, 661, a piston rod 677, and an actuator 676. In some embodiments,

however, the lock pump 690 does not include the actuator 676. The first and second hydraulic

cylinders 650, 660 and their respective chambers 652, 654, 662, 664 and pistons 651, 661

operate similar to the hydraulic cylinders 450, 460 and chambers 452, 454, 462, 464 and

pistons 451, 461 shown in FIGS. 4A-4C and, therefore, are not described in detail herein. The

actuator 676 operates similar to the actuator 476 shown in FIGS. 4A-4C and, therefore, is also

not described in detail herein.

[0075] The third hydraulic cylinder 680 is configured to contain heat transfer fluid. In

some embodiments, the third hydraulic cylinder 680 can contain a different type of heat

transfer fluid from the first and/or second hydraulic cylinders 650, 660. For example, the third

hydraulic cylinder 680 can contain a heavy gas, such as carbon dioxide, while the first and

second hydraulic cylinders 650, 660 contain a liquid, such as water. The third hydraulic

cylinder 680 can be fluidically isolated from the first hydraulic cylinder 650 and, in some

embodiments, the third hydraulic cylinder 680 can also be thermally isolated from the first

hydraulic cylinder 650. The third hydraulic cylinder 680 can be separated (or isolated) from

the first hydraulic cylinder 650 by a divider (not identified in FIG. 4D) such as, for example, a

wall or other like barrier. The hydraulic cylinders 680, 650, 660 can be formed from a single



cylindrical structure where dividers create the boundaries of the cylinders 680, 650, 660. In

some embodiments, the first, second, and/or third hydraulic cylinders 680, 650, 660 can be

separately formed structures that can be coupled together or, alternatively, spaced apart from

each other. For example, the first and second hydraulic cylinders 650, 660 can be formed from

a single structure and the third hydraulic cylinder 680 is a separately formed structure that is

coupled to the first hydraulic cylinder 650. The first, second, and third hydraulic cylinders 680,

650, 660 can have any suitable shape and/or size relative to each other.

[0076] The third working piston 681 operates similar to the first and second working

pistons 651, 661. More specifically, the third working piston 681 is configured to be at least

partially and movably disposed in the third hydraulic cylinder 680, thereby dividing the third

hydraulic cylinder 680 into a fifth hydraulic chamber 682 and a sixth hydraulic chamber 684.

The third working piston 681 is coupled to the actuator 676 via the piston rod 677. In this

manner, the all three working pistons 681, 651, 661 are operatively coupled together and move

simultaneously within their respective cylinders 680, 650, 660 in the same manner described

above with respect to pistons 451, 461. In some embodiments, less than all the pistons 681,

651, 661 operate in phase with each other. In some embodiments, one or more of the pistons

681, 651, 661 operate out of phase with another piston.

[0077] The third working piston 681 is configured to move within the third hydraulic

cylinder 680 between various positions. For example, the third working piston 681 is

illustrated in FIG. 4D in the same position as the pistons 451, 461 shown in FIG. 4C - i.e., in a

third (or final) position. The third working piston 681 can move from this position back to the

second position and the first position in the same manner as the pistons 451, 461 shown in

FIGS. 4A and 4B. Moving the third working piston 681 between these positions results in a

change of the volume of the fifth and sixth hydraulic chambers 682, 684. In some

embodiments, the third working piston 681 moves or is otherwise disposed within the third

hydraulic cylinder 680 such that the volume of the fifth hydraulic chamber 682 is substantially

equal to the volume of the first and third hydraulic chambers 652, 662. In other embodiments,

the third working piston 681 moves or is otherwise disposed within the third hydraulic cylinder

680 such that the volume of the fifth hydraulic chamber 682 is different from the first and/or

third hydraulic chambers 652, 662.



[0078] Referring to FIGS. 5A-5G, a compression/expansion device 500 according to an

embodiment is configured for inclusion in a system for storing energy and for releasing energy

that has previously been stored. Specifically, the compression/expansion device 500 is

configured to compress gas for storage and to expand gas that has previously been compressed.

As will be discussed in more detail herein, the device 500 is coupled to a liquid management

system 592 that transfers fluid to and from the device 500 during the compression and

expansion processes to optimize the thermal efficiency of the device 500. The liquid

management system 592 can be similar in many respects to the liquid management systems

described herein (e.g., liquid management system 192, and liquid management system 392) and

includes components similar in many respects to similarly identified components of such

systems (e.g., lock pump 490). The device 500 can be similar in many respects to the

compression/expansion devices described herein (e.g., compression/expansion device 100,

compression/expansion device 201, compression/expansion device 300) and includes

components similar in many respects to similarly identified components of such devices.

Details regarding the structure and operation of the device 500 are also described in a related

application having Attorney Docket No. GCOM-012/00US 312615-2042, entitled "Systems

and Methods for Compressing and/or Expanding a Gas Utilizing a Bi-Directional Piston and

Hydraulic Actuator," which is incorporated by reference herein in its entirety.

[0079] The device 500 includes a first pneumatic cylinder 510 divided into a first

pneumatic chamber 512 and a second pneumatic chamber 514 by a first working pneumatic

piston 520. The first working pneumatic piston 520 is coupled to a first hydraulic actuator 572,

which is fluidically coupleable to a hydraulic controller 570. The first and second pneumatic

chambers 512, 514 of the first pneumatic cylinder 510 are fluidically coupleable to a gas source

502. Gas from the gas source can be introduced into the first pneumatic chamber 512 via a first

fluid port 516 of the first pneumatic chamber 512 and into the second pneumatic chamber 514

via a first fluid port 522 of the second pneumatic chamber 514. Flow of gas between the gas

source 502 and the first and second pneumatic chambers 512, 514 can be selectively controlled

with valves 580, 582, respectively.

[0080] The first and second pneumatic chambers 512, 514 of the first pneumatic cylinder

510 are each fluidically coupleable to the liquid management system 592, and more

particularly, to a lock pump 590 of the liquid management system 592. As will be described in



more detail herein, fluid from the lock pump 590 can be introduced into the first pneumatic

chamber 512 via a second fluid port 511 of the first pneumatic chamber 512 and into the

second pneumatic chamber 514 via a second fluid port 515 of the second pneumatic chamber

514. Flow of fluid between the lock pump 590 and the first and second pneumatic chambers

512, 514 can be selectively controlled with valves 594, 595, respectively.

[0081] The device 500 includes a second pneumatic cylinder 530 divided into a third

pneumatic chamber 532 and a fourth pneumatic chamber 534 by a second working pneumatic

piston 540. The second working pneumatic piston 540 is coupled to a second hydraulic

actuator 574, which is fluidically coupleable to the hydraulic controller 570. The third and

fourth pneumatic chambers 532, 534 of the second pneumatic cylinder 530 have a collective

volume less than a collective volume of the first and second pneumatic chambers 512, 514 of

the first pneumatic cylinder 510. Additionally, a maximum volume of each of the third and

fourth pneumatic chambers 532, 534 is less than a maximum volume of each of the first and

second pneumatic chambers 512, 514.

[0082] The first pneumatic chamber 512 is fluidically couplable to the third pneumatic

chamber 532. Specifically, fluids can be permitted to flow between a third fluid port 518 of the

first pneumatic chamber 512 and a first fluid port 536 of the third pneumatic chamber 532.

Fluids can also be permitted to flow between a third fluid port 524 of the second pneumatic

chamber 514 and a first fluid port 542 of the fourth pneumatic chamber 534. Flow of fluid

between the first and third pneumatic chambers 512, 532 can be selectively controlled with

valve 584, and flow of fluid between the second and fourth pneumatic chambers 514, 534 can

be selectively controlled with valve 586.

[0083] The third and fourth pneumatic chambers 532, 534 are each fluidically coupleable to

the lock pump 590 of the liquid management system 592. As will be described in more detail

herein, fluid from the lock pump 590 can be introduced into the third pneumatic chamber 532

via a second fluid port 531 of the third pneumatic chamber 532 and into the fourth pneumatic

chamber 534 via a second fluid port 535 of the fourth pneumatic chamber 534. Flow of fluid

between the lock pump 590 and the third and fourth pneumatic chambers 532, 534 can be

selectively controlled with valves 596, 597, respectively.



[0084] The third and fourth pneumatic chambers 532, 534 are also each fluidically

coupleable to a compressed gas storage chamber 504. Specifically, gas can flow between the

third pneumatic chamber 532 via a third fluid port 538 of the third pneumatic chamber 532 and

the compressed gas storage chamber 504, and between the fourth pneumatic chamber 534 via a

third fluid port 545 of the fourth pneumatic chamber 534 and the compressed gas storage

chamber 504. Flow of gas between the third and fourth pneumatic chambers 532, 534 and the

compressed gas storage chamber 504 can be selectively controlled with valves 588, 590,

respectively.

[0085] The liquid management system 592 includes the lock pump 590 and a liquid storage

structure 575. The lock pump 590 includes a first hydraulic cylinder 550 divided into a first

hydraulic chamber 552 and a second hydraulic chamber 554 by a first working hydraulic piston

551. The first working hydraulic piston 551 is coupled to a third hydraulic actuator 576, which

is fluidically coupleable to the hydraulic controller 570. The first and second hydraulic

chambers 552, 554 of the first hydraulic cylinder 550 are each fluidically coupleable to the

liquid storage structure 575. The liquid storage structure 575 can be one or more suitable fluid

reservoirs suitable for storing heat transfer fluid, such as, for example, a pond, a pool, a tank, an

underground storage vessel, an aboveground storage vessel and/or the like. Fluid (i.e., heat

transfer fluid) from the liquid storage structure 575 can be introduced into the first hydraulic

chamber 552 via a first fluid port 543 of the first hydraulic chamber 552 and into the second

hydraulic chamber 554 via a first fluid port 547 of the second hydraulic chamber 554. Flow of

fluid between the liquid storage structure 575 and the first and second hydraulic chambers 552,

554 can be selectively controlled with valves 591, 593, respectively.

[0086] The first hydraulic chamber 552 of the first hydraulic cylinder 550 is fluidically

coupleable to the first pneumatic chamber 512 of the first pneumatic cylinder 510, and the

second hydraulic chamber 554 of the first hydraulic cylinder 550 is fluidically coupleable to the

second pneumatic chamber 514 of the first pneumatic cylinder 510. Specifically, fluid can be

permitted to flow between a second fluid port 513 of the first hydraulic chamber 552 and the

second fluid port 511 of the first pneumatic chamber 512. Fluids can be permitted to flow

between a second fluid port 517 of the second hydraulic chamber 554 and the second fluid port

515 of the second pneumatic chamber 514. Flow of fluid between the first hydraulic chamber

552 and the first pneumatic chamber 512 can be selectively controlled with valve 594, and flow



of fluid between the second hydraulic chamber 554 and the second pneumatic chamber 514 can

be selectively controlled with valve 595.

[0087] The lock pump 590 includes a second hydraulic cylinder 560 divided into a third

hydraulic chamber 562 and a fourth hydraulic chamber 564 by a second working hydraulic

piston 561. The second working hydraulic piston 561 is coupled to the third hydraulic actuator

576. As such, the second working hydraulic piston 561 is operatively coupled to, and

moveable with, the first working piston 55 1. The third and fourth hydraulic chambers 562, 564

of the second hydraulic cylinder 560 are also each fluidically coupleable to the liquid storage

structure 575. Fluid from the liquid storage structure 575 can be introduced into the third

hydraulic chamber 562 via a first fluid port 527 of the third hydraulic chamber 562 and into the

fourth hydraulic chamber 564 via a first fluid port 523 of the fourth hydraulic chamber 564.

Flow of fluid between the liquid storage structure 575 and the third and fourth hydraulic

chambers 562, 564 can be selectively controlled with valves 598, 599, respectively.

[0088] The third hydraulic chamber 562 of the second hydraulic cylinder 560 is fluidically

coupleable to the fourth pneumatic chamber 534 of the second pneumatic cylinder 530, and the

fourth hydraulic chamber 564 of the second hydraulic cylinder 560 is fluidically coupleable to

the third pneumatic chamber 534 of the second pneumatic cylinder 530. Specifically, fluid can

be permitted to flow between a second fluid port 537 of the third hydraulic chamber 562 and

the second fluid port 535 of the fourth pneumatic chamber 534. Fluids can be permitted to flow

between a second fluid port 533 of the fourth hydraulic chamber 564 and the second fluid port

531 of the third pneumatic chamber 532. Flow of fluid between the third hydraulic chamber

562 and the fourth pneumatic chamber 534 can be selectively controlled with valve 597, and

flow of fluid between the fourth hydraulic chamber 564 and the third pneumatic chamber 532

can be selectively controlled with valve 596.

[0089] Referring to FIGS. 5A-5G, the compression/expansion device 500 is illustrated in

first, second, third, fourth, fifth, sixth, and seventh configurations, respectively, of a

compression mode or cycle. As shown in FIG. 5A, in the first configuration, each valve 580,

582, 584, 586, 588, 590, 591, 593, 594, 595, 596, 597, 598, 599 is closed. The first working

pneumatic piston 520 is in a first (or starting) position at or towards an end of the first

pneumatic cylinder 510 such that the volume of the first pneumatic chamber 512 is less than the



volume of the second pneumatic chamber 514. In some embodiments, when the first working

pneumatic piston 520 is in its first position, the first working piston is disposed within the first

pneumatic cylinder 510 such that the volume of the first pneumatic chamber 512 is at or near

zero. In other embodiments, the first pneumatic chamber 512 can have a different minimum

volume. In some embodiments, a first mass of gas at a first pressure is contained in the second

pneumatic chamber 514.

[0090] The second working pneumatic piston 540 is in a first (or starting) position at or

towards an end of the second pneumatic cylinder 530 such that the volume of the third

pneumatic chamber 532 is greater than the volume of the fourth pneumatic chamber 534. In

some embodiments, when the second working pneumatic piston 540 is in its first position, the

second working pneumatic piston 540 is disposed within the second pneumatic cylinder 530

such that the volume of the fourth pneumatic chamber 534 is at or near zero. In other

embodiments, the fourth pneumatic chamber 534 is configured to have a different minimum

volume. A second mass of gas at a second pressure is contained in the third pneumatic

chamber 534.

[0091] The first and second working hydraulic pistons 551, 561 are in a first (or starting)

position at or towards an end of their respective hydraulic cylinders 550, 560 such that the

volume of the second and fourth hydraulic chambers 554, 564 are greater than the volume of

the first and third hydraulic chambers 552, 562. In some embodiments, when the first working

hydraulic piston 551 is in its first position, the hydraulic piston 551 is disposed within the first

hydraulic cylinder 550 such that the volume of the first hydraulic chamber 552 is at or near

zero. In some such embodiments, the second working hydraulic piston 561 is also in its first

position and disposed within the second hydraulic cylinder 560 such that the volume of the

third hydraulic chamber 562 is at or near zero. In other embodiments, the first hydraulic

chamber 552 and/or the third hydraulic chamber 562 are configured to have different minimum

volumes. In some embodiments, the hydraulic chambers contain heat transfer fluid, such as

water.

[0092] Turning now to FIG. 5B, the valves 580, 586, 588, 591, 595, 597, 599 are opened.

At valve 591, the liquid storage structure 575 is fluidically coupled to the first hydraulic

chamber 552 such that a first volume of liquid can flow from the liquid storage structure 575



into the first hydraulic chamber 552 via the first fluid port 543. The first working hydraulic

piston 551 is moved by the third hydraulic actuator 576 in a first direction towards an opposing

end of the first hydraulic cylinder 550, thereby increasing the volume of the first hydraulic

chamber 552 and reducing the volume of the second hydraulic chamber 554.

[0093] As shown in FIG. 5B, the first working hydraulic piston 55 1 is in a second position

(i.e., a first intermediate position) between its first position and its final, fourth position at or

towards the end of the opposing end of the first hydraulic cylinder 550. Movement of the first

working hydraulic piston 551 the distance from its first position to its fourth position completes

a first stroke of the first working hydraulic piston 55 1. While moving in the first direction from

its first position to its second position, the first working hydraulic piston 551 operates to draw a

first volume of liquid from the liquid storage structure 575 into the first hydraulic chamber 552,

and discharge a second volume of liquid from the second hydraulic chamber 554 into the

second pneumatic chamber 514 of the first pneumatic cylinder 510. In other words, movement

of the first working hydraulic piston 55 1 in the first direction pulls liquid from the liquid

storage structure 575 into the first hydraulic chamber 552, and pushes (or forces) liquid out of

the second hydraulic chamber 554 and into the second pneumatic chamber 514. The

displacement of liquid into and out of the first and second hydraulic chambers 552, 554 can be

due, in part, to pressure variances produced by the movement of the first working hydraulic

piston 551 in the first direction.

[0094] At valve 580, the gas source 502 is fluidically coupled to the first pneumatic

chamber 512 such that a third mass of gas at a third pressure can flow from the gas source 502

into the first pneumatic chamber 512 via the first fluid port 516. The first working pneumatic

piston 520 is moved by the first hydraulic actuator 572 in a second direction towards an

opposing end of the first pneumatic cylinder 510, thereby increasing the volume of the first

pneumatic chamber 512 and reducing the volume of the second pneumatic chamber 514.

[0095] In FIG. 5B, the first working pneumatic piston 520 is shown in a second position

(i.e., a first intermediate position) between its first position and its final, fourth position at or

towards the opposing end of the first pneumatic cylinder 510. Movement of the first working

piston 520 the distance from its first position to its fourth position completes a first stroke of

the first working pneumatic piston 520. Movement of the first working pneumatic piston 520



in the second direction can occur substantially simultaneously with movement of the first

working hydraulic piston 551 in the first direction. While moving in the second direction from

its first position to its second position, the first working pneumatic piston 520 operates to

compress the first mass of gas contained in the second pneumatic chamber 514, such that the

first mass of gas is discharged from the second pneumatic chamber 514 to the fourth pneumatic

chamber 534 at a fourth pressure higher than the first pressure. The valve 586 between the

second pneumatic chamber 514 and the fourth pneumatic chamber 534 is opened when the first

working pneumatic piston 520 is moved in its second direction to permit the first mass of gas to

be discharged from the second pneumatic chamber 514 to the fourth pneumatic chamber 534 as

it is being compressed.

[0096] In some embodiments, the second volume of liquid is introduced into the second

pneumatic chamber 514 at the same time the first working pneumatic piston 520 is compressing

the first mass of gas. The second volume of liquid is preferably a relatively cool or cold liquid

that, upon contact with the first mass of gas, cools or lowers the temperature of the first mass of

gas. Specifically, when the liquid enters the second pneumatic chamber 514 and contacts the

first mass of gas, the heat energy produced during compression of the gas is transferred directly

to the liquid. At least a portion of the warmed liquid is then allowed to flow from the second

pneumatic chamber 514 to the fourth pneumatic chamber 534 along with the first mass of gas.

In some embodiments, the heat energy is transferred to an intermediate structure disposed in

the second pneumatic chamber 514. The intermediate structure can be, for example, a heat

transfer element as described in the '679 application, incorporated by reference above. In such

embodiments, the heat energy is further transferred from the intermediate structure to the

liquid.

[0097] The second working pneumatic piston 540 is moved by the second hydraulic

actuator 574 in a third direction, opposite the second direction, towards an opposing end (or

top) of the second pneumatic cylinder 530, thereby increasing the volume of the fourth

pneumatic chamber 534 and reducing the volume of the third pneumatic chamber 532.

Movement of the second working pneumatic piston 540 in the third direction can occur

substantially simultaneously with movement of the first working pneumatic piston 520 in the

second direction. The valve 586 between the second pneumatic chamber 514 and the fourth

pneumatic chamber 534 can be open while the first hydraulic actuator 572 moves the first



working pneumatic piston 520 in the second direction and while the second hydraulic actuator

574 moves the second working pneumatic piston 540 in the third direction. In this manner, the

total volume of the second pneumatic chamber 530 and the fourth pneumatic chamber 534 is

reduced due, in part, to the difference in size between the first pneumatic cylinder 510 and the

second cylinder 530.

[0098] In FIG. 5B, the second working pneumatic piston 540 is shown in a second position

(i.e., a first intermediate position) between its first position and a final, fourth position at or

towards an opposing end of the second pneumatic cylinder 530. Movement of the second

working pneumatic piston 540 the distance from its first position to its fourth position

completes a first stroke of the second working piston 540.

[0099] While moving in the third direction, the second working pneumatic piston 540

operates to compress the second mass of gas contained in the third pneumatic chamber 532,

such that the second mass of gas is discharged from the third pneumatic chamber 532 to the

compressed gas storage chamber 504 at a fifth pressure higher than the second pressure. As

discussed above, compression of the second mass of gas results in heat energy being produced.

The valve 588 between the third pneumatic chamber 532 and the compressed gas storage

chamber 504 is opened when the second working pneumatic piston 540 is moving in the third

direction to permit the second mass of gas to be discharged from the third pneumatic chamber

532 to the compressed gas storage chamber 504 as it is being compressed. In some

embodiments, the third pneumatic chamber 532 contains liquid that can absorb the heat energy

produced by the second mass of gas during compression so that the second mass of gas is

cooled before being discharged from the third pneumatic chamber 532 to the compressed gas

storage chamber 504.

[00100] As shown in FIG. 5B, the second working hydraulic piston 561 is in a second

position (i.e., a first intermediate position) between its first position and its final, fourth position

at or towards the end of the opposing end of the second hydraulic cylinder 560. Movement of

the second working hydraulic piston 561 the distance from its first position to its fourth

position completes a first stroke of the second working hydraulic piston 561. As discussed

above, the second working hydraulic piston 561 is operatively coupled to the first working

hydraulic piston 551 such that the first and second working hydraulic pistons 551, 561 move in



phase, concurrently with each other. The first and second working hydraulic pistons 551, 561

move in the same direction and simultaneously complete strokes. The third hydraulic actuator

576 need only exert a force on one of the pistons 551, 561 to initiate movement of both of the

pistons 551, 561 in a certain direction.

[00101] While moving in the first direction from its first position to its second position, the

second working hydraulic piston 561 operates to receive a third volume of liquid from the

fourth pneumatic chamber 534 into the third hydraulic chamber 562, and discharge a fourth

volume of liquid from the fourth hydraulic chamber 564 into the liquid storage structure 575.

In other words, movement of the second working hydraulic piston 561 in the first direction

allows liquid from the fourth pneumatic chamber 534 to be received into the third hydraulic

chamber 562, and pushes (or forces) liquid out of the fourth hydraulic chamber 564 and into the

liquid storage structure 575. The displacement of liquid into and out of the third and fourth

hydraulic chambers 562, 564 can be due, in part, to pressure differences produced by the

movement of the second working hydraulic piston 561 in the first direction. For example, the

pressure in the third hydraulic chamber 562 can be greater than the pressure in the fourth

pneumatic chamber 534 when the second working hydraulic piston 561 is moved in the first

direction, thus displacing the fourth volume of liquid into the liquid storage structure 575. In

some embodiments, the lock pump 590 can be located below the pneumatic cylinders #, # such

that the third volume of liquid is drawn to the third hydraulic chamber 562 by gravitational

forces. In some embodiments, the third volume of liquid includes a portion of the second

volume of liquid. In other words, some of the second volume of liquid remains within the

fourth pneumatic chamber 534 after the second working hydraulic piston 561 is moved in the

first direction. In other embodiments, however, all of the liquid contained within the fourth

pneumatic chamber 534 can be transferred to the third hydraulic chamber 562.

[00102] As shown in FIG. 5C, the valves 580, 586, 588, 591, 595, 597, 599 remain open as

the pneumatic pistons 520, 540 and the hydraulic pistons 551, 561 continue moving in their

respective directions. The first working pneumatic piston 520 is shown in FIG. 5C in a third

position (i.e., a second intermediate position), closer to the opposing end of the first pneumatic

cylinder 510 than it previously was in the second position (i.e., the first intermediate position).

Gas and/or fluid continues to flow into and/or out of the first pneumatic cylinder in the same

manner described above with respect to FIG. 5B. The second working pneumatic piston 540 is



also shown in FIG. 5C in a third position (i.e., a second intermediate position), closer to the

opposing end of the second pneumatic cylinder 530 than it previously was in the second

position (i.e., the first intermediate position). Gas and/or fluid also continues to flow into

and/or out of the second pneumatic cylinder 530 in the same manner described above with

respect to FIG. 5B.

[00103] Furthermore, the first and second working hydraulic pistons 551, 561 are shown in

FIG. 5C in a third position (i.e., a second intermediate position), closer to the opposing end of

the first and second hydraulic cylinders 550, 560, respectively, than they previously were in the

second position (i.e., the first intermediate position). The first and second working hydraulic

pistons 55 1, 561 continue to be moved in the first direction by the third hydraulic actuator 576.

In some embodiments, the amount of force that the third hydraulic actuator 576 exerts on the

first and second working hydraulic pistons 551, 561 to move the first and second working

hydraulic pistons 551, 561 is minimal (or nominal). For example, in some embodiments, the

third hydraulic actuator 576 only exerts a force sufficient to overcome hydraulic head and

frictional losses from fluid flows in the piping. Similarly, valves 586, 595, 597 are all open so

the pressures in hydraulic chambers 554 and 562 and pneumatic chambers 514 and 534 are all

equal (ignoring head pressure and frictional losses). Thus, with respect to the lock pump 590,

the pressure in the second hydraulic chamber 554 is greater than the pressure in the first

hydraulic chamber 552 and trying to force the first working hydraulic piston 55 1 to the left, and

the pressure in the third hydraulic chamber 562 is greater than the pressure in the fourth

hydraulic chamber 564 and trying to force the second working hydraulic piston 561 to the right.

Therefore, the lock pump 590 is balanced and the third hydraulic actuator 576 can be sized

such that it only needs to overcome the frictional losses and/or hydraulic head in order to move

the volumes of liquid around.

[00104] In some embodiments, the fluid pressure within one or more of the hydraulic

chambers 552, 554, 562, 564 is sufficient to move the first and second hydraulic pistons 551,

561 in the first direction in lieu of or in conjunction with the third hydraulic actuator 576.

More specifically, the fluid pressure that is produced when liquid is introduced into one or

more of the chambers 552, 554, 562, 564 can exert a hydraulic force on the first and/or second

hydraulic pistons 551, 561 sufficient to move the hydraulic pistons 551, 561. For example, as

shown in FIGS. 5B and 5C, the valve 591 between the first hydraulic chamber 552 and the



liquid storage structure 575, and the valve 599 between the fourth hydraulic chamber 564 and

the liquid storage structure 575 are both in the open position. In an embodiment where the

liquid storage structure 575 is a containment pond opened to the atmosphere, the pressure in the

first and fourth hydraulic chambers 552, 564 will be equal (e.g., 1 bar). Similarly, valves 586,

595, 597 are all open so the pressure in the second hydraulic chamber 554, the third hydraulic

chamber 562, the second pneumatic chamber 514, and the fourth pneumatic chamber 534 are

all substantially equal provided hydraulic head differentials and frictional pressure losses are

minimal. Thus, as the pressure increases in the second and fourth pneumatic chambers 514,

534, the pressure increases in the second and third hydraulic chambers 554, 562. The increased

pressure in the second hydraulic chamber 554 exerts a force on the first hydraulic working

piston 551 in a fourth direction (opposite the first direction) and the increased pressure in the

third hydraulic chamber 562 exerts a substantially equal and opposite force on the second

hydraulic working piston 561 in the first direction. In some embodiments, this fluid pressure is

the primary force acting on the first and second working hydraulic pistons 551, 561 to move the

hydraulic pistons 551, 561 and the hydraulic force exerted by the third hydraulic actuator 576

can be a secondary force. In this matter, the lock pump 590 can be considered to be balanced

during operation of the liquid management system 592 and the actuator 576 can be sized such

that it only needs to overcome any hydraulic head and/or frictional losses in the system in order

to move volumes of liquid between the liquid storage structure 575 and the

compression/expander device 500. In some embodiments, the hydraulic force exerted by the

third hydraulic actuator 576 can be a primary force and the hydraulic fluid pressure exerted by

the liquid returning from the compressor/expander device 500 is the secondary force acting on

the first and second working hydraulic pistons 551, 561.

[00105] Referring now to FIG. 5D, the previously-opened valves 580, 586, 588, 591, 595,

597, 599 are closed and valves 582, 584, 590, 593, 594, 596, 598 are opened. The first working

hydraulic piston 55 1 has completed its first stroke and is in its fourth position, at or proximate

to the opposing end of the first hydraulic cylinder 550. As such, the first working hydraulic

piston 55 1 is in position to begin its second stroke, in which the first working hydraulic piston

55 1 is moved the distance from its fourth position to its first position. In some embodiments,

when the first working hydraulic piston 551 is in its fourth position, the first working hydraulic

piston 55 1 is disposed within the first hydraulic cylinder 550 such that the volume of the



second hydraulic chamber 554 is at or near zero. In other embodiments, the second hydraulic

chamber 554 is configured to have a different minimum volume.

[00106] The second working hydraulic piston 561 has also completed its first stroke and is in

its fourth position, at or proximate to the opposing end of the second hydraulic cylinder 560.

As such, the second working hydraulic piston 561 is in position to begin its second stroke, in

which the second working hydraulic piston 561 is moved the distance from its fourth position

to its first position. Here, the first and second working hydraulic pistons 551, 561 move the

same distance to complete a stroke. In some embodiments, when the second working hydraulic

piston 561 is in its fourth position, the second working hydraulic piston 561 is disposed within

the second hydraulic cylinder 560 such that the volume of the fourth hydraulic chamber 564 is

at or near zero. In other embodiments, the fourth hydraulic chamber 564 is configured to have

a different minimum volume.

[00107] In FIG. 5D, the first working pneumatic piston 520 has completed its first stroke and

is in its fourth position, at or proximate to the opposing end of the first pneumatic cylinder 510.

As such, the first working pneumatic piston 520 is in position to begin its second stroke, in

which the first working pneumatic piston 520 is moved the distance from its fourth position to

its first position. In some embodiments, when the first working pneumatic piston 520 is in its

fourth position, the first working pneumatic piston 520 is disposed within the first pneumatic

cylinder 510 such that the volume of the second pneumatic chamber 514 is at or near zero. In

other embodiments, the second pneumatic chamber 514 is configured to have a different

minimum volume.

[00108] The second working pneumatic piston 540 has completed its first stroke and is in its

fourth position, at or proximate to the opposing end of the second pneumatic cylinder 530. As

such, the second working pneumatic piston 540 is in position to begin its second stroke, in

which the second working pneumatic piston 540 is moved the distance from its fourth position

to its first position. In some embodiments, when the second working pneumatic piston 540 is

in its fourth position, the second working pneumatic piston 540 is disposed within the second

pneumatic cylinder 530 such that the volume of the third pneumatic chamber 532 is at or near

zero. In other embodiments, the third pneumatic chamber 532 is configured to have a different

minimum volume.



[00109] As shown in FIG. 5E, the valves 582, 584, 590, 593, 594, 596, 598 remain open. At

valve 593, the liquid storage structure 575 is fluidically coupled to the second hydraulic

chamber 554 such that a fifth volume of liquid can flow from the liquid storage structure 575

into the second hydraulic chamber 554 via the first fluid port 547. The first working hydraulic

piston 551 is moved by the third hydraulic actuator 576 in a fourth direction, opposite the first

direction, towards the opposing end of the first hydraulic cylinder 550, thereby increasing the

volume of the second hydraulic chamber 554 and reducing the volume of the first hydraulic

chamber 552.

[00110] As shown in FIG. 5E, the first working hydraulic piston 551 is in the third position

between its fourth position and its first position during its second stroke. While moving in the

fourth direction from its fourth position back to its third position, the first working hydraulic

piston 551 operates to draw a fifth volume of liquid from the liquid storage structure 575 into

the second hydraulic chamber 554, and discharge the first volume of liquid from the first

hydraulic chamber 552 into the first pneumatic chamber 512 of the first pneumatic cylinder

510. In other words, movement of the first working hydraulic piston 551 in the fourth direction

pulls liquid from the liquid storage structure 575 into the second hydraulic chamber 554, and

pushes (or forces) liquid out of the first hydraulic chamber 552 and into the first pneumatic

chamber 512.

[00111] At valve 582, the gas source 502 is fluidically coupled to the second pneumatic

chamber 514 such that gas is permitted to flow from the gas source 502 into the second

pneumatic chamber via its first fluid port 522. The first working pneumatic piston 520 is

moved by the first hydraulic actuator 572 in the third direction, thereby increasing the volume

of the second pneumatic chamber 514 and reducing the volume of the first pneumatic chamber

512. The first working pneumatic piston 520 is shown in its third position during its second

stroke. While moving in the third direction, the first working pneumatic piston 520 operates to

compress the third mass of gas contained in the first pneumatic chamber 512, thereby

discharging the third mass of gas from the first pneumatic chamber 512 and into the third

pneumatic chamber 532 at a sixth pressure higher than the third pressure. The valve 584

between the first pneumatic chamber 512 and the third pneumatic chamber 532 can be open

while the first hydraulic actuator 572 moves the first working pneumatic piston 520 in the third

direction and while the second hydraulic actuator 574 moves the second working pneumatic



piston 540 in the second direction. In this manner, the total volume of the first pneumatic

chamber 512 and the third pneumatic chamber 532 is reduced due, in part, to the difference in

size between the first pneumatic cylinder 510 and the second cylinder 530.

[00112] Compression of the third mass of gas produces heat energy and, as a result, the

temperature of the third mass of gas rises unless that heat energy is removed from the gas

during the compression process. In some embodiments, the first volume of liquid is introduced

into the first pneumatic chamber 512 as the third mass of gas is being compressed. The

temperature of the liquid is relatively cooler than the temperature of the gas and, upon contact

with the third mass of gas, cools or lowers the temperature of the gas. Said another way, heat

energy produced by the third mass of gas is transferred directly to the first volume of liquid

when the liquid contacts the gas. At least a portion of the warmed liquid is then allowed to

flow from the first pneumatic chamber 512 to the third pneumatic chamber 532 along with the

third mass of gas. In some embodiments, the heat energy is transferred to an intermediate

structure disposed in the first pneumatic chamber 512. The intermediate structure can be, for

example, a heat transfer element as described in the '679 application, incorporated by reference

above. In such embodiments, the heat energy is further transferred from the intermediate

structure to the liquid.

[00113] The second working pneumatic piston 540 is moved by the second hydraulic

actuator 574 in the second direction, thereby increasing the volume of the third pneumatic

chamber 532 and reducing the volume of the fourth pneumatic chamber 534. Movement of the

second working pneumatic piston 540 in the second direction can occur substantially

simultaneously with movement of the first working pneumatic piston 520 in the third direction.

In FIG. 5E, the second working pneumatic piston 540 is shown in its third position during its

second stroke. While moving in the second direction, the second working pneumatic piston

540 operates to compress the first mass of gas contained in the fourth pneumatic chamber 534,

thereby discharging the first mass of gas from the fourth pneumatic chamber 534 to the

compressed gas storage chamber 504 a seventh pressure higher than the fourth pressure.

[00114] As discussed above, compression of the first mass of gas results in heat energy

being produced. The valve 590 between the fourth pneumatic chamber 534 and the

compressed gas storage chamber 504 is opened when the second working pneumatic piston 540



is moving in the second direction to allow the first mass of gas to be discharged from the fourth

pneumatic chamber 534 to the compressed gas storage chamber 504 as it is being compressed.

In some embodiments, the fourth pneumatic chamber 534 contains liquid that can absorb the

heat energy produced by the first mass of gas during compression so that the first mass of gas is

cooled before being discharged from the fourth pneumatic chamber 534 to the compressed gas

storage chamber 504.

[00115] As shown in FIG. 5E, the second working hydraulic piston 561 is in the third

position during its second stroke. As discussed above, the second working hydraulic piston 561

moves with the first working hydraulic piston 551. Here, the second working hydraulic piston

561 moves in the fourth direction with the first working hydraulic piston 551. While moving in

the fourth direction from its fourth position to its third position, the second working hydraulic

piston 561 operates to draw a sixth volume of liquid (e.g., including at least a portion of the

first volume of liquid) from the third pneumatic chamber 532 into the fourth hydraulic chamber

564, and discharge the third volume of liquid (e.g., including at least a portion of the second

volume of liquid) from the third hydraulic chamber 562 into the liquid storage structure 575. In

other words, movement of the second working hydraulic piston 561 in the fourth direction pulls

liquid from the third pneumatic chamber 532 into the fourth hydraulic chamber 564, and pushes

(or forces) liquid out of the third hydraulic chamber 562 and into the liquid storage structure

575. In some embodiments, at least a portion of the first volume of liquid can remain within

the third pneumatic chamber 532 after the second working hydraulic piston 561 has completed

its second stroke in the fourth direction. In this manner, the remaining portion of the first

volume of liquid can be used to cool gas that enters the third pneumatic chamber 532 during the

next compression cycle. In other embodiments, the first volume of liquid is removed from the

third pneumatic chamber 532 completely, and transferred to the fourth hydraulic chamber 564.

In such embodiments, the first volume of liquid can be substantially equal to the sixth volume

of liquid.

[00116] In some embodiments, the third pneumatic chamber 532 can retain heat energy

produced by another previously compressed mass of gas in addition to the heat energy

produced by the third mass of gas. The first volume of liquid can be configured to absorb the

heat energy produced by compression of a previous mass of gas and the heat energy produced

by compression of the third mass of gas before any portion of the first volume of liquid is



discharged from the third pneumatic chamber 532. As will be discussed in more detail below,

this warmed liquid can be re-used during the expansion cycle to warm gas as it expands.

[00117] As shown in FIG. 5F, the valves 582, 584, 590, 593, 594, 596, 598 remain open as

the pneumatic pistons 520, 540 and the hydraulic pistons 551, 561 continue moving in their

respective directions. The first working pneumatic piston 520 is shown in FIG. 5F in its second

position during its second stroke. Fluids continues to flow into and/or out of the first

pneumatic cylinder 510 in the same manner described above with respect to FIG. 5E. The

second working pneumatic piston 540 is also shown in FIG. 5F in its second position during its

second stroke. Fluids also continues to flow into and/or out of the second pneumatic cylinder

530 in the same manner described above with respect to FIG. 5E.

[00118] Furthermore, the first and second working hydraulic pistons 551, 561 are shown in

FIG. 5F in their second position during their second stroke. The first and second working

hydraulic pistons 551, 561 continue to be moved in the second direction by the third hydraulic

actuator 576. As discussed above, in some embodiments, the amount of force that the third

hydraulic actuator 576 exerts on the first and second working hydraulic pistons 551, 561 to

move the first and second working hydraulic pistons 551, 561 is minimal (or nominal). The

force exerted by the third hydraulic actuator 576 can be sufficient to overcome hydraulic head

and/or frictional losses, as previously discussed.

[00119] Referring to FIG. 5G, the valves 582, 584, 590, 593, 594, 596, 598, which were

previously open, are now closed and the valves 580, 586, 588, 591, 595, 597, 599 are reopened.

More particularly, the valve 582 is closed to stop the flow of gas from the gas source 502 to the

third pneumatic chamber 514. The third mass of gas has been discharged from the first

pneumatic chamber 512 to the third pneumatic chamber 532 at the sixth pressure higher than

the second pressure, and is contained in the third pneumatic chamber 532. The valve 584

between the first pneumatic chamber 512 and the third pneumatic chamber 532 is closed to

prevent the third mass of gas from flowing back into the first pneumatic chamber 512 from the

third pneumatic chamber 532. The first mass of gas has been discharged from the fourth

pneumatic chamber 534 to the compressed gas storage chamber 504 at the seventh pressure

higher than the fourth pressure. The valve 590 between the fourth pneumatic chamber 534 and

the compressed gas storage chamber 504 is closed to prevent the first mass of gas from flowing



back into the fourth pneumatic chamber 534 from the storage chamber 504. Valves 580, 586,

588, 591, 595, 597, 599 are opened to permit the compression cycle to be continued or

repeated.

[00120] As noted above, when a mass of gas is transferred into a pneumatic chamber (e.g.,

first, second, third, or fourth pneumatic chambers 512, 514, 532, 534, respectively), the valve

(e.g., valve 580, 582, 584, 586, respectively) associated with the inlet port (e.g., port 516, 522,

536, 542, respectively) is closed to prevent backwards flow of the gas during compression.

Additionally, the valve (e.g., valve 584, 586, 588, 590, respectively) associated with the outlet

port (e.g., port 518, 524, 538, 545, respectively) of the respective pneumatic chamber is opened

to permit the gas to be transferred to the next downstream chamber as the gas is being

compressed.

[00121] As shown in FIG. 5G, the pneumatic pistons 520, 540 and the hydraulic pistons 55 1,

561 have completed their second stroke and each piston 520, 540, 551, 561 is now back in their

first position (see, for example, FIG. 5A). In some embodiments, the pistons 520, 540, 551,

561 move concurrently with each other and can have the same stroke time. In other words, in

some embodiments, the pistons 520, 540, 551, 561 can begin and/or end their respective strokes

at the same time. In some embodiments, the pistons 520, 540, 551, 561 can have the same

stroke time (e.g., three (3) seconds per stroke) but one or more of the pistons 520, 540, 551, 561

start their stroke at different times. In other embodiments, the timing of one or more of the

pistons 520, 540, 551, 561 can vary. For example, in some embodiments, the first working

pneumatic piston 520 can have a stroke time (i.e., the time it takes for piston 520 to move from

its first position to its fourth position) of approximately five (5) seconds, the second working

pneumatic piston 540 can have a stroke time of approximately four (4) seconds, and the first

and second working hydraulic pistons 551, 561 can have a stroke time of approximately three

(3) seconds. Stroke times can vary, for example, based on the size and/or operation of the

cylinders and/or pistons.

[00122] Referring to FIGS. 6A-6G, the compression/expansion device 500 is illustrated in

first, second, third, fourth, fifth, sixth and seventh configurations, respectively, of an expansion

mode or cycle. As shown in FIG. 6A, in the first configuration of the expansion mode, the

valves 580, 586, 588, 591, 595, 597, 599 are opened. The first and second working hydraulic



pistons 551, 561 are in their fourth position within their respective hydraulic cylinders 550, 560

such that the volume of the first hydraulic chamber 552 is greater than the volume of the

second hydraulic chamber 562, and the third hydraulic chamber 562 is greater than the volume

of the fourth hydraulic chamber 564. The valve 599 between the fourth hydraulic chamber 564

and the liquid storage structure 575 is opened. In this manner, the fourth hydraulic chamber

564 is fluidically coupled to the liquid storage structure 575 such that a first volume of fluid

can flow from the liquid storage structure 575 to the fourth hydraulic chamber 564 via the first

fluid port 523. The valve 591 between the first hydraulic chamber 553 and the liquid storage

structure 575 is also opened, and the first hydraulic chamber 553 is fluidically coupled the

liquid storage structure 575 such that fluid from the first hydraulic chamber 553 can flow from

the first hydraulic chamber 553 to the liquid storage structure 575. The valve 597 between the

third hydraulic chamber 562 and the fourth pneumatic chamber 534 is opened such that the

third hydraulic chamber 562 is fluidically coupled to the fourth pneumatic chamber 534, and a

second volume of liquid can flow from the third hydraulic chamber 562 to the fourth pneumatic

chamber 534.

[00123] The second working pneumatic piston 540 is in its fourth position within the second

pneumatic cylinder 530 such that the volume of the third pneumatic chamber 532 is less than

the volume of the fourth pneumatic chamber 534. The valve 588 between the compressed gas

storage chamber 504 and the third pneumatic chamber 532 is opened. In this manner, the

compressed gas storage chamber 504 is fluidically coupled to the third pneumatic chamber 532

such that a first mass of compressed gas at a first pressure can flow from the compressed gas

storage chamber 504 into the third pneumatic chamber 532 via the third fluid port 538. In some

embodiments, a second mass of compressed gas at a second pressure is contained in the fourth

pneumatic chamber 534. The valve 586 between the fourth pneumatic chamber 534 and the

second pneumatic chamber 514 is opened. In this manner, the fourth pneumatic chamber 534

is fluidically coupled to the second pneumatic chamber 512 such that the second mass of

compressed gas and/or the second volume of liquid can flow from the fourth pneumatic

chamber (via its first fluid port 542) to the second pneumatic chamber (via its second fluid port

524) at the second pressure.

[00124] The first working pneumatic piston 520 is in its fourth position within the first

pneumatic cylinder 510 such that the volume of the first pneumatic chamber 512 is greater than



the volume of the second pneumatic chamber 514. The valve 695 between the second

pneumatic chamber 514 and the second hydraulic chamber 554 is opened. In this manner, the

second pneumatic chamber 514 is fluidically coupled to the second hydraulic chamber 554

such that a third volume of fluid (e.g., including the second volume of liquid or at least a

portion thereof) can flow from the second pneumatic chamber 514 to the second hydraulic

chamber 554. A third mass of compressed gas at a third pressure can be contained in the first

pneumatic chamber 512. The valve 580 between the first pneumatic chamber 512 and the gas

source 502 is opened, and thus the first pneumatic chamber 512 is fluidically coupled to the gas

source 502 such that the third mass of compressed gas can flow from the first pneumatic

chamber 512 via the first fluid port 516 to the gas source 502 at the third pressure.

[00125] Referring now to FIG. 6B, the second working hydraulic piston 561 is in its third

position. The valves 599 and 597 remain open so that the third and fourth hydraulic chambers

562, 564 are fluidically coupled to the fourth pneumatic chamber 534 and the liquid storage

structure 575, respectively. The second working hydraulic piston 561 is moved by the third

hydraulic actuator 576 in the fourth direction to its second position (see, e.g., FIG. 6C), and to

its first position (see, e.g., FIG. 6D), thus completing a first stroke in the expansion mode.

Movement of the second working hydraulic piston 561 in the fourth direction causes the first

volume of liquid to be drawn into the fourth hydraulic chamber 564, and the second volume of

liquid to be discharged from the third hydraulic chamber 562 into the fourth pneumatic

chamber 534. In some embodiments, the liquid flowing into and out of the third and fourth

hydraulic chambers 562, 564 is relatively warmer than the fluid flowing into and out of the first

and second hydraulic chambers 552, 554. The warmed liquid can be, for example, the liquid

warmed during the compression mode and stored (or harvested) in the liquid storage structure

575. By reintroducing this warmed liquid into the device 500, the system is, in essence,

recycling the energy it previously produced during the compression. In this manner, it may not

be necessary for the system to exert more energy during the expansion mode to warm the gas as

it expands. For example, in some embodiments, no external heating devices or mechanisms

(e.g., burning fuels) are needed to heat the gas - the system can use the previously-produced

heat that was absorbed by the liquid. In other embodiments, however, at least a portion of the

warmed liquid is liquid injected back into the system after being warmed by an external heating

device(s) or mechanism(s).



[00126] As shown in FIG. 6B, when the first mass of compressed gas is introduced into the

third pneumatic chamber 532, the first mass of compressed gas is permitted to expand within

the third pneumatic chamber 532. The valve 588 between the compressed gas storage chamber

504 and the third pneumatic chamber 532, which was previously open in FIG. 6A, is closed in

the second configuration shown in FIG. 6B to prevent an additional amount of compressed gas

from flowing into the third pneumatic chamber 532 and to prevent flow of the first mass of

compressed gas back into the compressed gas storage chamber 504. The expanding first mass

of compressed gas exerts a force on the second working pneumatic piston 540 sufficient to

move the second working piston in the second direction to its third position (shown here in

FIG. 6B), to its second position (see, e.g., FIG. 6C), and to its first position (see, e.g., FIG. 6D),

thus completing a first stroke in the expansion mode. After being permitted to expand in the

third pneumatic chamber 532, the first mass of compressed gas has a fourth pressure lower than

the first pressure. Movement of the second working pneumatic piston 540 in the second

direction causes the second hydraulic actuator 574 to displace a first volume of hydraulic fluid.

[00127] Movement of the second working pneumatic piston 540 in the second direction also

helps transfer the second mass of compressed gas at the second pressure from the fourth

pneumatic chamber 534 to the second pneumatic chamber 514. In some embodiments,

however, before the second mass of compressed gas is transferred, the second volume of liquid

is introduced into the fourth pneumatic chamber 534 to warm up the second mass of

compressed gas. In general, as gas expands and its pressure decreases, the temperature of the

gas decreases. This can lower the gas's ability to produce energy (i.e., to move the piston 540

to generate electricity). Energy production can be increased, however, by warming the gas

prior to or during its expansion. Thus, the second volume of liquid is introduced into the fourth

pneumatic chamber 534 to warm the second mass of compressed gas, which was expanded

once in the fourth pneumatic chamber 534 and will be expanded again in the second pneumatic

chamber 514, to increase the energy production of the gas. As previously discussed, in some

embodiments, the second volume of liquid was previously warmed during the compression

process and stored within the liquid storage structure 575, and is now being re-introduced into

the device 500.

[00128] The second volume of liquid can be transferred from the fourth pneumatic chamber

534 to the second pneumatic chamber 514 along with the second mass of compressed gas. The



second mass of compressed gas is allowed to expand further within the second pneumatic

chamber. In some embodiments, the second volume of liquid continues to release heat in the

second pneumatic chamber 514 to warm the second mass of compressed gas as it continues to

expand in the second pneumatic chamber 514. The expanding second mass of compressed gas

exerts a force on the first working pneumatic piston 520 to move the first working piston in the

third direction from its third position (shown here in FIG. 6B), to its second position (see, e.g.,

FIG. 5C) and to its first position (see, e.g., FIG. 5D), thus completing a first stroke in the

expansion mode. After being permitted to expand in the second pneumatic chamber 514, the

second mass of compressed gas has a fifth pressure lower than the second pressure.

[00129] Movement of the first working pneumatic piston 520 in the third direction causes

the first hydraulic actuator 572 to displace a second volume of hydraulic fluid. Movement of

the first working pneumatic piston 520 in the third direction also reduces the volume of the first

pneumatic chamber 512 and helps to transfer the third mass of compressed gas at the third

pressure from the first pneumatic chamber 612 to the gas source 502. In some embodiments,

the third pressure is substantially equal to the atmospheric pressure outside the gas source 502

(e.g., 1 bar).

[00130] As shown in FIG. 6B, the first working hydraulic piston 55 1 is in its third position.

The valves 591 and 595 remain open so that the first and second hydraulic chambers 552, 554

are fluidically coupled to the liquid storage structure 575 and the second pneumatic chamber

524, respectively. The first working hydraulic piston 551 is moved with the second working

hydraulic piston 561 in the fourth direction from its third position to its second position (see,

e.g., FIG. 6C), and to its first position (see, e.g., FIG. 6D), thus completing a first stroke in the

expansion mode. Movement of the first working hydraulic piston 551 in the fourth direction

causes a third volume of liquid (e.g., including at least a portion of the second volume of liquid)

to be drawn into the second hydraulic chamber 554 from the second pneumatic chamber 514,

and a fourth volume of liquid to be discharged from the first hydraulic chamber 562 into the

liquid storage structure 575.

[00131] By the time the third volume of liquid exits the device 500 and is received in the

second hydraulic chamber, it is cooler than the second volume of liquid when it entered the

device 500. In some embodiments, the liquid storage structure 575 is configured to store the



warm liquid dispensed to the second hydraulic cylinder 560 and the cool liquid received from

the first hydraulic cylinder 550 without one liquid substantial affecting the temperature of the

other liquid. For example, in some embodiments, the liquid storage structure 575 can be

divided into two portions that are fluidically and/or thermally isolated from one another. One

portion of the structure 575 can hold the cooler liquid and the other portion can hold the

warmer liquid. In other embodiments, the liquid storage structure 575 can include a first tank

that contains the cooler liquid and a second, separate, tank that contains the warmer liquid.

[00132] In some embodiments, the force of the third volume of liquid entering the second

hydraulic chamber 554 is sufficient to move the first and second working hydraulic pistons

551, 561 in the fourth direction. As discussed above, in such embodiments, the third hydraulic

actuator 576 only exerts a force on the hydraulic pistons 551, 561 sufficient to overcome the

hydraulic head and/or frictional losses in order to move the hydraulic pistons 551, 561 in the

fourth direction. In some embodiments, as discussed above, the fluid pressure produced by the

third volume of liquid entering the second hydraulic chamber 554 is the primary force acting on

the hydraulic pistons 551, 561, and the hydraulic force exerted by the third hydraulic actuator

576 can be a secondary force. In other embodiments, as discussed above, the hydraulic force

exerted by the third hydraulic actuator 576 is the primary force and the fluid pressure exerted

by the liquid entering the second hydraulic chamber 554 is the secondary force acting on the

first and second working hydraulic pistons 551, 561.

[00133] Referring now to FIG. 6C, the valves 580, 586, 591, 595, 597 and 599 remain open

while valve 588 remains closed to prevent any gas in the third pneumatic chamber 632 from

flowing back into the gas storage chamber 504. The first mass of compressed gas continues to

expand in the third pneumatic chamber 632 and move the second working pneumatic piston

540 in the second direction. Likewise, the second mass of compressed gas continues to flow

from the fourth pneumatic chamber 634 to the second pneumatic chamber 614 where it

continues to expand and move the first working pneumatic piston 520 in the third direction.

The first and second working pneumatic pistons 520, 540 are shown in their respective second

positions. The first and second hydraulic pistons 551, 561 are also shown in their second

positions. The first and second hydraulic pistons 551, 561 continue to move in the fourth

direction and operate in the same manner described above with respect to FIG. 6B.



[00134] Turning now to FIG. 6D, the previously-opened valves 580, 586, 591, 595, 597, 599

are closed and valves 582, 584, 590, 593, 594, 596, 598 are opened. The first and second

working hydraulic pistons 551, 561 have completed their first stroke of the expansion mode

and are in their first position. As such, the first and second working hydraulic pistons 551, 561

are in position to begin their second stroke of the expansion mode. At this point during the

cycle, the fourth volume of fluid has been at least partially or fully discharged from the first

hydraulic chamber 552. At valve 596, the fourth hydraulic chamber 562 is fluidically coupled

to the third pneumatic chamber 532 such that the warmed first volume of liquid (or at least a

portion thereof) can flow from the fourth hydraulic chamber 562 to the third pneumatic

chamber 532. At valve 597, the third hydraulic chamber 564 is fluidically coupled to the liquid

storage structure 575 such that a fifth volume of liquid, which is warm, can flow from the

liquid storage structure 575 to the third hydraulic chamber 564. At valve 593, the second

hydraulic chamber 554 is coupled to the liquid storage structure 575 such that the third volume

of liquid (or at least a portion thereof), which is relatively cooler than the warm first volume of

liquid, can flow from the second hydraulic chamber 554 to the liquid storage structure 575. At

valve 594, the first hydraulic chamber 552 is fluidically coupled to the first pneumatic chamber

512 such that liquid, which is also relatively cooler than the warm first volume of liquid, can

flow from the first pneumatic chamber 512 to the first hydraulic chamber 552.

[00135] The second working pneumatic piston 540, having completed its first stroke, is in its

first position. At this point in the cycle, the second mass of compressed gas has been at least

partially or fully discharged from the fourth pneumatic chamber 534 into the second pneumatic

chamber 514. As shown in FIG. 6D, the third pneumatic chamber 532 is fluidically coupled to

the first pneumatic chamber 512 such that the first mass of compressed gas can be discharged

from the third pneumatic chamber 532 to the first pneumatic chamber 512 at the fourth

pressure. The first working pneumatic piston 520, having also completed its first stroke, is in

its first position. The valve 580 between the first pneumatic chamber 512 and the gas source

502 is closed to fluidically isolate the first pneumatic chamber from the gas source 502. The

valve 582 between the second pneumatic chamber 514 and the gas source 502 is opened, and

thus the second pneumatic chamber 514 is fluidically coupled to the gas source 502 such that

the second mass of gas can be discharged from the second pneumatic chamber 514 to the gas

source at the fifth pressure.



[00136] Because valve 590 is opened, the compressed gas storage chamber 504 is fluidically

coupled to the fourth pneumatic chamber 534 such that a fourth mass of compressed gas can

flow from the storage chamber 504 to the fourth pneumatic chamber 534. The fourth mass of

compressed gas is discharged from the compressed gas storage chamber 504 to the fourth

pneumatic chamber 534 at a sixth pressure. As the fourth mass of gas enters and expands in the

fourth pneumatic chamber 534, it exerts a force on the second working pneumatic piston 540

thereby moving the second working piston 540 in the third direction from its first position

(shown here in FIG. 6D) to its second, third and fourth positions, respectively.

[00137] As the second working piston 540 is moved in its third direction, the first mass of

compressed gas is discharged from the third pneumatic chamber 532 to the first pneumatic

chamber 512 at the fourth pressure. In some embodiments, however, before being discharged

to the first pneumatic chamber 512, a first volume of liquid (which, for example, was

previously warmed during the compression process) is introduced into the third pneumatic

chamber 532 to warm the first mass of compressed gas. The first volume of liquid can be

transferred into the first pneumatic chamber 512 along with the first mass of compressed gas.

[00138] In the first pneumatic chamber 512, the first mass of compressed gas is allowed to

expand and thereby exert a force on the first working pneumatic piston 520 to move the first

working piston 520 in the second direction to its first position (shown here in FIG. 6D). As the

first working pneumatic piston 520 is moved in the second direction, the second mass of gas is

discharged from the second pneumatic chamber 514 to the gas source 502 at the fifth pressure.

In some embodiments, the fifth pressure is substantially equal to the atmospheric pressure

outside the gas source 502. A sixth volume of liquid (e.g., including at least a portion of the

first volume of liquid) can also be discharged from the first pneumatic chamber 512 to the first

hydraulic chamber 552 as the first working pneumatic piston 520 moves in the second

direction.

[00139] The first hydraulic piston 551, which is shown in its first position, is moved in the

first direction with the second hydraulic piston 561. As the first working hydraulic piston 551

moves in the first direction, the sixth volume of liquid is drawn into the first hydraulic chamber

552 from the first pneumatic chamber 512, and the third volume of fluid (or at least a portion

thereof) is discharged from the second hydraulic chamber 554 into the liquid storage structure



575. As discussed above, the force of the sixth volume of liquid entering the first hydraulic

chamber 552 can be sufficient to move the first hydraulic piston 55 1 in the first direction with

limited assistance from the third hydraulic actuator 576. In some embodiments, the fluid force

produced by the sixth volume of liquid entering the first hydraulic chamber 552 is the primary

force acting on the first hydraulic piston 551, and the and hydraulic force exerted by the third

hydraulic actuator 576 is the secondary force. In other embodiments, the hydraulic force is the

primary force and the fluid force is the secondary force.

[00140] Referring now to FIG. 6E, the second working hydraulic piston 561 is in its second

position. The valves 598 and 596 remain open so that the third and fourth hydraulic chambers

562, 564 continue to be fluidically coupled to the liquid storage structure 575 and the third

pneumatic chamber 532, respectively. The second working hydraulic piston 561 continues to

move in the first direction with the first working hydraulic piston 551, and each hydraulic

piston 551, 561 operates in the same manner discussed above.

[00141] The valve 588 between the compressed gas storage chamber 504 and the third

pneumatic chamber 532, which was previously open in FIG. 6D, is closed to prevent an

additional amount of compressed gas from flowing into the chamber 504 and to prevent flow of

the fourth mass of compressed gas back into the compressed gas storage chamber 504. The

fourth mass of compressed gas continues to expand within the fourth pneumatic chamber 534

in the manner described above.

[00142] As previously discussed, the expanding fourth mass of compressed gas exerts a

force on the second working pneumatic piston 540 sufficient to move the second working

piston in the third direction to its third and fourth positions, thus completing a second stroke in

the expansion mode. After being permitted to expand in the fourth pneumatic chamber 534, the

fourth mass of compressed gas has a seventh pressure lower than the sixth pressure. Movement

of the second working pneumatic piston 540 in the third direction causes the second hydraulic

actuator 574 to displace a third volume of hydraulic fluid.

[00143] Movement of the second working pneumatic piston 540 in the third direction also

helps transfer the first mass of compressed gas at the fourth pressure from the third pneumatic

chamber 532 to the first pneumatic chamber 514. Before the first mass of compressed gas is

transferred, however, the first volume of liquid is introduced into the third pneumatic chamber



532 from the fourth hydraulic chamber 564 to warm the first mass of compressed gas. The

second volume of liquid can be transferred from the third pneumatic chamber 532 to the first

pneumatic chamber 512 with the first mass of compressed gas. The first mass of compressed

gas is permitted to expand further within the first pneumatic chamber 512 and, in some

embodiments, the first volume of liquid can continue to release and transfer heat to the gas

during this time. The expanding first mass of gas exerts a force on the first working pneumatic

piston 520 to move the first working piston in the second direction to its third and fourth

positions, thus completing a second stroke in the expansion mode. After being permitted to

expand in the second pneumatic chamber 514, the first mass of compressed gas has an eighth

pressure lower than the fourth pressure. Movement of the first working pneumatic piston 520

in the second direction causes the first hydraulic actuator 572 to displace a fourth volume of

hydraulic fluid. Movement of the first working pneumatic piston 520 in the second direction

also reduces the volume of the second pneumatic chamber 514 and helps to transfer the second

mass of compressed gas at the fifth pressure from the second pneumatic chamber 514 to the gas

source 502.

[00144] As shown in FIG. 6E, the first working hydraulic piston 551 is in its second

position. The valves 593 and 594 remain open so that the first and second hydraulic chambers

552, 554 are fluidically coupled to the first pneumatic chamber 512 and the liquid storage

structure 575, respectively. Movement of the first working hydraulic piston 551 in the first

direction causes the sixth volume of liquid (e.g., including at least a portion of the first volume

of liquid) to be drawn into the first hydraulic chamber 552 from the first hydraulic chamber

512, and the third volume of liquid (or at least a portion thereof) to be discharged from the

second hydraulic chamber 554 into the liquid storage structure 575. The first working

hydraulic piston 551 is moved with the second working hydraulic piston 561 in the first

direction to its third and fourth positions, thus completing a second stroke in the expansion

mode.

[00145] Referring now to FIG. 6F, the valves 582, 584, 593, 594, 596 and 598 continue

remain open while valve 590 continues remains closed to prevent any gas in the fourth

pneumatic chamber 634 from flowing back into the gas storage chamber 504. The fourth mass

of compressed gas continues to expand in the fourth pneumatic chamber 634 and move the

second working pneumatic piston 540 in the third direction to its third position, shown here.



Likewise, the first mass of compressed gas continues to flow from the third pneumatic chamber

532 to the first pneumatic chamber 512 where it is further permitted to expand. This expansion

forces the first pneumatic piston 520 to move in the second direction to its third position,

shown here. The first and second hydraulic pistons 551, 561 are also in their third positions.

Movement of the first and second hydraulic pistons 551, 561 in the first direction continues to

displace liquid in the manner discussed above.

[00146] Referring now to FIG. 6G, the hydraulic pistons 551, 561 and the pneumatic pistons

520, 540 are each in their respective fourth positions, having completed a second stroke in the

expansion mode. In this position, the first volume of liquid has been at least partially or fully

discharged from the fourth hydraulic chamber 564 and into the device 500, and the third

volume of liquid has been at least partially or fully discharged from the second hydraulic

chamber 552 and into the liquid storage structure 575.

[00147] The fourth mass of gas has expanded within the fourth pneumatic chamber 534,

thereby moving the second working pneumatic piston 540 in the third direction to its fourth

position. In completing its second stroke, the second working pneumatic piston 540 moved in

the third direction to increase the volume of the fourth pneumatic chamber 534 and decrease

the volume of the third pneumatic chamber 532. Additionally, the second working pneumatic

piston 540, having moved in the third direction from its first position to its fourth position (i.e.,

its second stroke in the expansion mode), caused the second hydraulic actuator 574 to displace

a third volume of hydraulic fluid.

[00148] The first mass of compressed gas and the first volume of fluid have been discharged

to the first pneumatic chamber 512 from the third pneumatic chamber 532 and the valve 584

therebetween is closed. The first mass of compressed gas has expanded within the first

pneumatic chamber 512, and now has an eighth pressure lower than the fourth pressure. The

expanding first mass of gas moved the first working pneumatic piston 520 in the second

direction to its fourth position. In completing its second stroke, the first working pneumatic

piston 520 moved in the second direction to increase the volume of the first pneumatic chamber

512 and decrease the volume of the second pneumatic chamber 514. Additionally, the first

working pneumatic piston 520, having moved in the second direction from its fourth position to

its first position (i.e., its second stroke), caused the first hydraulic actuator 572 to displace a



fourth volume of hydraulic fluid. The second stroke of the first working pneumatic piston 520

can be concurrent with, or substantially simultaneous with, the second stroke of the second

working pneumatic piston 540. As shown in FIG. 6G, the second mass of compressed gas has

been discharged from the second pneumatic chamber 514 to the gas source 502 at the fifth

pressure.

[00149] The displacement of each volume of fluid (e.g., the first, second, third, or fourth

volumes of fluid) by the first and second hydraulic actuators 572, 574 generates hydraulic

power. In embodiments where the first and second hydraulic pistons 551, 561 are moved using

hydraulic force (as described above), the third hydraulic actuator 576 can also displace a

volume of fluid to generate hydraulic power. The hydraulic controller 570 controls distribution

of the hydraulic power using, for example, software programmed to control a system of valves

(not shown) within the hydraulic controller. The hydraulic controller 570 can control

distribution of the hydraulic power to a pump/motor 571, which is configured to convert the

hydraulic power into mechanical power. The pump/motor 571 is configured to transmit the

mechanical power to a motor/generator 578. The motor/generator 578 is configured to convert

the mechanical power to electrical power, which can then be transmitted to a power grid. The

expansion mode, or cycle, can be continued or repeated as desired to convert energy stored in

the form of compressed gas into electrical energy.

[00150] Although the compression/expansion devices (e.g., devices 100, 200, 300, 500) have

been illustrated and described herein as including two pneumatic cylinders (e.g., cylinders 110

and 130, 210 and 230, 310 and 330, 510 and 530, respectively), in some embodiments, a

compression/expansion device includes more than two pneumatic cylinders. Similarly,

although the lock pumps (e.g., lock pumps 490, 590) have been illustrated and described herein

as including two hydraulic cylinders (e.g., cylinders 450 and 460, 550 and 560, respectively), in

some embodiments, a lock pump includes more than two hydraulic cylinders.

[00151] Although the lock pumps (e.g., lock pumps 490, 590) have been illustrated and

described as including a first hydraulic cylinder (e.g., first hydraulic cylinders 450, 550) and a

second hydraulic cylinder (e.g., second hydraulic cylinders 460, 560), in some embodiments, a

lock pump includes hydraulic chambers differently configured. For example, in some

embodiments a lock pump can include a single vessel divided into a first hydraulic portion and



a second hydraulic portion, with the first and second hydraulic portions each being divided by

working pistons into two hydraulic chambers. Operation of such a system can be similar in

many respects to operation of lock pump 590.

[00152] A system for compression and/or expansion of gas can include any suitable

combination of systems (e.g., system 100, 200, 300, 500), or portions thereof, described herein.

For example, in some embodiments, such a system can include any combination of system 300

(described with reference to FIG. 3), and system 500 (described with reference to FIGS. 5 and

6). For example, a system can include two or more pneumatic cylinders in an in-line

configuration and two or more pneumatic cylinders in a stacked configuration. Additionally, a

system can include one, two, three, four, or more cylinders per stage of compression/expansion.

A liquid management system can include any suitable combination of systems (192, 392, 592),

or portions thereof (e.g., lock pump 490), described herein. In some embodiments, a liquid

management system can include two or more hydraulic cylinders in an in-line configuration

and two or more hydraulic cylinders in a stacked configuration. Additionally, a liquid

management system can include one, two, three, four, or more hydraulic cylinders per stage of

compression/expansion. The number of hydraulic cylinders can correspond, for example, to

the number of pneumatic cylinders in the compression and/or expansion system. The liquid

management system can operate with any compression and/or expansion system (e.g., system

100, 200, 300, 500) described herein.

[00153] Although the liquid management system 592 is illustrated and described herein as

including the hydraulic actuator 576, in other embodiments, the liquid management system 592

does not include this actuator. Rather, the fluid pressure discussed above is the only force

acting on the pistons 551, 561 to move the pistons 551, 561. As such, the timing and

movement of the pistons 551, 561 will be dependent, in part, on the pneumatic pistons 520,

540. In some such embodiments, it is not necessary that the first and second hydraulic pistons

551, 561 be coupled together, for example, via a piston rod or other like connecting rod.

Rather, the hydraulic pistons 551, 561 can move in their respective cylinders 550, 560

independently of each other. The hydraulic pistons 551, 561 in this embodiment can, for

example, function as dividers (or other moveable barrier/separator) within their respective

cylinders 550, 560 as opposed to pistons.



[00154] The devices and systems described herein can be implemented in a wide range of

sizes and operating configurations. Said another way, the physics and fluid mechanics of the

system do not depend on a particular system size. For example, systems in the power range of

2 to 8 MW are technically and economically achievable. This estimated power range results

from a system design constrained to use current commercially available components,

manufacturing processes, and transportation processes. Larger and/or smaller system power

may be preferred if the design uses a greater fraction of custom, purpose-designed components.

Moreover, system power also depends on the end-use of the system. Said another way, the size

of the system may be affected by whether the system is implemented as a

compressor/expander, as may be the case in a CAES application, or whether the system is

implemented as an expander, as may be the case in a natural gas distribution system

component, or as a compressor, as may be the case in a carbon dioxide sequestration

application.

[00155] As noted above, devices and systems for the compression/expansion of gas,

according to embodiments, are configured for grid scale energy storage. As such, a pneumatic

cylinder (or pneumatic portion of a vessel) can be any suitable size for achieving gas

compression for grid scale energy storage and/or gas expansion for grid scale energy usage.

For example, in some embodiments, a pneumatic cylinder for the first stage of compression

(and/or a second or later stage of expansion) can be about 10.3 meters in height and about 3.5

meters in diameter. In another example, a pneumatic cylinder for the second stage of

compression (and/or a first or non-late stage of expansion) can be about 10 meters in height and

about 1.6 meters in diameter. In some embodiments, a system includes a cylinder (or vessel)

up to about 1.6 meters , which is within current technology capabilities for precision machining

(e.g., honing and chroming) an inner surface of the cylinder to produce a good seal between a

working piston and the inner surface of the cylinder. In some embodiments, a system includes

a cylinder (or vessel) larger than about 1.6 meters, which exceeds current technology

capabilities for precision machining. Accordingly, such a larger cylinder can include a rolling

piston seal, such as that described in U.S. Patent App. No. 61/420,505, to Ingersoll et al, filed

December 7, 2010, entitled "Compressor and/or Expander Device with Rolling Piston Seal,"

("the '505 application") the disclosure of which is incorporated herein by reference in its

entirety.



[00156] Additionally, a compression/expansion device according to an embodiment can be

configured to compress a volume of gas from a first pressure to a second higher pressure which

will occupy a lower volume. For example, in some embodiments, a compression/expansion

device can be configured to receive about 15,000 liters to about 20,000 liters of gas at a first

pressure (i.e., the inhale volume of the first-stage cylinder at standard atmospheric pressure) at

the first stage of compression. For example, the compression/expansion device can be

configured to compress about 16,000 liters of gas at the first stage of compression. In some

embodiments, the compressor/expander device can be configured to compress the inhale

volume of the first-stage cylinder to a pressure about 6 to 10 times its original pressure, thus

reducing the volume occupied by that mass of gas to about 2,000 - 2,500 liters (i.e., the inhale

volume of the second-stage cylinder). In some embodiments, the compressor/expander device

can be configured to receive about 2,350 liters of gas at a second pressure, higher than the first

pressure, at the second stage of compression. In other words, a first pneumatic cylinder of the

compression/expansion device can be configured to receive an inhale volume of about 16,000

liters of gas at a first pressure for the first stage of compression and compress the gas during the

first stage to about 2,350 liters of gas at a second pressure. A second pneumatic cylinder of the

compression/expansion device can be configured to receive an inhale volume of the 2,350 liters

of gas at the second pressure from the first pneumatic cylinder and compress the gas to a third

pressure, higher than the second pressure. As such, in this example, the first stage of the

compressor/expander device can be characterized as being configured to achieve about a 1:6.8

compression ratio.

[00157] The compression ratio of the second stage of the compressor/expander device can be

characterized as the volume available to contain a mass of gas when the piston is at bottom

dead center and the volume available to contain the mass of gas when the piston is at top dead

center. In the example described above where the second pneumatic cylinder is configured to

receive an inhale volume of the 2,350 liters of gas at the second pressure, the volume available

to contain a mass of gas when the piston is at bottom dead center is 2,350. In some

embodiments the volume available to contain the mass of gas when the piston is at top dead

center is about 178 liters. As such, in this example, the second stage of the

compressor/expander device can be characterized as being configured to achieve about a 6.8:90

compression ratio. The second stage of the compressor/expander device can be configured to

operate at different pressure ratios to discharged compressed gas to a third stage and/or a



compressed gas storage structures by changing the stroke of the piston (i.e., changing the

volumetric ratio between bottom dead center and top dead center to define the pressure ratio in

the second stage).

[00158] Devices and systems used to compress and/or expand a gas can be configured to

operate in a compression mode to compress a gas in excess of 700 bar. In some embodiments,

a compression/expansion device is configured to compress a gas through two or three stages of

compression. For example, the device can be configured to achieve a gas pressure ratio of 1:10

at a first stage of compression, and 10:250 at a second stage of compression. In another

example, the device can be configured to achieve a gas pressure ratio of 1:6 at the first stage of

compression, 6:90 at the second stage of compression, and, optionally, 90:250 at a third stage

of compression. In yet another example, the device can be configured to compress the gas such

that the pressure of the gas following the second stage of compression is 15 times greater than

the pressure of the gas following the first stage of compress, thus achieving a pressure ratio of

1:15.

[00159] Devices and systems used to compress and/or expand a gas can be configured to

operate in an expansion mode to expand a gas such that the compressed gas from the

compressed gas storage chamber has a pressure ratio to the expanded gas of 250:1. In some

embodiments, a compression/expansion device is configured to expand a gas through two or

three stages of expansion. For example, the device can be configured to achieve a gas

expansion ratio of 250:10 at a first stage of expansion, and 10:1 at a second stage of expansion.

In another example, the device can be configured to achieve a gas pressure ratio of 90:9 at the

first stage of expansion, and 9:1 at the second stage of compression. In yet another example,

the device can be configured to achieve a gas pressure ratio of 250:90 at a first stage of

compression, 90:6 or 90:9 at the second stage of compression, and, optionally 6:1 or 9:1 at the

third stage of compression.

[00160] Devices and systems used to compress and/or expand a gas, such as air, and/or to

pressurize and/or pump a liquid, such as water, can release and/or absorb heat during, for

example, a compression or expansion cycle. In some embodiments, one or more pneumatic

cylinders can include a heat capacitor for transferring heat to and/or from the gas as it is being

compressed/expanded, for example as described in the '679 application, incorporated by



reference above. For example, a heat transfer element can be positioned within the interior of a

pneumatic cylinder of a compressor/expander device to increase the amount of surface area

within the pneumatic cylinder that is in direct or indirect contact with gas, which can improve

heat transfer. In some embodiments, the heat transfer element can be a thermal capacitor that

absorbs and holds heat released from a gas that is being compressed, and then releases the heat

to a gas or a liquid at a later time. In some embodiments, the heat transfer element can be a

heat transferring device that absorbs heat from a gas that is being compressed, and then

facilitates the transfer of the heat outside of the pneumatic cylinder.

[00161] In another example, heat can be transferred from and/or to gas that is compressed

and/or expanded by liquid (e.g., water) within a pneumatic cylinder. A gas/liquid or gas/heat

element interface may move and/or change shape during a compression and/or expansion

process in a pneumatic cylinder. This movement and/or shape change may provide a

compressor/expander device with a heat transfer surface that can accommodate the changing

shape of the internal areas of a pneumatic cylinder in which compression and/or expansion

occurs. In some embodiments, the liquid may allow the volume of gas remaining in a

pneumatic cylinder after compression to be nearly eliminated or completely eliminated (i.e.,

zero clearance volume).

[00162] A liquid (such as water) can have a relatively high thermal capacity as compared to

a gas (such as air) such that a transfer of an amount of heat energy from the gas to the liquid

avoids a significant increase in the temperature of the gas, but only incurs a modest increase in

the temperature of the liquid. This allows buffering of the system from substantial temperature

changes. Said another way, this relationship creates a system that is resistant to substantial

temperature changes. Heat that is transferred between the gas and liquid, or components of the

vessel itself, may be moved from or to the pneumatic cylinder through one or more processes.

In some embodiments, heat can be moved in or out of the pneumatic cylinder using mass

transfer of the compression liquid itself. In other embodiments, heat can be moved in or out of

the pneumatic cylinder using heat exchange methods that transfer heat in or out of the

compression liquid without removing the compression liquid from the pneumatic cylinder.

Such heat exchangers can be in thermal contact with the compression liquid, components of the

pneumatic cylinder, a heat transfer element, or any combination thereof. Furthermore, heat

exchangers may also use mass transfer to move heat in or out of the pneumatic cylinder. One



type of heat exchanger that can be used to accomplish this heat transfer is a heat pipe as

described in the Compressor and/or Expander Device applications and the Ί 07 application,

incorporated by reference above. Thus, the liquid within a pneumatic cylinder can be used to

transfer heat from gas that is compressed (or to gas that is expanded) and can also act in

combination with a heat exchanger to transfer heat to an external environment (or from an

external environment). Any suitable mechanism for transferring heat out of the device during

compression and/or into the device during expansion may be incorporated into the system.

[00163] In some embodiments, one or more hydraulic actuators of a compression/expansion

device may incorporate "gear change" or "gear shift" features within a single stage of

compression or expansion, or during a cycle or stroke of the actuator, to optimize the energy

efficiency of the hydraulic actuation. As used herein, the terms "gear change" or "gear shift"

are used to described a change in the ratio of the pressure of the hydraulic fluid in the active

hydraulic actuator chambers to the pressure of the gas in the working chamber actuated by (or

actuating) the hydraulic actuator, which is essentially the ratio of the pressurized surface area of

the working piston(s) to the net area of the pressurized surface area(s) of the hydraulic piston(s)

actuating the working piston(s). The term "gear" can refer to a state in which a hydraulic

actuator has a particular piston area ratio (e.g., the ratio of the net working surface area of the

hydraulic actuator to the working surface area of the working piston acting on, or being acted

on by, the gas in a working chamber) at a given time period. Examples of suitable hydraulic

actuators including "gear changes" or "gear shifts" are described in the '724 application,

incorporated by reference above.

[00164] The compressor/expander system can be configured for use with any suitable

compressed gas storage chamber, including, for example, an underground storage structure

(e.g., a pressure compensated salt cavern). Examples of suitable storage structures are

described in U.S. Provisional App. No. 61/432,904 to Ingersoll et al, filed January 14, 2011,

entitled "Compensated Compressed Gas Storage Systems," the disclosure of which is

incorporated herein by reference in its entirety. The compressor/expander system can also be

used with other types of storage, including, but not limited to, tanks, underwater storage

vessels, and the like.



[00165] While various embodiments of the invention have been described above, it should

be understood that they have been presented by way of example only, and not limitation.

Where methods and steps described above indicate certain events occurring in certain order,

those of ordinary skill in the art having the benefit of this disclosure would recognize that the

ordering of certain steps may be modified and that such modifications are in accordance with

the variations of the invention. Additionally, certain of the steps may be performed

concurrently in a parallel process when possible, as well as performed sequentially as described

above. Additionally, certain steps may be partially completed before proceeding to subsequent

steps. The embodiments have been particularly shown and described, but it will be understood

that various changes in form and details may be made.

[00166] For example, although various embodiments have been described as having

particular features and/or combinations of components, other embodiments are possible having

any combination or sub-combination of any features and/or components from any of the

embodiments described herein. For example, although the device 201 is depicted as having a

single pneumatic cylinder for the first stage of compression, in some embodiments, the device

can include two, three, or more pneumatic cylinders configured to operate the first stage of

compression. In another example, although the devices 200, 300, 400, 500, 600 are depicted as

being configured for fluid communication with a single compressed gas storage chamber, in

some embodiments, the devices 200, 300, 400, 500, 600 be configured to be fluidically

coupleable to any number of compressed gas storage chambers. Similarly, although devices

200, 300, 400, 500, 600 are depicted being fluidically coupleable to a single gas source, in

some embodiments, devices 200, 300, 400, 500, 600 can be fluidically coupleable to any

number of gas sources. The specific configurations of the various components can also be

varied. For example, the size and specific shape of the various components can be different

than the embodiments shown, while still providing the functions as described herein.

[00167] What is claimed is:



1. An apparatus suitable for use in a compressed gas-based energy storage and recovery

system, the apparatus comprising:

a first hydraulic cylinder having a first working piston disposed therein for reciprocating

movement in the first hydraulic cylinder, the first working piston dividing the first hydraulic

cylinder into, and defining therewith, a first hydraulic chamber and a second hydraulic

chamber;

a second hydraulic cylinder having a second working piston disposed therein for

reciprocating movement in the second hydraulic cylinder, the second working piston dividing

the second hydraulic cylinder into, and defining therewith, a third hydraulic chamber and a

fourth hydraulic chamber;

a connecting rod disposed between, and coupled to, the first working piston and the

second working piston; and

a hydraulic actuator having an actuator cylinder and an actuator piston disposed therein

for reciprocating movement in the actuator cylinder, the actuator piston dividing the actuator

cylinder into, and defining therewith, a first actuator chamber and a second actuator chamber,

the hydraulic actuator and being coupled to at least one of the first working piston, the second

working piston, and the connecting rod, the hydraulic actuator configured to receive

pressurized hydraulic fluid in the first actuator chamber to move the first and second working

pistons in a first direction to reduce the volume of the first hydraulic chamber and the third

hydraulic chamber, the hydraulic actuator further configured to receive pressurized hydraulic

fluid in the second actuator chamber to move the first and second working pistons in a second

direction, opposite the first direction, to reduce the volume of the second hydraulic chamber

and the fourth hydraulic chamber.

2. The apparatus of claim 1, wherein the hydraulic actuator is a first hydraulic actuator, the

apparatus further comprising:

a second hydraulic actuator coupled to at least one of the first working piston, the

second working piston, and the connecting rod, the second hydraulic actuator operable to move

the first and second working pistons in the first direction and the second direction.

3. The apparatus of claim 1, further comprising:



a hydraulic controller fluidically coupleable to the hydraulic actuator, the hydraulic

controller operable in a compression mode to produce a hydraulic actuator force on the first and

second working pistons sufficient to move the first and second working pistons: a) in the first

direction such that liquid contained in the first hydraulic chamber and the third hydraulic

chamber is discharged from the first hydraulic chamber and the third hydraulic chamber, and b)

in the second direction such that liquid contained in the second hydraulic chamber and the

fourth hydraulic chamber is discharged from the second hydraulic chamber and the fourth

hydraulic chamber.

4. The apparatus of claim 1, wherein the hydraulic controller is operable to maintain a

hydraulic pressure within the first hydraulic chamber substantially equal to a hydraulic pressure

within the fourth hydraulic chamber at any given time.

5. The apparatus of claim 1, wherein a hydraulic pressure within the second hydraulic

chamber is substantially equal to a hydraulic pressure within the third hydraulic chamber at any

given time period.

6. The apparatus of claim 1, wherein a combined volume of the first and second hydraulic

chambers is substantially equal to a combined volume of the third and fourth hydraulic

chambers.

7. The apparatus of claim 1, wherein a volume of the first hydraulic chamber is

substantially equal to a volume of the third hydraulic chamber at any given time.

8. The apparatus of claim 1, wherein a volume of the second hydraulic chamber is

substantially equal to a volume of the fourth hydraulic chamber at any given time period.

9. The apparatus of claim 1, wherein a change in volume of the first hydraulic chamber

corresponds to a change in volume of the second hydraulic chamber.

10. The apparatus of claim 1, wherein a change in volume of the first hydraulic chamber

corresponds to a change in volume of the third hydraulic chamber.

11. The apparatus of claim 1, wherein the average temperature of liquid contained within

the first hydraulic cylinder is less than the average temperature of liquid contained within the

second hydraulic cylinder.

12. The apparatus of claim 1, wherein the first and second hydraulic cylinders are

fluidically coupleable to a liquid storage structure and a gas compressor/expander device.



13. The apparatus of claim 12, wherein the liquid storage structure is at least one of a

storage vessel, a pond, a tank, and a pool.

14. The apparatus of claim 1, further comprising:

a vessel having a first portion and a second portion fluidically isolated from the first

portion, the first portion defining the first hydraulic cylinder, the second portion defining the

second hydraulic cylinder.

15. The apparatus of claim 1, wherein the first hydraulic cylinder includes a first fluid port

and a second fluid port, the second hydraulic cylinder includes a third fluid port and fourth

fluid port, and

wherein the actuator moving the first and second working pistons in the first direction

causes: a) liquid contained within the first hydraulic chamber to be discharged from the first

hydraulic chamber to a gas compressor/expander device via the first fluid port, b) liquid from a

liquid storage structure to be drawn into the second hydraulic chamber via the second fluid

port, c) liquid contained within the third hydraulic chamber to be discharged from the third

hydraulic chamber to the liquid storage structure via the third fluid port, and d) liquid from the

gas compressor/expander device to be drawn into the fourth chamber via the fourth fluid port.

16. The apparatus of claim 1, wherein the first hydraulic cylinder includes a first fluid port

and a second fluid port, the second hydraulic cylinder includes a third fluid port and fourth

fluid port, and

wherein the actuator moving the first and second working pistons in the second

direction causes: a) liquid from a liquid storage structure to be drawn into the first hydraulic

chamber via the first fluid port, b) liquid contained within the second hydraulic chamber to be

discharged from the second hydraulic chamber to a gas compressor/expander device via the

second fluid port, c) liquid from the gas compressor/expander device to be drawn into the third

chamber via the third fluid port, and d) liquid contained within the fourth hydraulic chamber to

be discharged from the fourth hydraulic chamber to the liquid storage structure via the fourth

fluid port.

17. The apparatus of claim 1, wherein the first hydraulic cylinder includes a first fluid port

and a second fluid port, the second hydraulic cylinder includes a third fluid port and fourth

fluid port, and

wherein the actuator moving the first and second working pistons in the first direction

causes: a) liquid contained within the first hydraulic chamber to be discharged from the first



hydraulic chamber to a liquid storage structure via the first fluid port, b) liquid from a gas

compressor/expander device to be drawn into the second hydraulic chamber via the second

fluid port, c) liquid contained within the third hydraulic chamber to be discharged from the

third hydraulic chamber to the gas compressor/expander device via the third fluid port, and d)

liquid from the liquid storage structure to be drawn into the fourth chamber via the fourth fluid

port.

18. The apparatus of claim 1, wherein the first hydraulic cylinder includes a first fluid port

and a second fluid port, the second hydraulic cylinder includes a third fluid port and fourth

fluid port, and

wherein the actuator moving the first and second working pistons in the second

direction causes: a) liquid from a gas compressor/expander device to be drawn into the first

hydraulic chamber via the first fluid port, b) liquid contained within the second hydraulic

chamber to be discharged from the second hydraulic chamber to a liquid storage structure via

the second fluid port, c) liquid from the liquid storage structure to be drawn into the third

chamber via the third fluid port, and d) liquid contained within the fourth hydraulic chamber to

be discharged from the fourth hydraulic chamber to the gas compressor/expander device via the

fourth fluid port.

19. The apparatus of claim 1, wherein the actuator is operable to move the first working

piston in phase with the second working piston.

20. A system for increasing the efficiency of a compressed gas-based energy storage and

recovery system, the system comprising:

a first hydraulic cylinder having a first working piston disposed therein for reciprocating

movement in the first hydraulic cylinder, the first working piston dividing the first hydraulic

cylinder into, and defining therewith, a first hydraulic chamber and a second hydraulic

chamber,

the first hydraulic chamber having a first fluid port and a second fluid port, the

first fluid port fluidically coupleable to a liquid storage structure and the second fluid port

fluidically coupleable to a gas compressor/expander device,

the second hydraulic chamber having a first fluid port and a second fluid port,

the first fluid port fluidically coupleable to the liquid storage structure and the second fluid port

fluidically coupleable to the gas compressor/expander device;



a second hydraulic cylinder having a second working piston disposed therein for

reciprocating movement in the second hydraulic cylinder, the second working piston dividing

the second hydraulic cylinder into, and defining therewith, a third hydraulic chamber and a

fourth hydraulic chamber,

the third hydraulic chamber having a first fluid port and a second fluid port, the

first fluid port fluidically coupleable to the liquid storage structure and the second fluid port

fluidically coupleable to the gas compressor/expander device,

the fourth hydraulic chamber having a first fluid port and a second fluid port, the

first fluid port fluidically coupleable to the liquid storage structure and the second fluid port

fluidically coupleable to the gas compressor/expander device;

a hydraulic actuator coupled to the first working piston; and

a hydraulic controller fluidically coupleable to the hydraulic actuator, the hydraulic

controller operable in a first operating mode in which liquid is discharged from the first

hydraulic cylinder to the gas compressor/expander device and from the second hydraulic

cylinder to the liquid storage structure, and a second operating mode in which liquid is

discharged from the first hydraulic cylinder to the liquid storage structure and from the second

hydraulic cylinder to the gas compressor/expander device,

wherein operation of the hydraulic controller in the first operating mode

produces a hydraulic actuator force on the first working piston sufficient to move the first

working piston: a) in a first direction such that liquid contained in the first hydraulic chamber is

discharged from the first hydraulic chamber into the gas compressor/expander device and liquid

is drawn into the second hydraulic chamber from the liquid storage structure, and b) in a second

direction, opposite the first direction, such that liquid contained in the second hydraulic

chamber is discharged to the gas compressor/expander device and drawn into the first hydraulic

chamber from the liquid storage structure.

21. The system of claim 20, wherein operation of the hydraulic controller in the first

operating mode produces a hydraulic actuator force on the second working piston sufficient to

move the second working piston: a) in a third direction such that liquid contained in the third

hydraulic chamber is discharged from the third hydraulic chamber into the liquid storage



structure, and b) in a fourth direction, opposite the third direction, such that liquid contained in

the fourth hydraulic chamber is discharged to the liquid storage structure.

22. The system of claim 21, wherein movement of the first working piston in the first

direction is concurrent with movement of the second working piston in the third direction, the

third direction being substantially the same as the first direction.

23. The system of claim 21, wherein movement of the first working piston in the second

direction is concurrent with movement of the second working piston in the fourth direction, the

second direction being substantially the same as the fourth direction.

24. The system of claim 21, wherein fluid pressure in the fourth hydraulic chamber from

liquid received into the fourth hydraulic chamber from the gas compressor/expander device

produces a hydraulic force on the second working piston sufficient to move the second working

piston in the third direction.

25. The system of claim 24, wherein the second working piston is operatively coupled to

the first working piston such that movement of the second working piston in the third direction

facilitates movement of the first working piston in the first direction.

26. The system of claim 25, wherein movement of the first working piston in the first

direction occurs concurrently with movement of the second working piston in the third

direction, the third direction being substantially the same as the first direction.

27. The system of claim 25, wherein fluid pressure in the fourth hydraulic chamber from

liquid received into the fourth hydraulic chamber from the gas compressor/expander device

produces a hydraulic force on the second working piston sufficient to move the second working

piston in the third direction and the first working piston in the first direction.

28. The system of claim 21, wherein fluid pressure in the third hydraulic chamber from

liquid received into the third hydraulic chamber from the gas compressor/expander device

produces a hydraulic force on the second working piston sufficient to move the second working

piston in the fourth direction.

29. The system of claim 28, wherein the second working piston is operatively coupled to

the first working piston such that movement of the second working piston in the fourth

direction facilitates movement of the first working piston in the second direction.



30. The system of claim 29, wherein movement of the first working piston in the second

direction occurs concurrently with movement of the second working piston in the fourth

direction, the fourth direction being substantially the same as the second direction.

31. The system of claim 29, wherein fluid pressure in the third hydraulic chamber from

liquid received into the third hydraulic chamber from the gas compressor/expander device

produces a hydraulic force on the second working piston sufficient to move the second working

piston in the fourth direction and the first working piston in the second direction.

32. The system of claim 20, wherein operation of the hydraulic controller in the second

operating mode produces a hydraulic actuator force on the first working piston sufficient to

move the first working piston: a) in a third direction such that liquid contained in the first

hydraulic chamber is discharged from the first hydraulic chamber into the liquid storage

structure and liquid is drawn into the second hydraulic chamber from the gas

compressor/expander device, and b) in a fourth direction, opposite the third direction, such that

liquid contained in the second hydraulic chamber is discharged from the second hydraulic

chamber into the liquid storage structure and liquid is drawn into the first hydraulic chamber

from the gas compressor/expander device.

33. The system of claim 32, wherein fluid pressure in the second hydraulic chamber from

liquid received into the second hydraulic chamber from the gas compressor/expander device

produces a hydraulic force on the first working piston sufficient to facilitate movement of the

first working piston in the third direction, the hydraulic force being greater than the hydraulic

actuator force produced by the hydraulic controller in the second operating mode.

34. The system of claim 32, wherein fluid pressure in the first hydraulic chamber from

liquid received into the first hydraulic chamber from the gas compressor/expander device

produces a hydraulic force on the first working piston sufficient to facilitate movement of the

first working piston in the fourth direction, the hydraulic force being greater than the hydraulic

actuator force produced by the hydraulic controller in the second operating mode.

35. The system of claim 32, wherein operation of the hydraulic controller in the second

operating mode produces a hydraulic actuator force on the second working piston sufficient to

move the second working piston: a) in a fifth direction such that liquid contained in the third

hydraulic chamber is discharged from the third hydraulic chamber into the gas

compressor/expander device, and b) in a sixth direction, opposite the fifth direction, such that



liquid contained in the fourth hydraulic chamber is discharged to the gas compressor/expander

device.

36. The system of claim 35, wherein fluid pressure in the second hydraulic chamber from

liquid received into the fourth hydraulic chamber from the gas compressor/expander device

produces a hydraulic force on the first working piston sufficient to move the first working

piston in the third direction.

37. The system of claim 36, wherein the first working piston is operatively coupled to the

second working piston such that movement of the first working piston in the third direction

facilitates movement of the second working piston in the fifth direction.

38. The system of claim 37, wherein movement of the first working piston in the third

direction occurs concurrently with movement of the second working piston in the fifth

direction, the fifth direction being substantially the same as the third direction.

39. The system of claim 36, wherein fluid pressure in the first hydraulic chamber from

liquid received into the firs hydraulic chamber from the gas compressor/expander device

produces a hydraulic force on the first working piston sufficient to move the first working

piston in the third direction and the second working piston in the fifth direction.

40. The system of claim 35, wherein fluid pressure in the first hydraulic chamber from

liquid received into the first hydraulic chamber from the gas compressor/expander device

produces a hydraulic force on the first working piston sufficient to move the first working

piston in the fourth direction.

41. The system of claim 40, wherein the first working piston is operatively coupled to the

second working piston such that movement of the first working piston in the fourth direction

facilitates movement of the second working piston in the sixth direction.

42. The system of claim 41, wherein movement of the first working piston in the fourth

direction is concurrent with movement of the second working piston in the sixth direction, the

sixth direction being substantially the same as the fourth direction.

43. The system of claim 40, wherein fluid pressure in the first hydraulic chamber from

liquid received into the first hydraulic chamber from the gas compressor/expander device

produces a hydraulic force on the first working piston sufficient to move the first working

piston in the fourth direction and the second working piston in the sixth direction.



44. The system of claim 20, wherein the gas compressor/expander device includes a first

pneumatic cylinder and a second pneumatic cylinder fluidically coupleable to the first

pneumatic cylinder,

the first pneumatic cylinder having a third working piston disposed therein for

reciprocating movement in the first pneumatic cylinder, the third working piston dividing the

first pneumatic cylinder into, and defining therewith, a first pneumatic chamber and a second

pneumatic chamber, the first pneumatic chamber being fluidically coupleable to the second

fluid port of the first hydraulic chamber, the second pneumatic chamber being fluidically

coupleable to the second fluid port of the second hydraulic chamber,

the second pneumatic cylinder having a fourth working piston disposed therein for

reciprocating movement in the second pneumatic cylinder, the fourth working piston dividing

the second pneumatic cylinder into, and defining therewith, a third pneumatic chamber and a

fourth pneumatic chamber, the third pneumatic chamber being fluidically coupleable to the

second fluid port of the fourth hydraulic chamber, the fourth pneumatic chamber being

fluidically coupleable to the second fluid port of the third hydraulic chamber.

45. The system of claim 44, wherein the hydraulic actuator is a first hydraulic actuator and

the hydraulic actuator force is a first hydraulic actuator force, the hydraulic controller being

fluidically coupleable to a second hydraulic actuator coupled to the third working piston and a

third hydraulic actuator coupled to the fourth working piston,

wherein operation of the hydraulic controller in the first operating mode produces a

second hydraulic actuator force on the third working piston sufficient to move the third

working piston: a) in a third direction such that gas contained in the first pneumatic chamber is

discharged from the first pneumatic chamber into the third pneumatic chamber, and b) in a

fourth direction, opposite the third direction, such that gas contained in the second pneumatic

chamber is discharged from the second pneumatic chamber into the fourth pneumatic chamber.

46. The system of claim 45, wherein movement of the first working piston in the first

direction is concurrent with movement of the third working piston in the third direction, the

third direction being different from the first direction.



47. The system of claim 20, wherein the hydraulic actuator is a first hydraulic actuator, the

system further comprising:

a second hydraulic actuator coupled to the second working piston, the hydraulic

controller fluidically coupleable to the first hydraulic actuator and the second hydraulic

actuator.

48. The system of claim 20, wherein a hydraulic pressure within the first hydraulic chamber

is substantially equal to a hydraulic pressure within the fourth hydraulic chamber at any given

time period.

49. The system of claim 20, wherein a hydraulic pressure within the second hydraulic chamber

is substantially equal to a hydraulic pressure within the third hydraulic chamber at any given

time period.

50. The system of claim 20, wherein a combined volume of the first and second hydraulic

chambers is substantially equal to a combined volume of the third and fourth hydraulic

chambers.

51. The system of claim 20, wherein a volume of the first hydraulic chamber is

substantially equal to a volume of the third hydraulic chamber.

52. The system of claim 20, wherein a change in volume of the first hydraulic chamber

corresponds to a change in volume of the second hydraulic chamber.

53. The system of claim 20, wherein a change in volume of the first hydraulic chamber

corresponds to a change in volume of the third hydraulic chamber.

54. The system of claim 20, wherein a combined temperature within the first and second

hydraulic chambers is greater than a combined temperature within the third and fourth

hydraulic chambers.

55. The system of claim 20, wherein liquid contained in the first hydraulic chamber has a

first temperature during operation, and liquid contained in the third hydraulic chamber has a

second temperature greater than the first temperature during operation.

56. The apparatus of claim 20, wherein the liquid storage structure is at least one of a

storage vessel, a pond, a tank, or a reservoir.

57. A method of controlling the thermal efficiency of a compressed gas-based energy

storage and recovery system, the compressed gas-based energy storage and recovery system

including a gas compressor/expander device and a liquid management system, the liquid



management system including a first hydraulic cylinder having a first working piston disposed

therein for reciprocating movement in the first hydraulic cylinder, the first working piston

dividing the first hydraulic cylinder into, and defining therewith, a first hydraulic chamber and

a second hydraulic chamber, a second hydraulic cylinder having a second working piston

disposed therein for reciprocating movement in the second hydraulic cylinder, the second

working piston dividing the second hydraulic cylinder into, and defining therewith, a third

hydraulic chamber and a fourth hydraulic chamber, the method comprising:

fluidically isolating the first hydraulic chamber from a liquid source;

establishing fluid communication between the first hydraulic chamber and the gas

compressor/expander device;

fluidically isolating the second hydraulic chamber from the gas compressor/expander

device;

establishing fluid communication between the second hydraulic chamber and the liquid

source;

moving the first working piston in a first direction to: a) reduce the volume of the first

hydraulic chamber and displace a first volume of liquid contained therein to the gas

compressor/expander device, and b) increase the volume of the second hydraulic chamber and

receive therein a second volume of liquid from the liquid source;

fluidically isolating the first hydraulic chamber from the gas compressor/expander

device;

establishing fluid communication between the first hydraulic chamber and the liquid

source;

fluidically isolating the second hydraulic chamber from the liquid source;

establishing fluid communication between the second hydraulic chamber and the gas

compressor/expander device;

moving the first working piston in a second direction, opposite to the first direction, to:

a) reduce the volume of the second hydraulic chamber and displace the second volume of liquid

contained therein to the gas compressor/expander device, and b) increase the volume of the first

hydraulic chamber and receive therein a third volume of liquid from the liquid source.



58. The method of claim 57, further comprising:

fluidically isolating the third hydraulic chamber from the gas compressor/expander

device;

establishing fluid communication between the third hydraulic chamber and the liquid

source;

fluidically isolating the fourth hydraulic chamber from the liquid source;

establishing fluid communication between the fourth hydraulic chamber and the gas

compressor/expander device;

moving the second working piston in a third direction to: a) reduce the volume of the

third hydraulic chamber and displace a fourth volume of liquid contained therein to the liquid

source, and b) increase the volume of the fourth hydraulic chamber and receive therein a fifth

volume of liquid from the gas compressor/expander device.

59. The method of claim 58, wherein movement of the first working piston in the first

direction is substantially concurrent with movement of the second working piston in the third

direction, the third direction being substantially the same as the first direction.

60. The method of claim 58, wherein a temperature of the fifth volume of liquid is greater

than a temperature of the first volume of liquid.

6 1. The method of claim 58, wherein a temperature of the fourth volume of liquid is greater

than a temperature of at least one of the first volume of liquid or the second volume of liquid.

62. The method of claim 58, wherein the first hydraulic chamber is in fluid communication

with the gas compressor/expander device when the third hydraulic chamber is fluidically

isolated from the gas compressor/expander device.

63. The method of claim 58, further comprising:

fluidically isolating the third hydraulic chamber from the liquid source;

establishing fluid communication between the third hydraulic chamber and the gas

compressor/expander device;

fluidically isolating the fourth hydraulic chamber from the gas compressor/expander

device;



establishing fluid communication between the fourth hydraulic chamber and the liquid

source;

moving the second working piston in a fourth direction, opposite to the third direction,

to: a) reduce the volume of the fourth hydraulic chamber and displace the fifth volume of liquid

contained therein to the liquid source, and b) increase the volume of the third hydraulic

chamber and receive therein a sixth volume of liquid from the gas compressor/expander device.

64. The method of claim 63, wherein movement of the first working piston in the second

direction is substantially concurrent with movement of the second working piston in the fourth

direction, the second direction being substantially the same as the fourth direction.

65. The method of claim 63, wherein a temperature of the sixth volume of liquid is greater

than a temperature of the second volume of liquid.

66. The method of claim 63, wherein the first hydraulic chamber is in fluid communication

with the liquid source when the third hydraulic chamber is in fluid communication with the gas

compressor/expander device.

67. The method of claim 63, wherein a hydraulic pressure within the first hydraulic

chamber during movement of the first working piston in the second direction is substantially

equal to a hydraulic pressure within the fourth hydraulic cylinder during movement of the

second working piston in the fourth direction.

68. The method of claim 58, wherein an average hydraulic pressure within the first

hydraulic cylinder during movement of the first working piston in the first direction is

substantially equal to an average hydraulic pressure within the second hydraulic cylinder during

movement of the first working piston in the second direction.

69. The method of claim 58, wherein the first working piston is moved in the first direction

for a first time period, movement of the first working piston in the first direction for the first

time period being a first stroke, the method further comprising:

moving the second working piston in a third direction for a second time period to

reduce the volume of the third hydraulic chamber and increase the volume of the fourth

hydraulic chamber, movement of the second working piston in the third direction for the

second time period being a second stroke,

wherein a duration of the first time period of the first stroke and a duration of the

second time period of the second stroke are substantially equal,

wherein the third direction is substantially the same as the first direction.



70. The method of claim 69, wherein the first stroke and the second stroke occur

substantially simultaneously.

71. The method of claim 69, wherein a hydraulic pressure in the first hydraulic chamber

during the first stroke is substantially equal to a hydraulic pressure in the fourth hydraulic

chamber during the second stroke.

72. A system for increasing the efficiency of a compressed gas-based energy storage and

recovery system, the system comprising:

a gas compressor/expander device including a pneumatic cylinder having a pneumatic

working piston disposed therein for reciprocating movement in the pneumatic cylinder, the

pneumatic working piston dividing the pneumatic cylinder into, and defining therewith, a first

pneumatic chamber and a second pneumatic chamber,

the first pneumatic chamber having a first fluid port and a second fluid port, the

first fluid port fluidically coupleable to a gas source,

the second pneumatic chamber having a first fluid port and a second fluid port,

the first fluid port fluidically coupleable to the gas source;

a liquid management system including a hydraulic cylinder having a hydraulic working

piston disposed therein for reciprocating movement in the hydraulic cylinder, the hydraulic

working piston dividing the hydraulic cylinder into, and defining therewith, a first hydraulic

chamber and a second hydraulic chamber,

the first hydraulic chamber having a first fluid port and a second fluid port, the

first fluid port fluidically coupleable to a liquid storage structure and the second fluid port

fluidically coupleable to the second fluid port of the first pneumatic chamber,

the second hydraulic chamber having a first fluid port and a second fluid port,

the first fluid port fluidically coupleable to the liquid storage structure and the second fluid port

fluidically coupleable to the second fluid port of the second pneumatic chamber; and

a first hydraulic actuator coupled to the pneumatic working piston and a second

hydraulic actuator coupled to the hydraulic working piston; and

a hydraulic controller fluidically coupleable to the first and second hydraulic actuators,

the hydraulic controller operable to cause the second hydraulic actuator to move the hydraulic

working piston to: a) reduce the volume of the first hydraulic chamber and displace a first



volume of liquid contained therein to the first pneumatic chamber of the gas

compressor/expander device, and b) increase the volume of the second hydraulic chamber and

receive therein a second volume of liquid from the liquid storage structure.

73. The system of claim 72, wherein the hydraulic controller is operable to cause the second

hydraulic actuator to move the hydraulic working piston to: a) reduce the volume of the second

hydraulic chamber and displace the second volume of liquid contained therein to the second

pneumatic chamber of the gas compressor/expander device, and b) increase the volume of the

first hydraulic chamber and receive therein a third volume of liquid from the liquid storage

structure.

74. The system of claim 72, wherein the hydraulic controller is operable to cause the first

hydraulic actuator to move the pneumatic working piston to: a) reduce the volume of the first

pneumatic chamber and compress a first mass of gas contained therein from a first pressure to a

second pressure higher than the first pressure, and b) increase the volume of the second

pneumatic chamber and receive therein a second mass of gas at a third pressure from the gas

source.

75. The system of claim 72, wherein the hydraulic controller is operable to cause the first

hydraulic actuator to move the pneumatic working piston to reduce the volume of the first

pneumatic chamber and displace at least a portion of the first volume of liquid contained

therein out of the first pneumatic chamber.

76. The system of claim 74, wherein the hydraulic controller is operable to cause the first

hydraulic actuator to move the pneumatic working piston to: a) reduce the volume of the

second pneumatic chamber and compress a second mass of gas contained therein from a first

pressure to a second pressure higher than the first pressure, and b) increase the volume of the

first pneumatic chamber and receive therein a third mass of gas at a third pressure from the gas

source.

77. The system of claim 73, wherein the hydraulic controller is operable to cause the first

hydraulic actuator to move the pneumatic working piston to reduce the volume of the second

pneumatic chamber and displace at least a portion of the second volume of liquid contained

therein out of the second pneumatic chamber.



78. The system of claim 72, wherein the pneumatic cylinder is a first pneumatic cylinder

and the pneumatic working piston is a first pneumatic working piston, the gas

compressor/expander device including a second pneumatic cylinder having a second pneumatic

working piston disposed therein for reciprocating movement in the second pneumatic cylinder,

the second pneumatic working piston dividing the second pneumatic cylinder into, and defining

therewith, a third pneumatic chamber and a fourth pneumatic chamber,

the third pneumatic chamber having a first fluid port and a second fluid port, the first

fluid port fluidically coupleable to the first pneumatic chamber,

the fourth pneumatic chamber having a first fluid port and a second fluid port, the first

fluid port fluidically coupleable to the second pneumatic chamber,

the hydraulic controller operable to cause the first hydraulic actuator to move the first

pneumatic working piston to reduce the volume of the first pneumatic chamber and displace at

least a portion of the first volume of liquid contained therein to the third pneumatic chamber.

79. The system of claim 78, wherein the hydraulic cylinder is a first hydraulic cylinder and

the hydraulic working piston is a first hydraulic working piston, the liquid management system

includes a second hydraulic cylinder having a second hydraulic working piston disposed therein

for reciprocating movement in the second hydraulic cylinder, the second hydraulic working

piston dividing the second hydraulic cylinder into, and defining therewith, a third hydraulic

chamber and a fourth hydraulic chamber,

the third hydraulic chamber having a first fluid port and a second fluid port, the first

fluid port fluidically coupleable to the liquid storage structure and the second fluid port

fluidically coupleable to the second fluid port of the fourth pneumatic chamber,

the fourth hydraulic chamber having a first fluid port and a second fluid port, the first

fluid port fluidically coupleable to the liquid storage structure and the second fluid port

fluidically coupleable to the second fluid port of the third pneumatic chamber,

the hydraulic controller being operable to cause the second hydraulic actuator to move

the second hydraulic working piston to: a) reduce the volume of the third hydraulic chamber

and displace a third volume of liquid contained therein to the liquid storage structure, and b)

increase the volume of the fourth hydraulic chamber and receive therein a fourth volume of

liquid from the third pneumatic chamber of the gas compressor/expander device.



80. The system of claim 79, wherein the fourth volume of liquid includes at least a portion

of the first volume of liquid.

81. The system of claim 79, wherein a temperature of the fourth volume of liquid is greater

than a temperature of the first volume of liquid.

82. A method of controlling the thermal efficiency of a compressed gas-based energy

storage and recovery system, the compressed gas-based energy storage and recovery system

including a gas compressor/expander device and a liquid management system,

the gas compressor/expander device including a first pneumatic cylinder having a first

pneumatic working piston disposed therein for reciprocating movement in the first pneumatic

cylinder, the first pneumatic working piston dividing the first pneumatic cylinder into, and

defining therewith, a first pneumatic chamber and a second pneumatic chamber, and a second

pneumatic cylinder having a second pneumatic working piston disposed therein for

reciprocating movement in the second pneumatic cylinder, the second pneumatic working

piston dividing the second pneumatic cylinder into, and defining therewith, a third pneumatic

chamber and a fourth pneumatic chamber,

the liquid management system including a first hydraulic cylinder having a first

hydraulic working piston disposed therein for reciprocating movement in the first hydraulic

cylinder, the first hydraulic working piston dividing the first hydraulic cylinder into, and

defining therewith, a first hydraulic chamber and a second hydraulic chamber, a second

hydraulic cylinder having a second hydraulic working piston disposed therein for reciprocating

movement in the second hydraulic cylinder, the second hydraulic working piston dividing the

second hydraulic cylinder into, and defining therewith, a third hydraulic chamber and a fourth

hydraulic chamber,

the method comprising:

fluidically isolating the first pneumatic chamber from a gas source;

establishing fluid communication between the second pneumatic chamber and the gas

source;

fluidically isolating the first hydraulic chamber from a liquid storage structure;



establishing fluid communication between the first hydraulic chamber and the first

pneumatic chamber;

fluidically isolating the second hydraulic chamber from the second pneumatic chamber;

establishing fluid communication between the second hydraulic chamber and the liquid

storage structure;

moving the first pneumatic working piston in a first direction to: a) reduce the volume

of the first pneumatic chamber and compress a first mass of gas contained therein from a first

pressure to a second pressure higher than the first pressure, and b) increase the volume of the

second pneumatic chamber and receive therein a second mass of gas at a third pressure from

the gas source; and

moving the first hydraulic working piston in a second direction to: a) reduce the volume

of the first hydraulic chamber and displace a first volume of liquid contained therein to the first

pneumatic chamber and contact the first mass of gas to cause heat energy produced by the

compression of the first mass of gas to be transferred from the first mass of gas to the first

volume of liquid, and b) increase the volume of the second hydraulic chamber and receive

therein a second volume of liquid from the liquid storage structure.

83. The method of claim 82, wherein the first pneumatic chamber includes an intermediate

structure disposed therein, the method further comprising:

causing the temperature of the first mass of gas to increase to a temperature above a

temperature of the intermediate structure, and

causing heat energy produced by the compression of the first mass of gas to be

transferred from the first mass of gas to the intermediate structure.

84 The method of claim E2, further comprising:

causing at least a portion of the first volume of liquid to contact a portion of the

intermediate structure to which heat energy has been transferred from the gas, and

causing the heat energy to be transferred from the intermediate structure to the liquid.

85. The method of claim 82, wherein the reducing the volume of the first pneumatic

chamber includes at least in part the introducing the first volume of liquid into the first

pneumatic chamber.



86. The method of claim 82, wherein the first volume of liquid has: a) a first temperature

before the first pneumatic working piston is moved and the first volume of liquid is displaced

from the first hydraulic chamber to the first pneumatic chamber, and b) a second temperature

greater than the first temperature after the first pneumatic working piston is moved and the heat

energy is transferred from the first mass of gas to the first volume of liquid.

87. The method of claim 86, wherein the moving the first pneumatic working piston in the

first direction to compress the first mass of gas includes moving the first pneumatic working

piston in the first direction a first distance to compress the first mass of gas, the method further

comprising:

fluidically isolating the fourth pneumatic chamber from the second pneumatic chamber;

establishing fluid communication between the first pneumatic chamber and the third

pneumatic chamber, and

moving the first pneumatic working piston in the first direction a second distance to: a)

discharge the first mass of gas contained within the first pneumatic chamber from the first

pneumatic chamber to the third pneumatic chamber, and b) displace at least a portion of the

first volume of liquid contained within the first pneumatic chamber from the first pneumatic

chamber to the third pneumatic chamber.

88. The method of claim 87, wherein the establishing fluid communication between the first

pneumatic chamber and the third pneumatic chamber occurs after the first pneumatic working

piston moves the first distance, the first pneumatic chamber being fluidically isolated from the

third pneumatic chamber before the first pneumatic working piston moves the first distance.

89. The method of claim 87, wherein the first pneumatic working piston is moved the first

distance in the first direction before the first pneumatic working piston is moved the second

distance in the first direction.

90. The method of claim 87, wherein the establishing fluid communication between the first

pneumatic chamber and the third pneumatic chamber occurs before the first pneumatic working

piston moves the first distance.

91. The method of claim 87, further comprising:

moving the second pneumatic working piston in a third direction to increase the volume

of the third pneumatic chamber and receive therein the first mass of gas at the second pressure

and a third volume of liquid, the third volume of liquid being at least a portion of the first

volume of liquid.



92. The method of claim 91, further comprising:

fluidically isolating the first pneumatic chamber from the third pneumatic chamber;

establishing fluid communication between the third pneumatic chamber and a gas

storage structure, and

moving the second pneumatic working piston in a fourth direction to: a) reduce the

volume of the third pneumatic chamber and compress the first mass of gas contained therein

from the second pressure to a third pressure higher than the second pressure.

93. The method of 92, further comprising:

causing the first mass of gas to contact the third volume of liquid to cause heat energy

produced by the compression of the first mass of gas to be transferred from the first mass of gas

to the third volume of liquid.

94. The method of claim 93, wherein the third volume of liquid has a third temperature

greater than the second temperature after the first mass of gas is compressed from the second

pressure to the third pressure.

95. The method of claim 92, wherein the third pneumatic chamber includes an intermediate

structure disposed therein, the method further comprising:

causing the temperature of the first mass of gas to increase to a temperature above a

temperature of the intermediate structure, and

causing heat energy produced by the compression of the first mass of gas to be

transferred from the first mass of gas to the intermediate structure.

96. The method of claim 95, further comprising:

causing at least a portion of the third volume of liquid to contact a portion of the

intermediate structure to which heat energy has been transferred from the first mass of gas, and

causing the heat energy to be transferred from the intermediate structure to the liquid.

97. The method of claim 94, further comprising:

fluidically isolating the third hydraulic chamber from the fourth pneumatic chamber;

establishing fluid communication between the third hydraulic chamber and the liquid

storage structure;

fluidically isolating the fourth hydraulic chamber from the liquid storage structure;

establishing fluid communication between the fourth hydraulic chamber and the third

pneumatic chamber, and



moving the second hydraulic working piston in a fifth direction to: a) reduce the volume

of the third hydraulic chamber and displace a fourth volume of liquid contained therein to the

liquid storage structure, and b) increase the volume of the fourth hydraulic chamber to receive a

fifth volume of liquid, the fifth volume of liquid including at least a portion of the third volume

of liquid.

98. The method of claim 97, further comprising:

moving the second hydraulic working piston in a sixth direction to: a) reduce the

volume of the fourth hydraulic chamber and displace the fifth volume of liquid at the third

temperature contained therein to the liquid storage structure, and b) increase the volume of the

third hydraulic chamber to receive a sixth volume of liquid.

99. The method of claim 82, further comprising:

fluidically isolating the second pneumatic chamber from the gas source;

establishing fluid communication between the first pneumatic chamber and the gas

source;

fluidically isolating the second hydraulic chamber from the liquid storage structure;

establishing fluid communication between the second hydraulic chamber and the second

pneumatic chamber;

fluidically isolating the first hydraulic chamber from the first pneumatic chamber;

establishing fluid communication between the first hydraulic chamber and the liquid

storage structure;

moving the first pneumatic working piston in a third direction, opposite the first

direction, to: a) reduce the volume of the second pneumatic chamber and compress the second

mass of gas contained therein from the third pressure to a fourth pressure higher than the third

pressure, and b) increase the volume of the first pneumatic chamber and receive therein a fourth

mass of gas at the first pressure from the gas source; and

moving the first hydraulic working piston in a fourth direction to: a) reduce the volume

of the second hydraulic chamber and displace a fourth volume of liquid contained therein to the

second pneumatic chamber and contact the second mass of gas to cause heat energy produced

by the compression of the second mass of gas to be transferred from the second mass of gas to



the fourth volume of liquid, and b) increase the volume of the first hydraulic chamber and

receive therein a fifth volume of liquid from the liquid storage structure.

100. The method of claim 99, wherein the second pneumatic chamber includes an

intermediate structure disposed therein, the method further comprising:

causing the temperature of the second mass of gas to increase to a temperature above a

temperature of the intermediate structure, and

causing heat energy produced by the compression of the second mass of gas to be

transferred from the second mass of gas to the intermediate structure.

101. The method of claim 100, further comprising:

causing at least a portion of the fourth volume of liquid to contact a portion of the

intermediate structure to which heat energy has been transferred from the second mass of gas,

and

causing the heat energy to be transferred from the intermediate structure to the fourth

volume of liquid.

102. The method of claim 99, wherein the reducing the volume of the second pneumatic

chamber includes at least in part the introducing the fourth volume of liquid into the second

pneumatic chamber.

103. The method of claim 99, wherein the fourth volume of liquid is at: a) a first temperature

before the first pneumatic working piston is moved in the third direction and the fourth volume

of liquid is displaced from the second hydraulic chamber to the second pneumatic chamber, and

b) a second temperature greater than the first temperature after the first pneumatic working

piston is moved in the third direction and the second heat energy is transferred from the second

mass of gas to the fourth volume of liquid.

104. The method of claim 103, wherein the moving the first pneumatic working piston in the

third direction to compress the second mass of gas includes moving the first pneumatic working

piston in the third direction a first distance to compress the second mass of gas, the method

further comprising:

fluidically isolating the first pneumatic chamber from the third pneumatic chamber;

establishing fluid communication between the second pneumatic chamber and the

fourth pneumatic chamber, and

moving the first pneumatic working piston in the third direction a second distance to: a)

discharge the second mass of gas contained within the second pneumatic chamber to the fourth



pneumatic chamber, and b) displace at least a portion of the fourth volume of liquid contained

within the second pneumatic chamber to the fourth pneumatic chamber.

105. The method of claim 104, wherein the establishing fluid communication between the

second pneumatic chamber and the fourth pneumatic chamber occurs before the first pneumatic

working piston moves the first distance.

106. The method of claim 104, further comprising:

moving the second pneumatic working piston in a fifth direction to increase the volume

of the fourth pneumatic chamber and receive therein the second mass of gas at the fourth

pressure and a sixth volume of liquid, the sixth volume of liquid being at least a portion of the

fourth volume of liquid.

107. The method of claim 104, further comprising:

fluidically isolating the second pneumatic chamber from the fourth pneumatic chamber;

establishing fluid communication between the fourth pneumatic chamber and a gas

storage structure; and

moving the second pneumatic working piston in a fifth direction to: a) reduce the

volume of the fourth pneumatic chamber and compress the second mass of gas contained

therein from the fourth pressure to a fifth pressure higher than the fourth pressure.

108. The method of 107, further comprising:

causing the second mass of gas to contact the sixth volume of liquid to cause heat

energy produced by the compression of the second mass of gas to be transferred from the

second mass of gas to the sixth volume of liquid.

109. The method of claim 108, wherein the sixth volume of liquid has a third temperature

greater than the second temperature after the second mass of gas is compressed from the fourth

pressure to the fifth pressure.

110. The method of claim 107, wherein the fourth pneumatic chamber includes an

intermediate structure disposed therein, the method further comprising:

causing the temperature of the second mass of gas to increase to a temperature above a

temperature of the intermediate structure, and

causing heat energy produced by the compression of the second mass of gas to be

transferred from the second mass of gas to the intermediate structure.



1 1 1. The method of claim 110, further comprising:

causing at least a portion of the sixth volume of liquid to contact a portion of the

intermediate structure to which heat energy has been transferred from the second mass of gas,

and

causing the heat energy to be transferred from the intermediate structure to the sixth

volume of liquid.

112. The method of claim 109, further comprising:

fluidically isolating the fourth hydraulic chamber from the third pneumatic chamber;

establishing fluid communication between the fourth hydraulic chamber and the liquid

storage structure;

fluidically isolating the third hydraulic chamber from the liquid storage structure;

establishing fluid communication between the third hydraulic chamber and the fourth

pneumatic chamber; and

moving the second hydraulic working piston in a sixth direction to: a) reduce the

volume of the fourth hydraulic chamber and displace a seventh volume of liquid contained

therein to the liquid storage structure, and b) increase the volume of the third hydraulic

chamber to receive an eighth volume of liquid, the eighth volume of liquid including at least a

portion of the sixth volume of liquid.

113. The method of claim 112, further comprising:

moving the second hydraulic working piston in a seventh direction to: a) reduce the

volume of the third hydraulic chamber and displace the eighth volume of liquid at the third

temperature contained therein to the liquid storage structure, and b) increase the volume of the

fourth hydraulic chamber to receive a ninth volume of liquid.

114. A method of controlling the thermal efficiency of a compressed gas-based energy

storage and recovery system, the compressed gas-based energy storage and recovery system

including a gas compressor/expander device and a liquid management system,

the gas compressor/expander device including a first pneumatic cylinder having a first

pneumatic working piston disposed therein for reciprocating movement in the first pneumatic

cylinder, the first pneumatic working piston dividing the first pneumatic cylinder into, and

defining therewith, a first pneumatic chamber and a second pneumatic chamber, and a second

pneumatic cylinder having a second pneumatic working piston disposed therein for



reciprocating movement in the second pneumatic cylinder, the second pneumatic working

piston dividing the second pneumatic cylinder into, and defining therewith, a third pneumatic

chamber and a fourth pneumatic chamber,

the liquid management system including a first hydraulic cylinder having a first

hydraulic working piston disposed therein for reciprocating movement in the first hydraulic

cylinder, the first hydraulic working piston dividing the first hydraulic cylinder into, and

defining therewith, a first hydraulic chamber and a second hydraulic chamber, a second

hydraulic cylinder having a second hydraulic working piston disposed therein for reciprocating

movement in the second hydraulic cylinder, the second hydraulic working piston dividing the

second hydraulic cylinder into, and defining therewith, a third hydraulic chamber and a fourth

hydraulic chamber,

the method comprising:

fluidically isolating the third pneumatic chamber from a gas storage chamber;

establishing fluid communication between the fourth pneumatic chamber and the gas

storage chamber;

fluidically isolating the fourth hydraulic chamber from a liquid storage structure;

establishing fluid communication between the fourth hydraulic chamber and the third

pneumatic chamber;

fluidically isolating the third hydraulic chamber from the fourth pneumatic chamber;

establishing fluid communication between the third hydraulic chamber and the liquid

storage structure;

moving the second pneumatic working piston in a first direction to: a) increase the

volume of the fourth pneumatic chamber and receive therein a first mass of gas at a first

pressure from the gas storage chamber and allow the first mass of gas contained therein to

expand from the first pressure to a second pressure less than the first pressure, and b) reduce the

volume of the third pneumatic chamber, wherein the third pneumatic chamber includes a

second mass of gas that has expanded from a third pressure to a fourth pressure less than the

third pressure; and



moving the second hydraulic working piston in a second direction to: a) reduce the

volume of the fourth hydraulic chamber and displace a first volume of liquid contained therein

to the third pneumatic chamber and contact the second mass of gas contained in the third

pneumatic chamber to cause the first volume of liquid to transfer heat energy to the second

mass of gas, and b) increase the volume of the third hydraulic chamber and receive therein a

second volume of liquid from the liquid storage structure.

115. The method of claim 114, wherein the fourth pneumatic chamber includes an

intermediate structure disposed therein, the method further comprising:

causing the temperature of the first mass of gas to decrease to a temperature below a

temperature of the intermediate structure, and

causing heat energy stored at the intermediate structure to be transferred from the

intermediate structure to the first mass of gas.

116. The method of claim 114, wherein the reducing the volume of the third pneumatic

chamber includes at least in part the introducing the first volume of liquid into the third

pneumatic chamber.

117. The method of claim 114, wherein the first volume of liquid has: a) a first temperature

before the first volume of liquid is displaced from the fourth hydraulic chamber to the third

pneumatic chamber, and b) a second temperature less than the first temperature after heat

energy stored is transferred from the first volume of liquid to the second mass of gas.

118. The method of claim 11 , wherein the moving the second pneumatic working piston in

the first direction to allow the first mass of gas to expand includes moving the second

pneumatic working piston in the first direction a first distance to expand the first mass of gas,

the method further comprising:

fluidically isolating the fourth pneumatic chamber from the gas storage chamber after

the second pneumatic working piston moves in the first direction the first distance; and

moving the second pneumatic working piston in the first direction a second distance

when the fourth pneumatic chamber is fluidically isolated from the gas storage chamber such

that the first mass of gas is allowed to expand further within the fourth pneumatic chamber.

119. The method of claim 118, further comprising:

moving the first pneumatic working piston in a third direction to increase the volume of

the first pneumatic chamber and receive therein the second mass of gas at the fourth pressure



and a third volume of liquid, the third volume of liquid being at least a portion of the first

volume of liquid.

120. The method of claim 119, further comprising:

causing the third volume of liquid to contact the second mass of gas to cause heat

energy to transfer from the third volume of liquid to the second mass of gas.

121. The method of claim 120, further comprising:

fluidically isolating the second pneumatic chamber from the fourth pneumatic chamber;

establishing fluid communication between the second pneumatic chamber and a gas

reservoir; and

moving the first pneumatic working piston in the third direction to increase the volume

of the first pneumatic chamber and allow the second mass of gas to expand to a fifth pressure

less than the fourth pressure.

122. The method of claim 121, wherein the third volume of liquid has a third temperature

less than the second temperature after second mass of gas is expanded from the fourth pressure

to the fifth pressure.

123. The method of claim 121, wherein the first pneumatic chamber includes an intermediate

structure disposed therein, the method further comprising:

causing the temperature of the second mass of gas to decrease to a temperature below a

temperature of the intermediate structure, and

causing heat energy stored at the intermediate structure to be transferred from the

intermediate structure to the second mass of gas.

124. The method of claim 121, further comprising:

fluidically isolating the second hydraulic chamber from the second pneumatic chamber;

establishing fluid communication between the second hydraulic chamber and the liquid

storage structure;

fluidically isolating the first hydraulic chamber from the liquid storage structure;

establishing fluid communication between the first pneumatic chamber and the first

hydraulic chamber, and

moving the first hydraulic working piston in a fourth direction to: a) reduce the volume

of the second hydraulic chamber and displace a fourth volume of liquid contained therein to the

liquid storage structure, and b) increase the volume of the first hydraulic chamber to receive a



fifth volume of liquid, the fifth volume of liquid including at least a portion of the third volume

of liquid.

125. The method of claim 124, further comprising:

moving the first hydraulic working piston in a fifth direction to: a) reduce the volume of

the first hydraulic chamber and displace the fifth volume of liquid at the third temperature

contained therein to the liquid storage structure, and b) increase the volume of the second

hydraulic chamber to receive a sixth volume of liquid.

126. The method of claim 114, further comprising: fluidically isolating the fourth

pneumatic chamber from the gas storage chamber;

establishing fluid communication between the third pneumatic chamber and the gas

storage chamber;

fluidically isolating the third hydraulic chamber from the liquid storage structure;

establishing fluid communication between the third hydraulic chamber and the fourth

pneumatic chamber;

fluidically isolating the fourth hydraulic chamber from the third pneumatic chamber;

establishing fluid communication between the fourth hydraulic chamber and the liquid

storage structure;

moving the second pneumatic working piston in a third direction to: a) increase the

volume of the third pneumatic chamber and receive therein a third mass of gas at a sixth

pressure from the gas storage chamber and allow the third mass of gas contained therein to

expand from the sixth pressure to a seventh pressure less than the sixth pressure, and b) reduce

the volume of the fourth pneumatic chamber, and

moving the second hydraulic working piston in a fourth direction to: a) reduce the

volume of the third hydraulic chamber and displace the second volume of liquid contained

therein to the fourth pneumatic chamber and contact the first mass of gas contained therein at

the second pressure to cause the second volume of liquid to transfer heat energy to the first

mass of gas, and b) increase the volume of the fourth hydraulic chamber and receive therein a

third volume of liquid from the liquid storage structure.

127. The method of claim 126, wherein the third pneumatic chamber includes an

intermediate structure disposed therein, the method further comprising:



causing the temperature of the third mass of gas to decrease to a temperature below a

temperature of the intermediate structure, and

causing heat energy stored at the intermediate structure to be transferred from the

intermediate structure to the third mass of gas.

128. The method of claim 126, wherein the reducing the volume of the fourth pneumatic

chamber includes at least in part the introducing the second volume of liquid into the fourth

pneumatic chamber.

129. The method of claim 126, wherein the second volume of liquid has: a) a first

temperature before the second volume of liquid is displaced from the third hydraulic chamber

to the fourth pneumatic chamber, and b) a second temperature less than the first temperature

after heat energy stored is transferred from the second volume of liquid to the first mass of gas.

130. The method of claim 129, wherein the moving the second pneumatic working piston in

the third direction allowing the third mass of gas to expand includes moving the second

pneumatic working piston in the third direction a first distance to expand the third mass of gas,

the method further comprising:

fluidically isolating the third pneumatic chamber from the gas storage chamber after the

second pneumatic working piston moves in the third direction the first distance; and

moving the second pneumatic working piston in the third direction a second distance

when the fourth pneumatic chamber is fluidically isolated from the gas storage chamber such

that the third mass of gas is allowed to expand further within the third pneumatic chamber.

131. The method of claim 130, further comprising:

moving the first pneumatic working piston in a fifth direction to increase the volume of

the second pneumatic chamber and receive therein the first mass of gas at the second pressure

and a fourth volume of liquid, the fourth volume of liquid being at least a portion of the second

volume of liquid.

132. The method of claim 13 1, further comprising:

causing the fourth volume of liquid to contact the first mass of gas to cause heat energy

to transfer from the fourth volume of liquid to the first mass of gas.

133. The method of claim 132, further comprising:

fluidically isolating the first pneumatic chamber from the third pneumatic chamber;

establishing fluid communication between the first pneumatic chamber and a gas

reservoir; and



moving the first pneumatic working piston in the fifth direction to increase the volume

of the second pneumatic chamber and allow the first mass of gas to expand to an eighth

pressure less than the second pressure.

134. The method of claim 133, wherein the fourth volume of liquid has a third temperature

less than the second temperature after the first mass of gas is expanded from the second

pressure to the eighth pressure.

135. The method of claim 133, wherein the second pneumatic chamber includes an

intermediate structure disposed therein, the method further comprising:

causing the temperature of the first mass of gas to decrease to a temperature below a

temperature of the intermediate structure, and

causing heat energy stored at the intermediate structure to be transferred from the

intermediate structure to the first mass of gas.

136. The method of claim 133, further comprising:

fluidically isolating the first hydraulic chamber from the first pneumatic chamber;

establishing fluid communication between the first hydraulic chamber and the liquid

storage structure;

fluidically isolating the second hydraulic chamber from the liquid storage structure;

establishing fluid communication between the second pneumatic chamber and the

second hydraulic chamber, and

moving the first hydraulic working piston in a sixth direction to: a) reduce the volume

of the first hydraulic chamber and displace a fifth volume of liquid contained therein to the

liquid storage structure, and b) increase the volume of the second hydraulic chamber to receive

a sixth volume of liquid, the sixth volume of liquid including at least a portion of the fourth

volume of liquid.

137. The method of claim 136, further comprising:

moving the first hydraulic working piston in a seventh direction to: a) reduce the

volume of the second hydraulic chamber and displace the sixth volume of liquid at the third

temperature contained therein to the liquid storage structure, and b) increase the volume of the

first hydraulic chamber to receive a seventh volume of liquid.
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