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ABSTRACT 

In various embodiments, energy is stored or recovered via 
Super-atmospheric compression and/or expansion of gas in 
conjunction with Substantially adiabatic compression and/or 
expansion from or to atmospheric pressure. 
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INCREASED POWER IN COMPRESSED-GAS 
ENERGY STORAGE AND RECOVERY 

RELATED APPLICATIONS 

0001. This application claims the benefit of and priority to 
U.S. Provisional Patent Application No. 61/405,994, filed 
Oct. 22, 2010, and is a continuation-in-part of U.S. patent 
application Ser. No. 12/794.237, filed on Jun. 4, 2010, which 
claims the benefit of and priority to U.S. Provisional Patent 
Application Ser. Nos. 61/184,191, filed on Jun. 4, 2009: 
61/222.286, filed on Jul. 1, 2009: 61/242,526, filed on Sep. 
15, 2009; and 61/256,484, filed on Oct. 30, 2009. The entire 
disclosure of each of these references is hereby incorporated 
herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

0002 This invention was made with government support 
under IIP-0923633 awarded by the NSF and DE-OE0000231 
awarded by the DOE. The government has certain rights in the 
invention. 

FIELD OF THE INVENTION 

0003. In various embodiments, the present invention 
relates to pneumatics, power generation, and energy storage, 
and more particularly, to compressed-gas energy-storage sys 
tems and methods using pneumatic or pneumatic/hydraulic 
cylinders. 

BACKGROUND 

0004 Storing energy in the form of compressed gas has a 
long history and components tend to be well tested and reli 
able, and have long lifetimes. The general principle of com 
pressed-gas or compressed-air energy storage (CAES) is that 
generated energy (e.g., electric energy) is used to compress 
gas (e.g., air), thus converting the original energy to pressure 
potential energy; this potential energy is later recovered in a 
useful form (e.g., converted back to electricity) via gas expan 
sion coupled to an appropriate mechanism. Advantages of 
compressed-gas energy storage include low specific-energy 
costs, long lifetime, low maintenance, reasonable energy den 
sity, and good reliability. 
0005. If a body of gas is at the same temperature as its 
environment, and expansion occurs slowly relative to the rate 
of heat exchange between the gas and its environment, then 
the gas will remain at approximately constant temperature as 
it expands. This process is termed “isothermal expansion. 
Isothermal expansion of a quantity of gas stored at a given 
temperature recovers approximately three times more work 
than would “adiabatic expansion,” that is, expansion where 
no heat is exchanged between the gas and its environment— 
e.g., because the expansion happens rapidly or in an insulated 
chamber. Gas may also be compressed isothermally or adia 
batically. 
0006 An ideally isothermal energy-storage cycle of com 
pression, storage, and expansion would have 100% thermo 
dynamic efficiency. An ideally adiabatic energy-storage cycle 
would also have 100% thermodynamic efficiency, but there 
are many practical disadvantages to the adiabatic approach. 
These include the production of higher temperature and pres 
Sure extremes within the system, heat loss during the storage 
period, and inability to exploit environmental (e.g., cogenera 
tive) heat sources and sinks during expansion and compres 
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Sion, respectively. In an isothermal system, the cost of adding 
a heat-exchange system is traded against resolving the diffi 
culties of the adiabatic approach. In either case, mechanical 
energy from expanding gas must usually be converted to 
electrical energy before use. 
0007 An efficient and novel design for storing energy in 
the form of compressed gas utilizing near isothermal gas 
compression and expansion has been shown and described in 
U.S. Pat. No. 7,832,207 (the 207 patent) and U.S. patent 
application Ser. No. 12/639,703 (the 703 application), the 
disclosures of which are hereby incorporated herein by ref 
erence in their entireties. The 207 patent and the 703 appli 
cation disclose systems and methods for expanding gas iso 
thermally in staged cylinders and intensifiers over a large 
pressure range in order to generate electrical energy when 
required. Mechanical energy from the expanding gas may be 
used to drive a hydraulic pump/motor Subsystem that pro 
duces electricity. Systems and methods for hydraulic-pneu 
matic pressure intensification that may be employed in sys 
tems and methods such as those disclosed in the 207 patent 
and the 703 application are shown and described in U.S. 
patent application Ser. No. 12/879,595 (the 595 application), 
the disclosure of which is hereby incorporated herein by 
reference in its entirety. 
0008. In the systems disclosed in the 207 patent and the 
703 application, reciprocal mechanical motion is produced 
during recovery of energy from storage by expansion of gas in 
the cylinders. This reciprocal motion may be converted to 
electricity by a variety of means, for example as disclosed in 
the 595 application as well as in U.S. patent application Ser. 
No. 12/938,853 (the 853 application), the disclosure of 
which is hereby incorporated herein by reference in its 
entirety. The ability of such systems to either store energy 
(i.e., use energy to compress gas into a storage reservoir) or 
produce energy (i.e., expand gas from a storage reservoir to 
release energy) will be apparent to any person reasonably 
familiar with the principles of electrical and pneumatic 
machines. 
0009. As mentioned above, compressed-gas energy stor 
age and recovery systems are typically designed to compress 
and/or expand gas completely isothermally in order to maxi 
mize efficiency. Furthermore, Such systems typically com 
press gas from atmospheric pressure and expand gas back 
down to atmospheric pressure in order to maximize the 
stored-energy density. However, opportunities exist to 
increase the power output of compressed-air energy storage 
and recovery systems. Furthermore, in order to increase reli 
ability of such systems, it would be advantageous to decrease 
the full range of force experienced and exerted by the com 
ponents of the system. 

SUMMARY 

00.10 Embodiments of the present invention achieve 
higher power levels and a narrower force range for energy 
storage systems using compression and expansion of gas 
within one or more groups of pneumatic cylinders (herein, 
"pneumatic cylinders' may refer to cylinders having only 
pneumatic compartments, or to pneumatic compartments of 
other cylinders, e.g., pneumatic/hydraulic cylinders). The 
higher power levels and a narrower range of force are gener 
ally achieved by introduction of a pre-compression stage in 
which the starting pressure within the first pneumatic cylinder 
is increased above atmospheric pressure. Likewise, higher 
power levels and a narrower force range during expansion are 
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achieved by introduction of a post-expansion phase in which 
the final pressure within the last pneumatic cylinder in the 
group is above atmospheric pressure. In various embodi 
ments, potential energy still present in the Super-atmospheric 
pressure gas in the last pneumatic cylinder may be recovered 
via a post-expansion stage during which the gas is used to 
drive a turbine or other expander device. Since the pre-com 
pression and post-expansion stages are typically substantially 
adiabatic (so that any Substantially isothermal compression 
and expansion are, as a result, performed over a pressure 
range not extending all the way to atmospheric pressure), 
embodiments of the invention contradict conventional wis 
dom by sacrificing a portion of the efficiency achieved in a 
completely isothermal system in favor of increased power 
output and narrower range of force. 
0011 Embodiments of the present invention are typically 
utilized in energy storage and generation systems utilizing 
compressed gas. In a compressed-gas energy storage system, 
gas is stored at high pressure (e.g., approximately 3,000 
pounds per square inch (psi)). This gas may be expanded into 
a cylinder having a first compartment (or "chamber”) and a 
second compartment separated by a piston slidably disposed 
within the cylinder (or other boundary mechanism). A shaft 
may be coupled to the piston and extend through the first 
compartment and/or the second compartment of the cylinder 
and beyond an end cap of the cylinder, and a transmission 
mechanism may be coupled to the shaft for converting a 
reciprocal motion of the shaft into a rotary motion, as 
described in the 595 and 853 applications. Moreover, a 
motor/generator may be coupled to the transmission mecha 
nism. Alternatively or additionally, the shaft of the cylinders 
may be coupled to one or more linear generators, as described 
in the 853 application. 
0012. In addition, energy storage and generation systems 
in accordance with embodiments of the invention may 
include a heat-transfer Subsystem for expediting heat transfer 
in the first compartment and/or the second compartment of 
the pneumatic cylinder assembly. In one embodiment, the 
heat-transfer Subsystem includes a fluid circulator and a heat 
transfer fluid reservoir as described in the 703 application. 
The fluid circulator pumps a heat-transfer fluid into the first 
compartment and/or the second compartment of the pneu 
matic cylinder. The heat-transfer Subsystem may also include 
a spray mechanism, disposed in the first compartment and/or 
the second compartment, for introducing the heat-transfer 
fluid. In various embodiments, the spray mechanism is a 
spray head and/or a spray rod. 
0013. In accordance with embodiments of the invention, 
gas compression or expansion occurs in the energy storage 
and generation system in multiple stages using low- and 
high-pressure cylinders. For example, during expansion, gas 
is expanded in a high-pressure cylinder from a high initial 
pressure (e.g., approximately 3,000 pounds per square inch 
gauge (psig)) to a medium pressure (e.g. approximately 300 
psig); then, this mid-pressure gas is expanded further (e.g., 
approximately 300 psig to approximately 30 psig) in a sepa 
rate low-pressure cylinder. These two expansion stages may 
be coupled mechanically by various means as described in the 
595 and 853 applications. In each cylinder where gas is 
being expanded, the piston slidably disposed within the cyl 
inder moves to enlarge the cylinder chamber containing the 
expanding gas. When each piston reaches the limit of its range 
of motion, valves or other mechanisms may be adjusted to 
direct gas to the appropriate chambers of the cylinder to 
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reverse its direction of action, whereupon a new expansion 
stroke may be performed. In double-acting devices of this 
type, there is no withdrawal stroke or unpowered stroke. 
Rather, the stroke is powered in both directions. 
0014 Gas undergoing expansion tends to cool, while gas 
undergoing compression tends to heat. To maximize effi 
ciency (i.e., the fraction of elastic potential energy in the 
compressed gas that is converted to work, or vice versa), gas 
expansion and compression should be as near isothermal (i.e., 
constant-temperature) as possible. Several ways of approxi 
mating isothermal expansion and compression may be 
employed. 
(0015. First, as described in U.S. Pat. No. 7,802.426 (the 
426 patent), the disclosure of which is hereby incorporated 
by reference herein in its entirety, gas undergoing either com 
pression or expansion may be directed, continuously or in 
installments, through a heat-exchange Subsystem external to 
the cylinder. The heat-exchange Subsystem either rejects heat 
to the environment (to cool gas undergoing compression) or 
absorbs heat from the environment (to warm gas undergoing 
expansion). An isothermal process may be approximated via 
judicious selection of this heat-exchange rate. 
0016. Additionally, as described in the 703 application, 
droplets of a liquid (e.g., water) may be sprayed into a cham 
ber of the cylinder in which gas is presently undergoing 
compression (or expansion) in order to transfer heat to or 
from the gas. As the liquid droplets exchange heat with the gas 
around them, the temperature of the gas is raised or lowered; 
the temperature of the droplets is also raised or lowered. The 
liquid is evacuated from the cylinder through a suitable 
mechanism. The heat-exchange spray droplets may be intro 
duced through a spray head (in, e.g., a vertical cylinder), 
through a spray rod arranged coaxially with the cylinder 
piston (in, e.g., a horizontal cylinder), or by any other mecha 
nism that permits formation of a liquid spay within the cyl 
inder. Droplets may be used to either warm gas undergoing 
expansion or to cool gas undergoing compression. Again, an 
isothermal process may be approximated viajudicious selec 
tion of this heat-exchange rate. 
0017. A further opportunity for increased efficiency arises 
from the fact that as gas in the high-pressure storage vessel is 
exhausted, its pressure decreases. Thus, in order to extract as 
much energy as possible from a given quantity of stored gas, 
the electricity-producing side of the energy-storage system 
typically operates over a wide range of input pressures, i.e., 
from the reservoir's high-pressure limit (e.g., approximately 
3,000 psig) to as close to atmospheric as possible. At lower 
pressure, gas expanding in a cylinder will exert a smaller 
force on its piston and thus, ultimately, on the rotor of any 
generator to which it is coupled. For a fixed rotor speed, this 
will generally result in reduced power output. 
0018. At the same time, the range of torque (i.e., force) 
applied to the shaftofa motor/generator, and thus the range of 
resulting shaft rotational speeds, is generally minimized in 
order to achieve maximum motor/generator efficiency. In lieu 
of more complicated linkages, for a given operating pressure 
range (e.g., approximately 2,500 psig to approximately 1 
psig), the range of torques experienced at the motor/generator 
may be reduced through the addition of multiple, in-series 
cylinder stages. That is, as gas from the high-pressure reser 
Voir is expanded in one chamber of an initial, high-pressure 
cylinder, gas from the other chamber of the high-pressure 
cylinder is directed to the expansion chamber of a second, 
lower-pressure cylinder. Gas from the lower-pressure cham 
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ber of this second cylinder may either be vented to the envi 
ronment or directed to the expansion chamber of a third 
cylinder operating at Still lower pressure, and so on. 
0019. The principle may be extended to two or more cyl 
inders to Suit particular applications. For example, a narrower 
output force range for a given range of reservoir pressures is 
achieved by having a first, high-pressure cylinder operating 
between approximately 3,000 psig and approximately 300 
psig and a second, larger-Volume, lower-pressure cylinder 
operating between approximately 300 psig and approxi 
mately 30 psig. When two expansion cylinders are used, the 
range of pressure within either cylinder (and thus the range of 
force produced by either cylinder) is reduced as the square 
root relative to the range of pressure (or force) experienced 
with a single expansion cylinder, e.g., from approximately 
100:1 to approximately 10:1 (as set forth in the 853 applica 
tion). Furthermore, as set forth in the 595 application, N 
appropriately sized cylinders can reduce an original operating 
pressure range R to R''. Any group of N cylinders staged in 
this manner, where N>2, is herein termed a cylindergroup. 
0020. In various embodiments of the invention, the mini 
mum or starting pressure within the inlet chambers of the 
cylindergroup is increased (e.g., to a Super-atmospheric pres 
Sure) in compression mode by a pre-compressor Such as a 
blower (e.g., lobe-type or centrifugal-type). Increasing the 
minimum pressure typically decreases the range of pressures 
occurring within the cylinder group (and thus the range of 
forces exerted by the cylinder group). The pressure range is 
reduced in direct proportion to the degree of pre-compres 
Sion. For example, for a pre-compressed inlet pressure of 
approximately 5 psig for a system with a maximum pressure 
of approximately 2,500 psig, the range of pressures is 
approximately 500:1 as opposed to approximately 2500:1 for 
an otherwise identical system having a 1 psig inlet pressure. 
Additionally, the mass of air in the inlet chamber at the initial 
pressure is increased in a pre-compressed system (relative to 
in a non-pre-compressed system) by the ratio of the absolute 
pressures (e.g., 20.7 pounds per square inch absolute (psia)/ 
15.7 psia). Thus, if a single compression stroke takes the same 
amount of time in a system with pre-compression as in a 
system without pre-compression, a greater mass of com 
pressed air at the output pressure (e.g., approximately 2,500 
psig), representing a proportionately greater amount of stored 
energy, is produced in a given time interval. In other words, 
for a single complete compression by a given cylinder, higher 
compression power is achieved with pre-compression. 
Embodiments of the invention exhibit similar benefits when 
expanding gas down to a Super-atmospheric pressure within 
one or more cylinder assemblies, and then expanding the gas 
to atmospheric pressure via an expander (e.g., a predomi 
nantly adiabatic expander). 
0021 All of the approaches described above for convert 
ing potential energy in compressed gas into mechanical and 
electrical energy may, if appropriately designed, be operated 
in reverse to store electrical energy as potential energy in a 
compressed gas. Since the accuracy of this statement will be 
apparent to any person reasonably familiar with the principles 
of electrical machines, power electronics, pneumatics, and 
the principles of thermodynamics, the operation of these 
mechanisms to both store energy and recover it from Storage 
will not be described for each embodiment. Such operation is, 
however, contemplated and within the scope of the invention 
and may be straightforwardly realized without undue experi 
mentation. 

Nov. 28, 2013 

0022. Embodiments of the invention may be implemented 
using any of the integrated heat-transfer systems and methods 
described in the 703 application and/or with the external 
heat-transfer systems and methods described in the 426 
patent. In addition, the systems described herein, and/or other 
embodiments employing liquid-spray heat exchange or exter 
nal gas heat exchange, may draw ordeliverthermal energy via 
their heat-exchange mechanisms to external systems (not 
shown) for purposes of cogeneration, as described in U.S. 
patent application Ser. No. 12/690,513, filed Jan. 20, 2010 
(the 513 application), the entire disclosure of which is incor 
porated by reference herein. 
0023 The compressed-air energy storage and recovery 
systems described herein are preferably "open-air systems, 
i.e., systems that take in air from the ambient atmosphere for 
compression and vent air back to the ambient after expansion, 
rather than systems that compress and expand a captured 
Volume of gas in a sealed container (i.e., “closed-air sys 
tems). Thus, the systems described herein generally feature 
one or more cylinder assemblies for the storage and recovery 
of energy via compression and expansion of gas. The systems 
also include (i) a reservoir for storage of compressed gas after 
compression and Supply of compressed gas for expansion 
thereof, and (ii) a vent for exhausting expanded gas to atmo 
sphere after expansion and Supply of gas for compression. 
The storage reservoir may include or consist essentially of 
e.g., one or more one or more pressure vessels (i.e., containers 
for compressed gas that may have rigid exteriors or may be 
inflatable, and that may be formed of various suitable mate 
rials such as metal or plastic) or caverns (i.e., naturally occur 
ring or artificially created cavities that are typically located 
underground). Open-air systems typically provide Superior 
energy density relative to closed-air systems. As mentioned 
above, although in preferred embodiments the systems 
described herein are open-air systems, they preferably 
include pre-compression and/or post-expansion stages Such 
that the air is not compressed and/or expanded within one or 
more cylinder assemblies over a pressure range extending to 
atmospheric pressure. Rather, preferred embodiments com 
press and/or expand gas within one or more cylinder assem 
blies over only a Super-atmospheric pressure range (i.e., a 
range of pressures all of which are above atmospheric pres 
Sure). 
0024. Furthermore, the systems described herein may be 
advantageously utilized to harness and recover Sources of 
renewable energy, e.g., wind and Solar energy. For example, 
energy stored during compression of the gas may originate 
from an intermittent renewable energy source of, e.g., wind or 
Solar energy, and energy may be recovered via expansion of 
the gas when the intermittent renewable energy source is 
nonfunctional (i.e., either not producing harnessable energy 
or producing energy at lower-than-nominal levels). As such, 
the systems described herein may be connected to, e.g., Solar 
panels or wind turbines, in order to store the renewable energy 
generated by Such systems. 
0025. In one aspect, embodiments of the invention feature 
a compressed-gas energy storage and recovery system includ 
ing or consisting essentially of a cylinder assembly for com 
pressing gas to store energy and/or expanding gas to recover 
energy, a heat-transfer Subsystem for thermally conditioning 
gas in the cylinder assembly, thereby increasing efficiency of 
the energy storage and recovery, and, selectively fluidly con 
nected to the cylinder assembly, a mechanism for Substan 
tially adiabatically compressing gas prior to its entry into the 
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cylinder assembly and/or Substantially adiabatically expand 
ing gas after its exit from the cylinder assembly. 
0026. Embodiments of the invention may feature one or 
more of the following, in any of a variety of combinations. 
The thermal conditioning may render the compression and/or 
expansion in the cylinder assembly Substantially isothermal. 
The compression and/or expansion in the cylinder assembly 
may be performed overa pressure range extending from a first 
Super-atmospheric pressure to a second Super-atmospheric 
pressure larger than the first Super-atmospheric pressure. The 
mechanism may compress gas from approximately atmo 
spheric pressure to approximately the first Super-atmospheric 
pressure (e.g., approximately 1 psig, approximately 5 psig, or 
ranging between approximately 5 psig and approximately 15 
psig). A pressure vessel for Supplying gas at approximately 
the first Super-atmospheric pressure may be fluidly coupled to 
the mechanism, thereby enabling the mechanism to operate 
continuously at approximately constant power. The system 
may include a second heat-transfer Subsystem for thermally 
conditioning gas within the pressure vessel. The heat-transfer 
Subsystem may include a circulation apparatus for circulating 
heat-transfer fluid through the cylinder assembly. The heat 
transfer Subsystem may include a mechanism (e.g., a spray 
head and/or a spray rod) disposed within the cylinder assem 
bly for introducing the heat-transfer fluid. The heat-transfer 
Subsystem may include or consist essentially of a heat 
exchanger and a circulation apparatus for circulating gas from 
the cylinder assembly through the heat exchanger and back to 
the cylinder assembly. 
0027. The system may include, selectively fluidly con 
nected to the cylinder assembly, a compressed-gas reservoir 
for storage of gas after compression and Supply of com 
pressed gas for expansion thereof. A vent for exhausting 
expanded gas to atmosphere and Supply of gas for compres 
sion thereof may be selectively fluidly connected to the 
mechanism. An intermittent renewable energy source (e.g., of 
wind or Solar energy) may be connected to the cylinder 
assembly, energy stored during compression of gas may 
originate from the intermittent renewable energy source, and 
energy may be recovered via expansion of gas when the 
intermittent renewable energy source is nonfunctional. A 
movable boundary mechanism (e.g., a piston) may separate 
the cylinder assembly into two chambers. A crankshaft for 
converting reciprocal motion of the boundary mechanism 
into rotary motion may be mechanically coupled to the 
boundary mechanism. A motor/generator may be coupled to 
the crankshaft. 

0028. The mechanism may include or consist essentially 
of a bidirectional blower/expander. The mechanism may 
include or consist essentially of a discrete blower (e.g., of a 
type selected from the group consisting of lobe-type, centrifu 
gal, and axial-turbine-type) and/or a discrete expander (e.g., 
ofa type selected from the group consisting of centrifugal and 
axial-turbine-type). The mechanism may include or consist 
essentially of a discrete unidirectional blower and a discrete 
unidirectional expander. The compression and/or expansion 
in the cylinder assembly may be performed over a pressure 
range extending form a first Super-atmospheric pressure to a 
second Super-atmospheric pressure larger than the first Super 
atmospheric pressure. The blower may compress gas from 
approximately atmospheric pressure to approximately the 
first Super-atmospheric pressure. The expander may expand 
gas from approximately the first Super-atmospheric pressure 
to approximately atmospheric pressure. 
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0029. The system may include, fluidly coupled to the 
blower, a first pressure vessel for Supplying gas at approxi 
mately the first Super-atmospheric pressure, thereby enabling 
the blower to operate continuously at approximately constant 
power. The system may include, fluidly coupled to the 
expander, a second pressure vessel for Supplying gas at 
approximately the first Super-atmospheric pressure, thereby 
enabling the expander to operate continuously at approxi 
mately constant power. The first pressure vessel may be dif 
ferent from the second pressure vessel. The system may 
include a control system for directing flow of gas between the 
cylinder assembly and the mechanism. The system may 
include a sensor for detecting pressure within the cylinder 
assembly and/or the mechanism, and the control system may 
be responsive to the sensor. 
0030. In another aspect, embodiments of the invention 
feature a method for energy storage and recovery. Within a 
cylinder assembly, gas is expanded and/or compressed 
between a first Super-atmospheric pressure and a second 
Super-atmospheric pressure larger than the first Super-atmo 
spheric pressure. The gas is thermally conditioned during the 
expansion and/or compression within the cylinder assembly. 
Gas is Substantially adiabatically compressed from approxi 
mately atmospheric pressure to the first Super-atmospheric 
pressure and/or Substantially adiabatically expanded from the 
first Super-atmospheric pressure to approximately atmo 
spheric pressure. 

0031. Embodiments of the invention may feature one or 
more of the following, in any of a variety of combinations. 
The thermal conditioning may render the expansion and/or 
compression in the cylinder assembly Substantially isother 
mal. The Substantially adiabatic compression and/or the Sub 
stantially adiabatic expansion may be performed external to 
the cylinder assembly. Thermally conditioning the gas may 
include or consist essentially of introducing a heat-transfer 
fluid within the cylinder assembly to exchange heat with the 
gas. The heat-transfer fluid may be circulated between the 
cylinder assembly and a heat exchanger to maintain the heat 
transfer fluid at a substantially constant temperature. Ther 
mally conditioning the gas may include or consist essentially 
of circulating gas from the cylinder assembly to an external 
heat exchanger and back to the cylinder assembly. Energy 
stored during compression of gas may originate from an 
intermittent renewable energy source (e.g., of wind or Solar 
energy). Gas may be expanded to recover energy when the 
intermittent renewable energy source is nonfunctional. 
0032 Gas may be substantially adiabatically compressed 
by a discrete blower and/or substantially adiabatically 
expanded by a discrete expander. Gas may be substantially 
adiabatically compressed and/or Substantially adiabatically 
expanded by a bidirectional blower/expander. Additional gas 
at the first Super-atmospheric pressure may be supplied to 
enable the substantially adiabatic compression and/or the 
Substantially adiabatic expansion to be performed continu 
ously at approximately constant power. Gas may be com 
pressed within the cylinder assembly, and thereafter, gas may 
be stored at approximately the second Super-atmospheric 
pressure in a reservoir. Gas may be expanded substantially 
adiabatically, and thereafter, gas may be expanded at approxi 
mately atmospheric pressure to atmosphere. The cylinder 
assembly may include a movable boundary mechanism sepa 
rating two chambers within the cylinder assembly. Reciprocal 
motion of the boundary mechanism may be converted into 
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rotary motion, and/or rotary motion may be converted into 
reciprocal motion of the boundary mechanism. 
0033. These and other objects, along with advantages and 
features of the invention, will become more apparent through 
reference to the following description, the accompanying 
drawings, and the claims. Furthermore, it is to be understood 
that the features of the various embodiments described herein 
are not mutually exclusive and can exist in various combina 
tions and permutations. Note that as used herein, the terms 
“pipe.” “piping and the like shall refer to one or more con 
duits that are rated to carry gas or liquid between two points. 
Thus, the singular term should be taken to include a plurality 
of parallel conduits where appropriate. “Super-atmospheric' 
pressure refers to a pressure larger than atmospheric pressure, 
and typically a pressure above approximately 1 psig, or even 
above approximately 5 psig (e.g., ranging between approxi 
mately 5 psig and approximately 15 psig). Herein, the terms 
“liquid” and “water interchangeably connote any mostly or 
substantially incompressible liquid, the terms “gas' and “air” 
are used interchangeably, and the term “fluid may refer to a 
liquid or a gas unless otherwise indicated. As used herein 
unless otherwise indicated, the term “substantially 
meansit 10%, and, in some embodiments, t5%. A “valve' is 
any mechanism or component for controlling fluid commu 
nication between fluid paths or reservoirs, or for selectively 
permitting control or venting. The term "cylinder refers to a 
chamber, of uniform but not necessarily circular cross-sec 
tion, which may contain a slidably disposed piston or other 
mechanism that separates the fluidon one side of the chamber 
from that on the other, preventing fluid movement from one 
side of the chamber to the other while allowing the transfer of 
force/pressure from one side of the chamber to the next or to 
a mechanism outside the chamber. A “cylinder assembly' 
may be a simple cylinder or include multiple cylinders, and 
may or may not have additional associated components (such 
as mechanical linkages among the cylinders). The shaft of a 
cylinder may be coupled hydraulically or mechanically to a 
mechanical load (e.g., a hydraulic motor/pump or a crank 
shaft) that is in turn coupled to an electrical load (e.g., rotary 
or linear electric motor/generator attached to power electron 
ics and/or directly to the grid or other loads), as described in 
the 595 and 853 applications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0034. In the drawings, like reference characters generally 
refer to the same parts throughout the different views. Cylin 
ders, rods, and other components are depicted in cross section 
in a manner that will be intelligible to all persons familiar with 
the art of pneumatic and hydraulic cylinders. Also, the draw 
ings are not necessarily to scale, emphasis instead generally 
being placed upon illustrating the principles of the invention. 
In the following description, various embodiments of the 
present invention are described with reference to the follow 
ing drawings, in which: 
0035 FIG. 1 is a schematic diagram of portions of a com 
pressed-air energy storage and recovery system that may be 
utilized in conjunction with various embodiments of the 
invention; and 
0036 FIGS. 2 and 3 are schematic drawings of embodi 
ments of a stage of a pneumatic expander-compressor in 
accordance with various embodiments of the invention. 

DETAILED DESCRIPTION 

0037 FIG. 1 illustrates portions of a compressed air 
energy storage and recovery system 100 that may be adapted 
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for use with embodiments of the present invention. The sys 
tem 100 includes a cylinder assembly 102, a heat-transfer 
subsystem 104, and a control system 105 for controlling 
operation of the various components of system 100. During 
system operation, compressed air is either directed into stor 
age reservoir 106 (e.g., one or more pressure vessels or cav 
erns) during storage of energy or released from reservoir 106 
during recovery of stored energy. Airis admitted to the system 
100 through vent 108 during storage of energy, or exhausted 
from the system 100 through vent 108 during release of 
energy. 
0038. The control system 105 may be any acceptable con 
trol device with a human-machine interface. For example, the 
control system 105 may include a computer (for example a 
PC-type) that executes a stored control application in the form 
of a computer-readable software medium. More generally, 
control system 105 may be realized as software, hardware, or 
some combination thereof. For example, control system 105 
may be implemented on one or more computers, such as a PC 
having a CPU board containing one or more processors such 
as the Pentium, Core, Atom, or Celeron family of processors 
manufactured by Intel Corporation of Santa Clara, Calif., the 
680x0 and POWER PC family of processors manufactured 
by Motorola Corporation of Schaumburg, Ill., and/or the 
ATHLON line of processors manufactured by Advanced 
Micro Devices, Inc., of Sunnyvale, Calif. The processor may 
also include a main memory unit for storing programs and/or 
data relating to the methods described above. The memory 
may include random access memory (RAM), read only 
memory (ROM), and/or FLASH memory residing on com 
monly available hardware such as one or more application 
specific integrated circuits (ASIC), field programmable gate 
arrays (FPGA), electrically erasable programmable read 
only memories (EEPROM), programmable read-only memo 
ries (PROM), programmable logic devices (PLD), or read 
only memory devices (ROM). In some embodiments, the 
programs may be provided using external RAM and/or ROM 
Such as optical disks, magnetic disks, or other storage 
devices. 

0039. For embodiments in which the functions of control 
ler 105 are provided by software, the program may be written 
in any one of a number of high level languages such as 
FORTRAN, PASCAL, JAVA, C, C++, C#, LISP, PERL, 
BASIC or any Suitable programming language. Additionally, 
the Software can be implemented in an assembly language 
and/or machine language directed to the microprocessor resi 
dent on a target device. 
0040. The control system 105 may receive telemetry from 
sensors monitoring various aspects of the operation of system 
100 (as described below), and may provide signals to control 
valve actuators, valves, motors, and other electromechanical/ 
electronic devices. Control system 105 may communicate 
with such sensors and/or other components of system 100 via 
wired or wireless communication. An appropriate interface 
may be used to convert data from sensors into a form readable 
by the control system 105 (such as RS-232 or network-based 
interconnects). Likewise, the interface converts the comput 
er's control signals into a form usable by valves and other 
actuators to perform an operation. The provision of Such 
interfaces, as well as Suitable control programming, is clear to 
those of ordinary skill in the art and may be provided without 
undue experimentation. 
0041. The cylinder assembly 102 includes a piston 110 (or 
other suitable boundary mechanism) slidably disposed 
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therein with a center-drilled rod 112 extending from piston 
110 and preferably defining a fluid passageway. The piston 
110 divides the cylinder assembly 102 into a first chamber (or 
“compartment') 114 and a second chamber 116. The rod 112 
may be attached to a mechanical load, for example, a crank 
shaft or hydraulic system. Alternatively or in addition, the 
second chamber 116 may contain hydraulic fluid that is 
coupled through other pipes 118 and valves to a hydraulic 
system 120 (which may include, e.g., a hydraulic motor/ 
pump and an electrical motor/generator). The heat-transfer 
subsystem 104 includes or consists essentially of a heat 
exchanger 122 and a booster-pump assembly 124. 
0.042 At any time during an expansion or compression 
phase of gas within the first or upper chamber 114 of the 
cylinder assembly 102, the chamber 114 will typically con 
tain a gas 126 (e.g., previously admitted from Storage reser 
voir 106 during the expansion phase or from vent 108 during 
the compression phase) and (e.g., an accumulation of) heat 
transfer fluid 128 at Substantially equal pressure P. (e.g., up 
to approximately 3,000 psig). The heat-transfer fluid 128 may 
be drawn through the center-drilled rod 112 and through a 
pipe 130 by the pump 124. The pump 124 raises the pressure 
of the heat-transfer fluid 128 to a pressure P. (e.g., up to 
approximately 3,015 psig) somewhat higher than P, as 
described in U.S. patent application Ser. No. 13/009,409, 
filed on Jan. 19, 2011 (the 409 application), the entire dis 
closure of which is incorporated by reference herein. The 
heat-transfer fluid 128 is then sent through the heat exchanger 
122, where its temperature is altered, and then through a pipe 
132 to a spray mechanism 134 disposed within the cylinder 
assembly 102. In various embodiments, when the cylinder 
assembly 102 is operated as an expander, a spray 136 of the 
heat-transfer fluid 128 is introduced into the cylinder assem 
bly 102 at a higher temperature than the gas 126 and, there 
fore, transfers thermal energy to the gas 126 and increases the 
amount of work done by the gas 126 on the piston 110 as the 
gas 126 expands. In an alternative mode of operation, when 
the cylinder assembly 102 is operated as a compressor, the 
heat-transfer fluid 128 is introduced at a lower temperature 
than the gas 126. Control system 105 may enforce substan 
tially isothermal operation, i.e., expansion and/or compres 
sion of gas in cylinder assembly 102, via control over, e.g., the 
introduction of gas into and the exhausting of gas out of 
cylinder assembly 102, the rates of compression and/or 
expansion, and/or the operation of heat-transfer Subsystem 
104 in response to sensed conditions. For example, control 
system 105 may be responsive to one or more sensors dis 
posed in or on cylinder assembly 102 for measuring the 
temperature of the gas and/or the heat-transfer fluid within 
cylinder assembly 102, responding to deviations in tempera 
ture by issuing control signals that operate one or more of the 
system components noted above to compensate, in real time, 
for the sensed temperature deviations. For example, in 
response to a temperature increase within cylinder assembly 
102, control system 105 may issue commands to increase the 
flow rate of spray 136 of heat-transfer fluid 128. 
0043. The circulating system 124 described above will 
typically have higher efficiency than a system which pumps 
liquid from a low intake pressure (e.g., approximately 0 psig) 
to P', as detailed in the 409 application. 
0044) Furthermore, embodiments of the invention may be 
applied to systems in which chamber 114 is in fluid commu 
nication with a pneumatic chamber of a second cylinder 
(rather than with reservoir 106). That second cylinder, in turn, 
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may communicate similarly with a third cylinder, and so 
forth. Any number of cylinders may be linked in this way. 
These cylinders may be connected in parallel or in a series 
configuration, where the compression and expansion is done 
in multiple stages. 
0045. The fluid circuit of heat exchanger 122 may be filled 
with water, a coolant mixture, and/or any acceptable heat 
transfer medium. In alternative embodiments, a gas, Such as 
air or refrigerant, is used as the heat-transfer medium. In 
general, the fluid is routed by conduits to a large reservoir of 
Such fluid in a closed or open loop. One example of an open 
loop is a well or body of water from which ambient water is 
drawn and the exhaust water is delivered to a different loca 
tion, for example, downstream in a river. In a closed-loop 
embodiment, a cooling tower may cycle the water through the 
air for return to the heat exchanger. Likewise, water may pass 
through a submerged or buried coil of continuous piping 
where a counter heat-exchange occurs to return the fluid flow 
to ambient temperature before it returns to the heat exchanger 
for another cycle. 
0046. In various embodiments, the heat-exchange fluid is 
conditioned (i.e., pre-heated and/or pre-chilled) or used for 
heating or cooling needs by connecting the fluid inlet 138 and 
fluid outlet 140 of the external heat exchange side of the heat 
exchanger 122 to an installation (not shown). Such as a heat 
engine power plant, an industrial process with waste heat, a 
heat pump, and/or a building needing space heating or cool 
ing, as described in the 513 application. The installation may 
be a large water reservoir that acts as a constant-temperature 
thermal fluid source for use with the system. Alternatively, the 
water reservoir may be thermally linked to waste heat from an 
industrial process or the like, as described above, via another 
heat exchanger contained within the installation. This allows 
the heat-transfer fluid to acquire or expel heat from/to the 
linked process, depending on configuration, for later use as a 
heating/cooling medium in the compressed air energy Stor 
age/conversion system. 
0047 FIG. 2 depicts an illustrative system 200 that sub 
stantially isothermally compresses or expands gas over a 
predetermined pressure range in accordance with various 
embodiments of the present invention. System 200 includes a 
cylinder 202 containing a mobile piston 204 (or other suitable 
boundary mechanism) that divides the interior of the cylinder 
202 into a gas-filled (pneumatic) chamber 206 and a liquid 
filled (hydraulic) chamber 208. Alternatively, both chambers 
206 and 208 may be gas-filled. An integrated heat exchange 
mechanism is typically present in chambers 206 and/or 208, 
as described in the 703 application and 426 patent, and/or as 
shown in FIG.1. In the illustrative embodiment shown in FIG. 
2, a spray head 210 injects a spray 212 of liquid droplets into 
the upper chamber 206 of the cylinder 202. This spray 212 
may produce an accumulation of liquid 214 on top of piston 
204. Ports 220 and 222 with valves 224 and 226 allow gas to 
be admitted to or exhausted from chamber 206 as desired. A 
port or ports (not shown) with associated pipes and valves 
(not shown) allows fluid to be admitted to or withdrawn from 
chamber 208 as desired. 
0048. During air expansion, the gas in chamber 206 
expands, performing work on piston 204. As the gas in cham 
ber 206 expands, its temperature tends to fall. If during expan 
sion the spray 212 enters chamber 206 at a suitable tempera 
ture (e.g., the temperature of the gas in chamber 206 before 
compression begins), then the spray 212 is at a higher tem 
perature during expansion than the gas in chamber 206, and 
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the spray 212 transfers thermal energy to the gas in chamber 
206. The transfer of thermal energy from the spray 212 to the 
gas in chamber 206 increases the amount of work performed 
by the expanding gas on the piston 204. In effect, the transfer 
of thermal energy from the spray 212 to the gas in chamber 
206 allows the conversion into work of some of the thermal 
energy in the spray 212. 
0049. During air compression, piston 204 moves upward 
and thus compresses the gas in chamber 206. While the gas in 
chamber 206 is being compressed by the piston 204, its tem 
perature tends to rise. If during compression the liquid spray 
212 enters chamber 206 at a suitable temperature (e.g., the 
temperature of the gas in chamber 206 before compression 
begins), then the gas in chamber 206 will be at a higher 
temperature during compression than the spray 212, and the 
gas in chamber 206 will transfer thermal energy to the spray 
212. The transfer of thermal energy to the spray 212 from the 
gas in chamber 206 reduces the amount of work that the 
piston 204 performs on the gas in chamber 206 in order to 
compress the gas. 
0050. To prepare the cylinder 202 for compression, low 
pressure gas is admitted from point 228 through valve 226 
and port 222 into upper chamber 206 during a downward 
stroke starting with piston 204 near or at the top of cylinder 
202. In various embodiments of the invention, the inlet pres 
Sure at point 228 is raised above atmospheric pressure by a 
blower 230 (e.g., lobe-type, centrifugal-type, or axial-tur 
bine-type blower) that draws in atmospheric-pressure or near 
atmospheric-pressure gas through inlet/vent 232. The com 
pression by blower 230 may be predominantly adiabatic, such 
as is achieved by a lobe-type, centrifugal, or axial-turbine 
type blower. As shown in FIG. 2, the blower 230 may be a 
bidirectional expander/compressor; hence, references herein 
to blower 230 and expander 230 below may refer to a single 
bidirectional unit. The outlet of the blower 230 may include 
an after-cooler or other heat-exchange system (not shown) 
and may be attached to a low-pressure vessel 234 near or at 
the predetermined minimum system pressure at point 228 
(i.e., the super-atmospheric pressure enabled by the blower 
230 and that serves as the inlet pressure to cylinder 202) in 
order to provide a buffer such that the blower 230 may operate 
continuously at near-constant power. The low-pressure vessel 
234 may contain integrated heat exchange as described in the 
703 and 513 applications. At or near the bottom of a down 
ward (intake) stroke preparatory to compression, where pis 
ton 204 is at or near the bottom of cylinder 202 and chamber 
206 is filled with gas at a predetermined pressure by the action 
of blower 230 and valve 226, valve 226 is closed. An upward 
compression stroke follows. At a predetermined high pres 
Sure, which may be equal to the pressure at point 236 (e.g., the 
pressure in a high-pressure storage vessel like reservoir 106 
or higher-pressure cylinder in a multi-stage system), Valve 
224 is opened, connecting chamber 206 through port 220 to 
point 236. The pressurized gas is then forced through valve 
224 to point 236, until piston 204 is near or at the top of 
cylinder 206, whereupon valve 224 closes and the process 
repeats with another intake stroke. 
0051. In comparison to a system otherwise identical to 
system 200 but lacking a blower 230, the presence of the 
blower 230 in system 200 enables a greater amount (mass) of 
gas to be compressed in a single upstroke of piston 204 within 
cylinder 202. The work of compression done in a single stroke 
with blower 230 is higher than without blower 230 and more 
gas is compressed to point 236. 
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0.052 The efficiency of the total compression for predomi 
nantly adiabatic compression by blower 230 and predomi 
nantly isothermal compression in the cylinder 202 is typically 
less than a near-isothermal compression completely within 
the cylinder 202 over the entire pressure range, as previously 
mentioned. The addition of the blower 230 thus generally 
increases the power of system 200 (i.e., the rate at which 
system 200 transforms work to potential energy of com 
pressed gas) at the expense of efficiency. The degree of 
tradeoff between power and efficiency that is optimal typi 
cally varies depending on the application in which system 200 
is used. Additionally, for a given outlet pressure at port 220, 
the higher starting pressure within chamber 206 of the cylin 
der 202 reduces the pressure range (ratio of outlet pressure to 
inlet pressure) over which the cylinder 202 acts during the 
course of a stroke—as reviewed above, this also narrows the 
range offorces that act on rod 238that is attached to the piston 
204 and whose nether end extends out of cylinder 202. This 
narrowing of the range of forces in turn enables more efficient 
conversion of electrical energy by a motor/generator (not 
shown) to work in the system 200, as previously discussed. 
0053. During an expansion, heat-exchange liquid 214 on 
top of piston 204 may be evacuated from chamber 206 
through a channel 240 center-drilled through rod 238. (In the 
figures, heat-exchange liquid 214 is indicated by stippling.) A 
flexible hose 242 conveys the liquid 214 from the nether end 
of center-drilled channel 240 through piping to a pump and 
heat exchanger (e.g., as shown in FIG. 1) before re-injection 
into the upper chamber 206 as a spray 212. 
0054 During an expansion, a predetermined amount of 
compressed gas at high pressure is admitted from point 236 
(e.g., from a storage vessel Such as reservoir 106 or higher 
pressure cylinder in a multi-stage system) through valve 224 
and port 220 into chamber 206. The amount of gas admitted 
may be set by the control system 105 such that after fully 
expanding on a downward stroke (i.e., when piston 204 
reaches the bottom of cylinder 202), the gas reaches a prede 
termined minimum system pressure that is typically Super 
atmospheric (e.g., approximately 5 psig). For example, con 
trol system 105 may be responsive to one or more sensors 
measuring gas flow rate and/or pressure within cylinder 202 
to meter the gas introduction. On the upward return stroke of 
the cylinder 202, that gas is exhausted through valve 226 to 
point 228. 
0055. In various embodiments of the invention, the piping 
at point 228 is attached to an expander 230 that converts the 
pressurized gas flow into rotational motion; in Such embodi 
ments, gas flow through the expander 230 generates power 
additional to the amount generated by the expansion within 
the cylinders. The expansion through the expander 230 may 
be predominantly adiabatic, such as that achieved by a cen 
trifugal or axial-turbine-type expander. After expansion 
through the expander 230, the gas may be exhausted to the 
atmosphere through vent 232. In addition, as shown in FIG.2, 
a low-pressure vessel 234 near or at the predetermined mini 
mum system pressure (i.e., the Super-atmospheric pressure 
input to the expander 230 and that serves as the outlet pressure 
of cylinder 202) may also be connected at point 228 in order 
to provide a buffer such that the expander 230 may operate 
continuously at near-constant power. As mentioned above, 
the low-pressure vessel 234 may contain an integrated heat 
exchanger. 
0056 By ending the expansion stroke within cylinder 202 
at a pressure above atmospheric pressure, a greater amount 
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(mass) of gas may be expanded in a single downstroke of 
piston 204 within cylinder 202. The work of expansion done 
in that single stroke (higher forces acting over a distance) will 
behigher than the amount of work performed by anotherwise 
identical stroke during which a Smaller amount of gas is 
expanded (lower forces acting over the same distance). More 
over, if an expander 230 is employed, additional power may 
be generated that would be lost if the super-atmospheric 
pressure gas in chamber 206 at the end of an expansion stroke 
were vented directly to the atmosphere. The total efficiency of 
a predominantly adiabatic expansion in expander 230 com 
bined with a predominantly isothermal expansion in cylinder 
202 is typically less than the efficiency of a near-isothermal 
expansion completely within the cylinder 202 over the entire 
pressure range. The employment of Super-atmospheric vent 
ing pressure combined with an expander 230 thus generally 
adds power at the expense of efficiency. The degree of 
tradeoff between power and efficiency that is optimal typi 
cally varies depending on the application in which system 200 
is used. Additionally, the higher vent pressure of the cylinder 
202 reduces the pressure range over which the cylinder 202 
acts for a given outlet pressure (i.e., where range is outlet/inlet 
pressure), such that some benefit of efficiency of power trans 
mission may be achieved by operating the cylinder 202 over 
a narrower pressure (and thus force) range. 
0057 Control system 105 may control the blower/ex 
pander 230 and cylinder 202 in order to enforce substantially 
isothermal expansion and/or compression of gas in cylinder 
202 over a particular range of Super-atmospheric pressures 
and Substantially adiabatic compression and/or expansion in 
blower/expander 230 between approximately atmospheric 
pressure and the minimum Super-atmospheric pressure of 
operation of cylinder 202. For example, control system 105 
may direct the introduction of gas into and the exhausting of 
gas out of cylinder 202 and blower/expander 230 via, e.g., 
control over the various ports and/or valves associated with 
these components. Control system 105 may be responsive to 
one or more sensors disposed in or on cylinder 202 and/or 
blower/expander 230 for measuring the pressure of the gas 
within these components, and direct movement of the gas 
within system 200 accordingly. As described above, control 
of Substantially isothermal compression and/or expansion 
within cylinder 202 may also entail control over an associated 
heat-transfer Subsystem (e.g., heat-transfer Subsystem 104) 
and/or other system for thermally conditioning the gas. Such 
heat-transfer subsystems may be turned off or rendered idle 
during Substantially adiabatic compression and/or expansion 
in blower/expander 230. 
0058 FIG. 3 depicts an illustrative system 300 that sub 
stantially isothermally compresses or expands gas over a 
predetermined pressure range in accordance with various 
embodiments of the present invention. System 300 employs 
the same Substantially isothermal cylinder stage shown in 
system 200 of FIG. 2, but features a separate and parallel set 
of control valves and other components for expansion and 
compression. System 300 includes a cylinder 302 containing 
a mobile piston 304 that divides the interior of the cylinder 
302 into a gas-filled (pneumatic) chamber 306 and a liquid 
filled (hydraulic) chamber 308. Alternatively, both chambers 
306 and 308 may be gas-filled. An integrated heat exchange 
mechanism may be present in chambers 306 and/or 308, as 
described in the 703 application and the 426 patent, and/or 
as shown in FIG. 1. In the illustrative embodiment, a spray 
head 310 injects a spray 312 of liquid droplets into the upper 
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chamber 306 of the cylinder 302. This spray 312 may produce 
an accumulation of liquid 314 on top of piston 304. Ports 320 
and 322 with valves 324 and 326 allow gas to be admitted to 
or exhausted from chamber 306 as desired. A port or ports 
(not shown) with associated pipes and valves (not shown) 
allows fluid to be admitted to or withdrawn from chamber 308 
as desired. 

0059. During air expansion, gas in chamber 306 expands, 
performing work on piston 304. As the gas in chamber 306 
expands, its temperature tends to fall. If during expansion the 
spray 312 enters chamber 306 at a suitable temperature (e.g., 
the temperature of the gas in chamber 306 before compres 
sion begins), then the spray 312 is at a higher temperature 
during expansion than the gas in chamber 306, and the spray 
312 transfers thermal energy to the gas in chamber 306. The 
transfer of thermal energy from the spray 312 to the gas in 
chamber 306 increases the amount of work performed by the 
expanding gas on the piston 304. In effect, this transfer of 
thermal energy from the spray 312 to the gas in chamber 306 
enables the conversion of some of the thermal energy in the 
spray 312 into work. 
0060. During air compression, piston 304 moves upward 
and thus compresses the gas in chamber 306. While the gas in 
chamber 306 is being compressed by the piston 304, its tem 
perature tends to rise. If during compression the liquid spray 
312 enters chamber 306 at a suitable temperature (e.g., the 
temperature of the gas in chamber 306 before compression 
begins), then the gas in chamber 306 is at a higher temperature 
during compression than the spray 312, and the gas in cham 
ber 306 transfers thermal energy to the spray 312. The transfer 
of thermal energy to the spray 312 from the gas in chamber 
306 reduces the amount of work that the piston 304 must 
perform on the gas in chamber 306 in order to compress the 
gaS. 

0061 During a downward stroke (preparatory to a com 
pression stroke) starting with piston 304 near or at the top of 
cylinder 302, low-pressure gas is admitted from point 328 
through valve 330 (shown here as a check valve) and through 
port 322 into upper chamber 306. In various embodiments of 
the invention, the inlet pressure at point 328 is raised above 
atmospheric pressure by a blower 332 (e.g., lobe-type, cen 
trifugal-type, axial-turbine-type blower) drawing in atmo 
spheric or near-atmospheric pressure gas through inlet/vent 
334. The compression by blower 332 may be predominantly 
adiabatic Such as that achieved by a lobe-type, centrifugal, or 
axial-turbine-type blower. As shown in the illustrative 
example, the blower332 need not be abidirectional expander/ 
compressor, but may be implemented as a unidirectional 
blower that may be turned off or rendered idle during expan 
sion mode. The outlet of the blower 332 may include an 
after-cooler or other heat-exchange system (not shown) and 
may be attached to a low-pressure vessel 336 near or at the 
predetermined minimum system pressure at point 328 in 
order to provide a buffer such that the blower 332 may operate 
continuously at Substantially constant power during compres 
sion mode. The low-pressure vessel 336 may contain inte 
grated heat exchange as described in the 703 and 513 appli 
cations. At or near the bottom of a downward stroke, where 
piston 304 is at or near the bottom of cylinder 302, chamber 
306 is filled with gas at the predetermined pressure by the 
action of blower 332 and valve 330, valve 330 is closed and an 
upward compression stroke is performed. Alternatively, as 
shown, valve 330 operates as a check valve and closes as soon 
as the upward compression stroke pressurizes chamber 206 
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above the pressure at point 328. At a predetermined high 
pressure, preferably equal to the pressure at point 338 (e.g., 
from a storage vessel Such as reservoir 106 or a higher 
pressure cylinder in a multi-stage system), Valve 340 (shown 
here as a check valve) is opened, connecting chamber 306 
through port 320 to point 338. The pressurized gas is then 
forced through valve 320 to point 338, until piston 304 is near 
or at the top of cylinder 306, when valve 320 closes and the 
process repeats with another intake stroke. Alternatively, as 
shown in FIG. 3, valve 340 operates as a check valve and 
opens as soon as the upward compression stroke pressurizes 
chamber 306 above the pressure at point 338 and closes as 
Soon as the downward intake stroke begins, reducing pressure 
in chamber 306 below the pressure at point 338. 
0062. Using the blower 332, a greater amount (mass) of 
gas may be compressed in a single upstroke of piston 304 
within cylinder 302 than may be compressed without using 
blower 332. The work of compression done in that single 
stroke will be higher than without blower 332 and more gas 
will be compressed to point 338. The efficiency of the total 
compression for a predominantly adiabatic compression in 
blower 332 and a predominantly isothermal compression in 
cylinder 302 tends to be less than for a substantially isother 
mal compression completely within the cylinder 302 over the 
entire pressure range. The addition of the blower 332 thus 
typically adds power at the expense of efficiency. Addition 
ally, the higher Super-atmospheric starting pressure within the 
cylinder 302 reduces the pressure range over which the cyl 
inder 302 acts for a given outlet pressure (i.e. where range is 
outlet/inlet pressure), such that some benefit of efficiency of 
power transmission may be achieved by operating the cylin 
der 302 over a narrower pressure (and thus force) range. 
0063. During an expansion, heat-exchange liquid 314 on 
top of piston 304 may be evacuated from chamber 306 
through a channel 342 center-drilled through a rod 344 that is 
attached to the piston 304 and whose nether end extends out 
of cylinder 302. A flexible hose 346 may convey the liquid 
314 from the nether end of center-drilled channel 342 to a 
pump and heat exchanger through piping (as depicted in FIG. 
1) before injection into the upper chamber 306 as a spray 312. 
0.064 During expansion, a predetermined amount of com 
pressed gas at high pressure is admitted from point 338 (e.g. 
from a storage vessel Such as reservoir 106 or higher-pressure 
cylinder in a multi-stage system) through valve 324 and port 
320 into chamber 306. As illustrated in FIG.3, valve 324 may 
be a unidirectional valve, i.e., optimized for flow in only one 
direction. The amount of gas admitted may be set by the 
control system 105 such that after fully expanding on a down 
ward stroke (i.e. piston 304 reaches the bottom of cylinder 
302) the gas reaches the predetermined minimum system 
pressure for cylinder compression and/or expansion (e.g. 
approximately 5 psig). On the upward return stroke of the 
cylinder 302, that gas is exhausted through valve 326 to point 
348. In various embodiments of the invention, point 348 may 
be attached to an expander 350 that converts the pressurized 
gas flow to rotational motion, performing work and generat 
ing additional power above the amount generated by the 
expansion within the cylinder(s). As shown in the illustrative 
example, the expander 350 need not be a bidirectional 
expander/compressor, but may be implemented as a unidirec 
tional expander that may be turned off or rendered idle during 
compression mode. The expansion through the expander 350 
may be predominantly adiabatic Such as that achieved by a 
centrifugal or axial-turbine-type expander. After expansion 
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through the expander 350, the gas may be exhausted to atmo 
sphere through vent 334. In addition, as shown in this illus 
trative embodiment, a low-pressure vessel 352 near or at the 
predetermined minimum system pressure may also be con 
nected at point 348 in order to provide a buffer such that the 
expander 350 may operate continuously at substantially con 
stant power. The low-pressure vessel 352 may contain inte 
grated heat exchange as described in the 703 and 513 appli 
cations. 

0065. By ending the expansion stroke within cylinder 302 
at a pressure above atmospheric pressure, a greater amount 
(mass) of gas may be expanded in a single downstroke of 
piston 304 within cylinder 302. The work of expansion done 
in that single stroke is typically higher than that done with less 
gas. Additionally, with an expander 350, additional power 
may be generated that would be lost if the Super-atmospheric 
pressure gas were vented directly to atmosphere. The effi 
ciency of the total expansion for a predominantly adiabatic 
expansion in expander 350 and a predominantly isothermal 
expansion in cylinder 302 may be less than a substantially 
isothermal expansion completely within the cylinder 302 
over the entire pressure range. The addition of the higher vent 
pressure thus typically adds power at the expense of effi 
ciency. The degree of tradeoff between power and efficiency 
that is optimal typically varies depending on the application 
in which system 300 is used. (For example, at certain low 
pressures, the cost of an expander may not be worth the 
recovered power; in such a case, vessel 352 and expander 350 
may be profitably omitted.) Additionally, the higher vent 
pressure of the cylinder 302 typically reduces the pressure 
range over which the cylinder 302 acts for a given outlet 
pressure; as a result, the benefit of efficiency of power trans 
mission may be achieved by operating the cylinder 302 over 
a narrower pressure (and thus force) range. 
0066. Additionally, the higher vent pressure at port 322 
reduces the pressure range (ratio of outlet pressure to inlet 
pressure) over which the cylinder 302 acts during the course 
of a stroke—this also narrows the range of forces that act on 
rod 344. This narrowing of the range of forces in turn enables 
more efficient conversion of work performed by system 300 
to electrical energy by a motor/generator (not shown). 
0067. The pneumatic cylinders shown herein may be out 
fitted with an external gas heat exchanger instead of or in 
addition to liquid sprays. An external gas heat exchanger may 
also allow expedited heat transfer to or from the high-pressure 
gas being expanded (or compressed) in the cylinders. Such 
methods and systems for isothermal gas expansion (or com 
pression) using an external heat exchanger are shown and 
described in the 426 patent. 
0068 Generally, the systems described herein may be 
operated in both an expansion mode and in the reverse com 
pression mode as part of a full-cycle energy storage system 
with high efficiency. For example, the systems may be oper 
ated as both compressor and expander, storing electricity in 
the form of the potential energy of compressed gas and pro 
ducing electricity from the potential energy of compressed 
gas. Alternatively, the systems may be operated indepen 
dently as compressors or expanders. 
0069. The terms and expressions employed herein are 
used as terms of description and not of limitation, and there is 
no intention, in the use of Such terms and expressions, of 
excluding any equivalents of the features shown and 
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described orportions thereof, but it is recognized that various 
modifications are possible within the scope of the invention 
claimed. 
What is claimed is: 
1.-40. (canceled) 
41. A compressed-gas energy storage and recovery system 

comprising: 
a cylinder assembly for at least one of compressing gas to 

store energy or expanding gas to recover energy; 
aheat-transfer Subsystem for thermally conditioning gas in 

the cylinder assembly, thereby increasing efficiency of 
the energy storage and recovery; 

selectively fluidly connected to the cylinder assembly, a 
mechanism for at least one of (i) Substantially adiabati 
cally compressing gas prior to its entry into the cylinder 
assembly, or (ii) Substantially adiabatically expanding 
gas after its exit from the cylinder assembly; 

selectively fluidly connected to at least one of the cylinder 
assembly or the mechanism, a compressed-gas reservoir 
for at least one of storage of gas after compression or 
Supply of compressed gas for expansion thereof, and 

selectively fluidly connected to at least one of the cylinder 
assembly or the mechanism, a vent for at least one of 
exhausting expanded gas to atmosphere or Supply of gas 
for compression thereof. 

42. The system of claim 41, wherein the thermal condition 
ing renders the at least one of compression or expansion in the 
cylinder assembly substantially isothermal. 

43. The system of claim 41, wherein the at least one of 
compression or expansion in the cylinder assembly is per 
formed over a pressure range extending from a first Super 
atmospheric pressure to a second Super-atmospheric pressure 
larger than the first Super-atmospheric pressure. 

44. The system of claim 43, wherein the mechanism com 
presses gas from approximately atmospheric pressure to 
approximately the first Super-atmospheric pressure. 

45. The system of claim 43, wherein the mechanism 
expands gas from approximately the first Super-atmospheric 
pressure to approximately atmospheric pressure. 

46. The system of claim 43, wherein the first super-atmo 
spheric pressure is approximately 5 psig. 

47. The system of claim 43, further comprising, fluidly 
coupled to the mechanism, a pressure vessel for Supplying gas 
at approximately the first Super-atmospheric pressure, 
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thereby enabling the mechanism to operate continuously at 
approximately constant power. 

48. The system of claim 47, further comprising a second 
heat-transfer Subsystem for thermally conditioning gas 
within the pressure vessel. 

49. The system of claim 41, wherein the heat-transfer sub 
system comprises a circulation apparatus for circulating heat 
transfer fluid (i) into the cylinder assembly, thereby introduc 
ing the heat-transfer fluid into the gas, and (ii) out of the 
cylinder assembly. 

50. The system of claim 49, wherein the heat-transfer sub 
system comprises a mechanism disposed within the cylinder 
assembly for introducing the heat-transfer fluid. 

51. The system of claim 50, wherein the mechanism for 
introducing the heat-transfer fluid comprises at least one of a 
spray head or a spray rod. 

52. The system of claim 41, further comprising a movable 
boundary mechanism separating the cylinder assembly into 
two chambers. 

53. The system of claim 52, further comprising a crank 
shaft (i) mechanically coupled to the boundary mechanism, 
and (ii) for converting reciprocal motion of the boundary 
mechanism into rotary motion. 

54. The system of claim 53, further comprising a motor/ 
generator coupled to the crankshaft. 

55. The system of claim 41, wherein the mechanism com 
prises a bidirectional blower/expander. 

56. The system of claim 41, wherein the mechanism com 
prises a blower of a type selected from the group consisting of 
lobe-type, centrifugal, and axial-turbine-type. 

57. The system of claim 41, wherein the mechanism com 
prises an expander of a type selected from the group consist 
ing of centrifugal and axial-turbine-type. 

58. The system of claim 41, further comprising a control 
system for directing flow of gas between the cylinder assem 
bly and the mechanism. 

59. The system of claim 58, further comprising a sensor for 
detecting a pressure within at least one of the cylinder assem 
bly or the mechanism, wherein the control system is respon 
sive to the sensor. 


