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COMPRESSED AIR ENERGY STORAGE 
SYSTEM UTILIZING TWO-PHASE FLOW 
TO EACILITATE HEAT EXCHANGE 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. The instant nonprovisional patent application 
claims priority to and is a continuation of U.S. Nonprovi 
sional patent application Ser. No. 13/952,440 filed Jul. 26, 
2013, which claims priority to and is a continuation of U.S. 
Nonprovisional patent application Ser. No. 13/355,455 filed 
Jan. 20, 2012, now U.S. Pat. No. 8,516,810 issued on Aug. 
27, 2013, which claims priority to and is a continuation U.S. 
Nonprovisional patent application Ser. No. 12/701,146 filed 
Feb. 5, 2010, now U.S. Pat. No. 8,182.240 issued on May 
22, 2012, which claims priority to and is a continuation of 
U.S. Nonprovisional patent application Ser. No. 12/695,922 
filed Jan. 28, 2010, now U.S. Pat. No. 8,146,354 issued on 
Apr. 3, 2012, which claims priority to and is a nonprovi 
sional of U.S. Provisional Patent Application No. 61/221, 
487 filed Jun. 29, 2009, and incorporated by reference in its 
entirety herein for all purposes. 

BACKGROUND 

0002 Air compressed to 300 bar has energy density 
comparable to that of lead-acid batteries and other energy 
storage technologies. However, the process of compressing 
and decompressing the air typically is inefficient due to 
thermal and mechanical losses. Such inefficiency limits the 
economic viability of compressed air for energy storage 
applications, despite its obvious advantages. 
0003. It is well known that a compressor will be more 
efficient if the compression process occurs isothermally, 
which requires cooling of the air before or during compres 
Sion. Patents for isothermal gas compressors have been 
issued on a regular basis since 1930 (e.g., U.S. Pat. No. 
1,751,537 and No. 1,929.350). One approach to compress 
ing air efficiently is to effect the compression in several 
stages, each stage comprising a reciprocating piston in a 
cylinder device with an intercooler between stages (e.g., 
U.S. Pat. No. 5,195.874). Cooling of the air can also be 
achieved by injecting a liquid, such as mineral oil, refrig 
erant, or water into the compression chamber or into the 
airstream between stages (e.g., U.S. Pat. No. 5,076,067). 
0004 Several patents exist for energy storage systems 
that mix compressed air with natural gas and feed the 
mixture to a combustion turbine, thereby increasing the 
power output of the turbine (e.g., U.S. Pat. No. 5,634.340). 
The air is compressed by an electrically-driven air compres 
sor that operates at periods of low electricity demand. The 
compressed-air enhanced combustion turbine runs a genera 
tor at times of peak demand. Two Such systems have been 
built, and others proposed, that use underground caverns to 
store the compressed air. 
0005 Patents have been issued for improved versions of 

this energy storage scheme that apply a Saturator upstream 
of the combustion turbine to warm and humidify the incom 
ing air, thereby improving the efficiency of the system (e.g., 
U.S. Pat. No. 5,491.969). Other patents have been issued 
that mention the possibility of using low-grade heat (Such as 
waste heat from Some other process) to warm the air prior to 
expansion, also improving efficiency (e.g., U.S. Pat. No. 
5,537,822). 
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BRIEF SUMMARY OF THE INVENTION 

0006 Embodiments of the present invention relate gen 
erally to energy storage systems, and more particularly, 
relates to energy storage systems that utilize compressed air 
as the energy storage medium, comprising an air compres 
sion/expansion mechanism, a heat exchanger, and one or 
more air storage tanks. 
0007 According to embodiments of the present inven 
tion, a compressed-air energy storage system is provided 
comprising a reversible mechanism to compress and expand 
air, one or more compressed air storage tanks, a control 
system, one or more heat exchangers, and, in certain 
embodiments of the invention, a motor-generator. 
0008. The reversible air compressor-expander uses 
mechanical power to compress air (when it is acting as a 
compressor) and converts the energy stored in compressed 
air to mechanical power (when it is acting as an expander). 
The compressor-expander comprises one or more stages, 
each stage consisting of pressure vessel (the “pressure cell') 
partially filled with water or other liquid. In some embodi 
ments, the pressure vessel communicates with one or more 
cylinder devices to exchange air and liquid with the cylinder 
chamber(s) thereof. Suitable valving allows air to enter and 
leave the pressure cell and cylinder device, if present, under 
electronic control. 

0009. The cylinder device referred to above may be 
constructed in one of several ways. In one specific embodi 
ment, it can have a piston connected to a piston rod, so that 
mechanical power coming in or out of the cylinder device is 
transmitted by this piston rod. In another configuration, the 
cylinder device can contain hydraulic liquid, in which case 
the liquid is driven by the pressure of the expanding air, 
transmitting power out of the cylinder device in that way. In 
Such a configuration, the hydraulic liquid can interact with 
the air directly, or a diaphragm across the diameter of the 
cylinder device can separate the air from the liquid. 
0010. In low-pressure stages, liquid is pumped through 
an atomizing nozzle into the pressure cell or, in certain 
embodiments, the cylinder device during the expansion or 
compression stroke to facilitate heat exchange. The amount 
of liquid entering the chamber is sufficient to absorb (during 
compression) or release (during expansion) all the heat 
associated with the compression or expansion process, 
allowing those processes to proceed near-isothermally. This 
liquid is then returned to the pressure cell during the 
non-power phase of the stroke, where it can exchange heat 
with the external environment via a conventional heat 
exchanger. This allows the compression or expansion to 
occur at high efficiency. 
0011 Operation of embodiments according the present 
invention may be characterized by a magnitude of tempera 
ture change of the gas being compressed or expanded. 
According to one embodiment, during a compression cycle 
the gas may experience an increase in temperate of 100 
degrees Celsius or less, or a temperature increase of 60 
degrees Celsius or less. In some embodiments, during an 
expansion cycle, the gas may experience a decrease in 
temperature of 100 degrees Celsius or less, 15 degrees 
Celsius or less, or 11 degrees Celsius or less—nearing the 
freezing point of water from an initial point of room tem 
perature. 
0012 Instead of injecting liquid via a nozzle, as 
described above, air may be bubbled though a quantity of 
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liquid in one or more of the cylinder devices in order to 
facilitate heat exchange. This approach is preferred at high 
pressures. 
0013 During expansion, the valve timing is controlled 
electronically so that only so much air as is required to 
expand by the desired expansion ratio is admitted to the 
cylinder device. This volume changes as the storage tank 
depletes, so that the valve timing must be adjusted dynami 
cally. 
0014. The volume of the cylinder chambers (if present) 
and pressure cells increases from the high to low pressure 
stages. In other specific embodiments of the invention, 
rather than having cylinder chambers of different volumes, 
a plurality of cylinder devices is provided with chambers of 
the same Volume are used, their total volume equating to the 
required larger Volume. 
0015. During compression, a motor or other source of 
shaft torque drives the pistons or creates the hydraulic 
pressure via a pump which compresses the air in the cylinder 
device. During expansion, the reverse is true. Expanding air 
drives the piston or hydraulic liquid, sending mechanical 
power out of the system. This mechanical power can be 
converted to or from electrical power using a conventional 
motor-generator. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016 FIG. 1 is a schematic representation of the first 
embodiment of a compressed air energy storage system in 
accordance with the present invention, that is a single-stage, 
single-acting energy storage system using liquid mist to 
effect heat exchange. 
0017 FIG. 2 is a block diagram of a second embodiment 
of a compressed air energy storage system showing how 
multiple stages are incorporated into a complete system in 
accordance with the present invention. 
0018 FIG. 3 is a schematic representation of a third 
embodiment of a compressed air energy storage system, that 
is a single-stage, single-acting energy storage system that 
uses both liquid mist and air bubbling through a body of 
liquid to effect heat exchange. 
0019 FIG. 4 is a schematic representation of a one 
single-acting stage that uses liquid mist to effect heat 
exchange in a multi-stage compressed air energy storage 
system in accordance with the present invention. 
0020 FIG. 5 is a schematic representation of one double 
acting stage in a multi-stage compressed air energy storage 
system in accordance with the present invention. 
0021 FIG. 6 is a schematic representation of one single 
acting stage in a multi-stage compressed air energy storage 
system, in accordance with the present invention, that uses 
air bubbling through a body of liquid to effect heat 
exchange. 
0022 FIG. 7 is a schematic representation of a single 
acting stage in a multi-stage compressed air energy storage 
system, in accordance with the present invention, using 
multiple cylinder devices. 
0023 FIG. 8 is a schematic representation of four meth 
ods for conveying power into or out of the system. 
0024 FIG. 9 is a block diagram of a multi-stage com 
pressed air energy system that utilizes a hydraulic motor as 
its mechanism for conveying and receiving mechanical 
power. 
0.025 FIG. 10 shows an alternative embodiment of an 
apparatus in accordance with the present invention. 

Dec. 8, 2016 

(0026 FIGS. 11A-11F show operation of the controller to 
control the timing of various valves. 
0027 FIGS. 12A-C show the configuration of an appa 
ratus during steps of a compression cycle according to an 
embodiment of the present invention. 
0028 FIGS. 13 A-C show the configuration of an appa 
ratus during steps of an expansion cycle according to an 
embodiment of the present invention. 
0029 FIGS. 14A-C show the configuration of an appa 
ratus during steps of a compression cycle according to an 
embodiment of the present invention. 
0030 FIGS. 15A-C show the configuration of an appa 
ratus during steps of an expansion cycle according to an 
embodiment of the present invention. 
0031 FIGS. 16A-D show the configuration of an appa 
ratus during steps of a compression cycle according to an 
embodiment of the present invention. 
0032 FIGS. 17A-D show the configuration of an appa 
ratus during steps of an expansion cycle according to an 
embodiment of the present invention. 
0033 FIGS. 18A-D show the configuration of an appa 
ratus during steps of a compression cycle according to an 
embodiment of the present invention. 
0034 FIGS. 19A-D show the configuration of an appa 
ratus during steps of an expansion cycle according to an 
embodiment of the present invention. 
0035 FIG. 20 shows a simplified view of a computer 
system suitable for use in connection with the methods and 
systems of the embodiments of the present invention. 
0036 FIG. 20A is an illustration of basic subsystems in 
the computer system of FIG. 20. 
0037 FIG. 21 is an embodiment of a block diagram 
showing inputs and outputs to a controller responsible for 
controlling operation of various elements of an apparatus 
according to the present invention. 
0038. While certain drawings and systems depicted 
herein may be configured using standard symbols, the draw 
ings have been prepared in a more general manner to reflect 
the variety of implementations that may be realized from 
different embodiments. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0039 While the present invention will be described with 
reference to a few specific embodiments, the description is 
illustrative of the invention and is not to be construed as 
limiting the invention. Various modifications to the present 
invention can be made to the preferred embodiments by 
those skilled in the art without departing from the true spirit 
and scope of the invention. It will be noted here that for a 
better understanding, like components are designated by like 
reference numerals throughout the various figures. 
0040 Single-Stage System 
0041 FIG. 1 depicts the simplest embodiment of the 
compressed air energy storage system 20 of the present 
invention, and illustrates many of the important principles. 
Briefly, some of these principles which improve upon cur 
rent compressed air energy storage system designs include 
mixing a liquid with the air to facilitate heat exchange during 
compression and expansion, thereby improving the effi 
ciency of the process, and applying the same mechanism for 
both compressing and expanding air. Lastly, by controlling 
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the valve timing electronically, the highest possible work 
output from a given Volume of compressed air can be 
obtained. 
0042. As best shown in FIG. 1, the energy storage system 
20 includes a cylinder device 21 defining a chamber 22 
formed for reciprocating receipt of a piston device 23 or the 
like therein. The compressed air energy storage system 20 
also includes a pressure cell 25 which when taken together 
with the cylinder device 21, as a unit, form a one stage 
reversible compression/expansion mechanism (i.e., a one 
stage 24). There is an air filter 26, a liquid-air separator 27, 
and a liquid tank 28, containing a liquid 49d fluidly con 
nected to the compression/expansion mechanism 24 on the 
low pressure side via pipes 30 and 31, respectively. On the 
high pressure side, an air storage tank or tanks 32 is 
connected to the pressure cell 25 via input pipe 33 and 
output pipe 34. A plurality of two-way, two position valves 
35-43 are provided, along with two output nozzles 11 and 
44. This particular embodiment also includes liquid pumps 
46 and 47. It will be appreciated, however, that if the 
elevation of the liquid tank 28 is higher than that of the 
cylinder device 21, water will feed into the cylinder device 
by gravity, eliminating the need for pump 46. 
0043 Briefly, atmospheric air enters the system via pipe 
10, passes through the filter 26 and enters the cylinder 
chamber 22 of cylinder device 21, via pipe 30, where it is 
compressed by the action of piston 23, by hydraulic pres 
sure, or by other mechanical approaches (see FIG. 8). Before 
compression begins, a liquid mist is introduced into the 
chamber 22 of the cylinder device 21 using an atomizing 
nozzle 44, via pipe 48 from the pressure cell 25. This liquid 
may be water, oil, or any appropriate liquid 49f from the 
pressure cell having sufficient high heat capacity properties. 
The system preferably operates at substantially ambient 
temperature, so that liquids capable of withstanding high 
temperatures are not required. The primary function of the 
liquid mist is to absorb the heat generated during compres 
sion of the air in the cylinder chamber. The predetermined 
quantity of mist injected into the chamber during each 
compression stroke, thus, is that required to absorb all the 
heat generated during that stroke. As the mist condenses, it 
collects as a body of liquid 49e in the cylinder chamber 22. 
0044) The compressed air/liquid mixture is then trans 
ferred into the pressure cell 25 through outlet nozzle 11, via 
pipe 51. In the pressure cell 25, the transferred mixture 
exchanges the captured heat generated by compression to a 
body of liquid 49f contained in the cell. The air bubbles up 
through the liquid and on to the top of the pressure cell, and 
then proceeds to the air storage tank 32, via pipe 33. 
0045. The expansion cycle is essentially the reverse pro 
cess of the compression cycle. Air leaves the air storage tank 
32, via pipe 34, bubbling up through the liquid 49f in the 
pressure cell 25, enters the chamber 22 of cylinder device 
21, via pipe 55, where it drives piston 23 or other mechanical 
linkage. Once again, liquid mist is introduced into the 
cylinder chamber 22, via outlet nozzle 44 and pipe 48, 
during expansion to keep a substantially constant tempera 
ture in the cylinder chamber during the expansion process. 
When the air expansion is complete, the spent air and mist 
pass through an air-liquid separator 27 so that the separated 
liquid can be reused. Finally, the air is exhausted to the 
atmosphere via pipe 10. 
0046. The liquid 49f contained in the pressure cell 25 is 
continually circulated through the heat exchanger 52 to 
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remove the heat generated during compression or to add the 
heat to the chamber to be absorbed during expansion. This 
circulating liquid in turn exchanges heat with a thermal 
reservoir external to the system (e.g. the atmosphere, a pond, 
etc.) via a conventional air or water-cooled heat exchanger 
(not shown in this figure, but shown as 12 in FIG. 3). The 
circulating liquid is conveyed to and from that external heat 
exchanger via pipes 53 and 54 communicating with internal 
heat exchanger 52. 
0047. The apparatus of FIG. 1 further includes a control 
ler/processor 1004 in electronic communication with a com 
puter-readable storage device 1002, which may be of any 
design, including but not limited to those based on semi 
conductor principles, or magnetic or optical storage prin 
ciples. Controller 1004 is shown as being in electronic 
communication with a universe of active elements in the 
system, including but not limited to valves, pumps, cham 
bers, nozzles, and sensors. Specific examples of sensors 
utilized by the system include but are not limited to pressure 
sensors (P) 1008, 1014, and 1024, temperature sensors (T) 
1010, 1018, 1016, and 1026, humidity sensor (H) 1006, 
volume sensors (V) 1012 and 1022, and flow rate sensor 
102O. 
0048. As described in detail below, based upon input 
received from one or more system elements, and also 
possibly values calculated from those inputs, controller/ 
processor 4 may dynamically control operation of the sys 
tem to achieve one or more objectives, including but not 
limited to maximized or controlled efficiency of conversion 
of stored energy into useful work; maximized, minimized, or 
controlled power output; an expected power output; an 
expected output speed of a rotating shaft in communication 
with the piston; an expected output torque of a rotating shaft 
in communication with the piston; an expected input speed 
of a rotating shaft in communication with the piston; an 
expected input torque of a rotating shaft in communication 
with the piston; a maximum output speed of a rotating shaft 
in communication with the piston; a maximum output torque 
of a rotating shaft in communication with the piston; a 
minimum output speed of a rotating shaft in communication 
with the piston; a minimum output torque of a rotating shaft 
in communication with the piston; a maximum input speed 
of a rotating shaft in communication with the piston; a 
maximum input torque of a rotating shaft in communication 
with the piston; a minimum input speed of a rotating shaft 
in communication with the piston; a minimum input torque 
of a rotating shaft in communication with the piston; or a 
maximum expected temperature difference of air at each 
Stage. 
0049. The compression cycle for this single-stage system 
proceeds as follows: 

Description 

Mowe 
Add liquid Add mist compressed Refill 
to cylinder to cylinder air to cylinder 
device device Compress pressure cell device 

Valve 35 Open Closed Closed Closed Closed 
Valve 36 Open Closed Closed Closed Open 
Valve 37 Closed Closed Closed Closed Closed 
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-continued 

Description 

Mowe 
Add liquid Add mist compressed Refill 
to cylinder to cylinder air to cylinder 
device device Compress pressure cell device 

Valve 38 Closed Closed Closed Open Closed 
Valve 39 Closed Open Closed Closed Closed 
Valve 40 Closed Closed Closed Closed Closed 
Valve 41 Closed Closed Closed Open Closed 
Valve 42 Open Closed Closed Closed Closed 
Valve 43 Closed Closed Closed Closed Open 
Pump 46 On Off Off Off Off 
Pump 47 Off On Off Off Off 
PistOn 23 Near bottom Near BDC At BDC at Between At TDC 

dead center start of BDC and at Start 
(BDC) step TDC of step 

0050. During step 1 of the compression cycle, liquid 49d 
is added to the chamber 22 of the cylinder device 21 from 
the liquid tank 28 (collecting as body of liquid 49e) such 
that, when the piston 23 reaches top dead center (TDC), the 
dead volume in the cylinder device is zero. This will only 
have to be done occasionally, so that this step is omitted on 
the great majority of cycles. 
0051 During step 2 of the compression cycle, liquid mist 
from pressure cell 25 is pumped, via pump 47, into the 
cylinder chamber 22, via pipe 48 and nozzle 44. The selected 
quantity of mist is Sufficient to absorb the heat generated 
during the compression step (step 3). The Volume fraction of 
liquid must sufficiently low enough that the droplets will not 
Substantially fuse together, thus reducing the effective Sur 
face area available for heat exchange (that is, the interface 
between air and liquid). Typically, the pressure differential 
between the pressure cell 25 and the chamber 22 of the 
cylinder device 21 is sufficiently high so that the operation 
of pump 47 is not required. 
0052. During step 3 of the compression cycle, the piston 
23 is driven upward by a crankshaft (not shown) coupled to 
a piston rod 19, by hydraulic pressure, or by some other 
mechanical structure (as shown in FIG. 8), compressing the 
air and mist contained in the cylinder chamber. 
0053 Step 4 of the compression cycle begins when the 
air pressure inside the cylinder chamber 22 is substantially 
equal to the pressure inside the pressure cell 25, at which 
point outlet valve 38 opens, allowing compressed air to flow 
from the cylinder chamber to the pressure cell. Because of 
the liquid added to the cylinder device during step 1 of the 
compression cycle, Substantially all the air in the cylinder 
chamber can be pushed out during this step. The compressed 
air is introduced into the pressure cell 25 through an inlet 
noZZle 11, along with any entrained mist, creating fine 
bubbles so that the heat generated during compression will 
exchange with the liquid 49f in the cell rapidly. 
0054 During step 5 of the compression cycle, the piston 
23 is pulled down allowing low-pressure air to refill it, via 
valve 36 and pipe 30. The above table shows valve 39 as 
being closed during this step, and shows pump 47 as being 
off during this step 5. However, this is not required. In other 
embodiments valve 39 could be open and pump 47 could be 
on, during the step 5 Such that mist is introduced into the 
cylinder chamber as it is refilled with air. 
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0055. The expansion cycle for this single-stage system 
proceeds as follows: 

Description 

Add compressed 
air and liquid 

Add liquid to mist to cylinder Exhaust 
cylinder device device Expansion spent air 

Valve 35 Open Closed Closed Closed 
Valve 36 Open Closed Closed Open 
Valve 37 Closed Open Closed Closed 
Valve 38 Closed Closed Closed Closed 
Valve 39 Closed Open Closed Closed 
Valve 40 Closed Open Closed Closed 
Valve 41 Closed Closed Closed Closed 
Valve 42 Closed Closed Closed Open 
Valve 43 Closed Closed Closed Closed 
Pump 46 On Off Off Off 
Pump 47 Off On Off Off 
PistOn 23 Near TDC At TDC at Start Near TDC at At BDC 

of step start of step at start 
of step 

0056. During step 1 of the expansion cycle, liquid is 
added to the cylinder chamber from the liquid tank 28 to 
eliminate dead volume in the system. This will be required 
only rarely, as mentioned above. Similar to the compression 
cycle, the pump 46 can be eliminated if the liquid tank 28 is 
oriented at an elevation higher than that of the chamber of 
cylinder device 21. 
0057. During step 2 of the expansion cycle, a pre-deter 
mined amount of air, Vo is added to the chamber of the 
cylinder device by opening inlet valve 37 for the correct 
interval, which is dependent on the pressure of the air in the 
pressure cell and the desired expansion ratio. The Vo 
required is the total cylinder device volume divided by the 
desired expansion ratio. For a single stage system, that ratio 
is less than or equal to the pressure of air in the air storage 
tank in atmospheres. At the same time air is being introduced 
into the cylinder chamber 22, liquid mist from the pressure 
cell is being pumped (via pump 47) through inlet nozzle 44 
into the cylinder chamber. If a sufficient pressure differential 
exists between the pressure cell 25 and the cylinder device 
21, pump 47 is not required. Once the pressure inside of the 
cylinder chamber is sufficiently high, valve 37 is closed. The 
piston 23 is urged in the direction of BDC beginning with 
this step, transmitting power out of the system via a crank 
shaft, hydraulic pressure, or other mechanical structure. 
0058. During step 3 of the expansion cycle, the air 
introduced in step 2 is allowed to expand in the chamber 22. 
Liquid mist also continues to be pumped into the chamber 22 
through nozzle 44. The predetermined total amount of mist 
introduced is that required to add enough heat to the system 
to keep the temperature Substantially constant during air 
expansion. The piston 23 is driven to the bottom of the 
cylinder device during this step. 
0059. It will be appreciated that this two-step expansion 
process (a quantity of air Vo introduced in the first step— 
step 2 and then allowed to expand in the second step—step 
3) allows the system to extract substantially all the energy 
available in the compressed air. 
0060. During step 4 of the expansion cycle, the crank 
shaft or other mechanical linkage moves the piston 19 back 
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up to top dead-center (TDC), exhausting the spent air and 
liquid mist from the cylinder device. The power required to 
drive the piston comes from the momentum of the system 
and/or from the motion of other out-of-phase pistons. The 
exhausted air passes through an air-liquid separator, and the 
liquid that is separated out is returned to the liquid tank 28. 
0061. It will be appreciated that in accordance with the 
present invention, at any given time, energy is either being 
stored or delivered. The two processes are never carried out 
simultaneously. As a result, the same mechanism can be used 
for both compression and expansion, reducing system cost, 
size and complexity. This is also the situation with all of the 
other embodiments of the present invention to be described 
below. 
0062) Multi-Stage System 
0063. When a larger compression/expansion ratio is 
required than can be accommodated by the mechanical or 
hydraulic approach by which mechanical power is conveyed 
to and from the system, then multiple stages should be 
utilized. A multi-stage compressed air energy storage system 
20 with three stages (i.e., first stage 24a, second stage 24b 
and third stage 24c) is illustrated in schematic form in FIG. 
2. Systems with more or fewer stages are constructed 
similarly. Note that, in all figures that follow, when the 
letters a, b, and c are used with a number designation (e.g. 
25a), they refer to elements in an individual stage of a 
multi-stage energy storage system 20. 
0064. In accordance with the present invention, each 
stage may typically have Substantially the same expansion 
ratio. A stage’s expansion ratio, r is the Nth root of the 
overall expansion ratio. That is, 

0065. Where R is the overall expansion ratio and N is the 
number of stages. It will be appreciated, however, that the 
different stages can have different expansion ratios, so long 
as the product of the expansion ratios of all of the stages is 
R. That is, in a three-stage system, for example: 

rxiraxis =R 

0066. In order for the mass flow rate through each stage 
to be substantially the, the lower pressure stages will need to 
have cylinder chambers with greater displacements. In a 
multi-stage system, the relative displacements of the cylin 
der chambers are governed by the following equation: 

0067. Where V, is the volume of the i' cylinder device, 
and V, is the total displacement of the system (that is, the 
sum of the displacements of all of the cylinder devices). 
0068. As an example, suppose that the total displacement 
of a three-stage system is one liter. If the stroke length of 
each piston is substantially the same and Substantially equal 
to the bore (diameter) of the final cylinder chamber, then the 
volumes of the three cylinder chambers are about 19 cm, 
127 cm, and 854 cm. The bores are about 1.54 cm, 3.96 
cm, and 10.3 cm, with a stroke length of about 10.3 cm for 
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all three. The lowest-pressure cylinder device is the largest 
and the highest-pressure cylinder device the Smallest. 
0069 FIG. 9 is a schematic representation of how three 
stages 24a, 24b and 24c could be coupled to a hydraulic 
system (e.g., a hydraulic motor 57 and six hydraulic cylin 
ders 61a1-61C2) to produce continuous near-uniform power 
output. Each compressed-air-driven piston 23a1-23c2 of 
each corresponding compressed-air driven cylinder device 
21a1-21 c2 is coupled via a respective piston rod 19a1-19C2 
to a corresponding piston 60a1-60c2 of a respective hydrau 
lic cylinder device 61a1-61 c2. 
0070 The chambers of the air-driven cylinder devices 
21a1-21 c2 vary in displacement as described above. The 
chambers of the hydraulic cylinder devices 61a1-61c2. 
however, are substantially identical in displacement. 
Because the force generated by each air-driven piston is 
Substantially the same across the three stages, each hydraulic 
cylinder device provides Substantially the same pressure to 
the hydraulic motor 57. Note that, in this configuration, the 
two air-driven pistons 21a1, 21a2 that comprise a given 
stage (e.g. the first stage 24a) operate 180 degrees out of 
phase with each other. 
0071 Stages Using Liquid Mist to Effect Heat Exchange 
in a Multi-Stage System 
0072. If a stage is single-acting and uses liquid mist to 
effect heat exchange, it operates according to the scheme 
described in the section titled Single-Stage System above. 
Each single-acting stage of a multi-stage system 20 (e.g., the 
second stage 24b of FIG. 2) is illustrated schematically in 
FIG. 4. In this configuration, air passes to a cylinder cham 
ber 22b of the second stage 24b illustrated from the pressure 
cell 25a of the next-lower-pressure stage (e.g., first stage 
24a) during compression, and to the pressure cell of the 
next-lower-pressure stage during expansion, via pipe 92a? 
90b. Liquid passes to and from the pressure cell 25a of the 
next-lower-pressure stage via pipe 93a/91b. 
0073. In contrast, air passes from pressure cell 25b of the 
stage illustrated (e.g., the second stage 24b) to the chamber 
of the cylinder device of the next higher-pressure stage (e.g., 
the third stage 24c) during compression and from the 
chamber of the cylinder device of the next higher-pressure 
stage during expansion via pipe 92b/90c. It will be appre 
ciated that the air compression/expansion mechanism (i.e., 
second stage 24b) illustrated is precisely the same as the 
central elements (the cylinder device 21 and the pressure cell 
25 of the first stage 24) shown in FIG. 1, with the exception 
that, in FIG. 4, there is a pipe 93b that conveys liquid from 
the pressure cell of one stage to the chamber of the cylinder 
device of the next higher-pressure stage. Pipe 93b is not 
required for the highest-pressure stage; hence, it doesn't 
appear in the diagrams, FIGS. 1 and 3, of single-stage 
configurations. 
0074. If the stage illustrated is the lowest-pressure-stage 
(e.g., first stage 24a in the embodiment of FIG. 2), then line 
90a passes air to an air-liquid separator (e.g., separator 27 in 
FIG. 1) during the expansion cycle and from an air filter 
(e.g., filter 26 in FIG. 1) during the compression cycle. 
Similarly, if the stage illustrated is the lowest-pressure stage, 
then line 91a communicates liquid to and from the liquid 
tank. If the stage illustrated is the highest-pressure-stage 
(e.g., the third stage 24c), then air is conveyed to and from 
the air tank (e.g., air tank 32 in FIG. 1) via pipe 92c. 
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0075 Single-Acting Stage Utilizing Bubbles to Effect 
Heat Exchange 
0076 Instead of using liquid mist sprayed into the cyl 
inder device or pressure cell in order to cool the air as it 
compresses or warm it as it expands, one specific embodi 
ment of the present invention utilizes the inverse process. As 
best illustrated in FIG. 6, that is, the air is bubbled up 
through a body of liquid 49c1 in the chamber 22c of the 
cylinder device 21c. This process should be used in prefer 
ence to the mist approach above discussed when the Volume 
fraction of mist required to effect the necessary heat 
exchange would be sufficiently high enough to cause a high 
percentage of the droplets to fuse during the compression 
cycle. Typically, this occurs at higher pressures. Hence, the 
use of the designator c in FIG. 6 (e.g. 25c) indicating a third, 
or high-pressure stage. 

0077. As described above in connection with FIG. 1, the 
apparatus of FIG. 6 further includes a controller/processor 
6002 in electronic communication with a computer-readable 
storage device 6004, which may be of any design, including 
but not limited to those based on semiconductor principles, 
or magnetic or optical storage principles. Controller 6002 is 
shown as being in electronic communication with a universe 
of active elements in the system, including but not limited to 
valves, pumps, chambers, nozzles, and sensors. Specific 
examples of sensors utilized by the system include but are 
not limited to pressure sensors (P) 6008 and 6014, tempera 
ture sensor (T) 6010, 6016, and 6018, and volume sensor (V) 
6012. 

0078 FIG. 6 illustrates a stage that uses bubbles to 
facilitate heat exchange. The compression cycle for this 
single-acting stage system proceeds as follows: 

Step 

1 2 3 4 

Description 

FI Transfer 

cylinder air to 
device pressure Replenish 
with air Compress cell liquid 

Valve 108c Closed Closed Closed Closed 

Valve 109c Closed Closed Open Closed 

Valve 114c Closed Closed Closed Closed 

Valve 41c Closed Closed Open Closed 

Valve 40c Closed Closed Closed Closed 

Valve 106c Open Closed Closed Closed 
Valve 110c Closed Closed Closed Closed 

Valve 111c Closed Closed Closed Open 

Pump 105c On Off Of Off 
Pump 113c Off Off Of On 
Piston 23c At top At TDC Near At BDC 

23c. of liquid at Start BDC at at Start 

at Start of step start of of step 
of step step 
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0079. In contrast, the expansion cycle for this single 
acting stage system uses the following process: 

1 2 3 4 
Description 

Add 
Replenish compressed 
liquid air to 
in cylinder cylinder Exhaust 
device device Expansion spent air 

Valve 108c Closed Closed Closed Open 
Valve 109c Closed Closed Closed Closed 
Valve 114c Closed Open Closed Closed 
Valve 41c Closed Closed Closed Closed 
Valve 40c Closed Open Closed Closed 
Valve 106c Closed Closed Closed Closed 
Valve 110c Open Closed Closed Closed 
Valve 111c Closed Closed Closed Closed 
Pump 105c Off Off Off Off 
Pump 113c On Off Off Off 
PistOn 23c At BDC At top Near At TDC 

at Start of liquid BDC at at Start 
Start 

0080. An air-liquid mixture from the chamber 22c of 
cylinder device 21c in this stage (e.g., third stage 24c) is 
conveyed to the pressure cell 25b of the next lower-pressure 
stage (e.g., second stage 24b) during the expansion cycle, 
via valve 108c and pipe 91c/95b. Air is conveyed to the 
chamber 22c of cylinder device 21c in this third stage 24c, 
for example, from the next lower-pressure stage 24b during 
compression via pipe 92b/90c. 
I0081. In contrast, air from the pressure cell 25c of this 
second stage 24c., for instance, is conveyed to and from the 
cylinder chamber 22d of next higher-pressure stage via pipe 
92c/90d together with the operation of in-line valve 41c. 
Liquid 49c from the pressure cell 25c of this stage is 
conveyed to the cylinder chamber 22d of the next higher 
pressure stage 24d. for example, via pipe 93C/94d. An 
air-liquid mixture from the cylinder chamber 22d of the next 
higher-pressure stage (during the expansion cycle thereof) is 
conveyed to pressure cell 25c of this stage via pipe 91d/95c. 
I0082 It will be appreciated that, in some multi-stage 
systems, some (lower-pressure) stages might employ the 
liquid mist technique while other (higher-pressure) stages 
may employ the bubbles technique to store and remove 
energy therefrom. 
I0083. Multiple Phases 
I0084. The systems as described so far represent a single 
phase embodiment. That is, all pistons operate together over 
the course of one cycle. During expansion, for example, this 
produces a varying amount of mechanical work output 
during one half of the cycle and requires some work input 
during the other half of the cycle. Such work input may be 
facilitated by the use of a flywheel (not shown). 
I0085. To smooth out the power output over the course of 
one cycle and reduce the flywheel requirements, in one 
embodiment, multiple systems phases may be employed. N 
sets of pistons thus may be operated 360/N degrees apart. 
For example, four complete sets of pistons may be operated 
90 degrees out of phase, Smoothing the output power and 
effecting self-starting and a preferential direction of opera 
tion. Note that valves connecting cylinder devices to a 
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pressure cell are only opened during less than one-half of a 
cycle. So it is possible to share a pressure cell between two 
phases 180 degrees apart. 
I0086. If N phases are used, and N is even, pairs of phases 
are 180 degrees apart and may be implemented using 
double-acting pistons. FIG. 5 illustrates a double-acting 
stage that uses liquid mist to effect heat exchange. Each half 
of the piston operates according the protocol outlined in the 
section Single Stage System, but 180 degrees out of phase. 
0087. As described above in connection with FIG. 1, the 
apparatus of FIG. 5 further includes a controller/processor 

Valve 35b1 
Valve 36b1 
Valve 37b1 
Valve 38b1 
Valve 39b1 
Valve 35b2 
Valve 36b2 
Walve 37b2 
Valve 38b2 
Valve 39b2 
Valve 40b 
Valve 41b 
Pump 47b 
PistOn 23b 
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5002 in electronic communication with a computer-readable 
storage device 5004, which may be of any design, including 
but not limited to those based on semiconductor principles, 
or magnetic or optical storage principles. Controller 5002 is 
shown as being in electronic communication with a universe 
of active elements in the system, including but not limited to 
valves, pumps, chambers, nozzles, and sensors. Specific 
examples of sensors utilized by the system include but are 
not limited to pressure sensors (P), temperature sensors (T), 
humidity sensor (H), and Volume sensors (V). 
I0088. The compression cycle for the double-acting stage 
illustrated in FIG. 5 proceeds as follows: 

Description 

Add mist to 
chamber 22b.1 

Move air to 
Compress air pressure cell 

and move air in chamber from chamber Refill chamber Replenish 
to pressure 22b1 and 22b1 and add 22b1 and liquids in 
cell from refill chamber mist to compress air in cylinder 
chamber 22b2 22b.2 chamber 22b2 chamber 22b2 device 

Closed Closed Open Open Closed 
Closed Closed Closed Close Open 
Closed Closed Closed Close Closed 
Closed Closed Open Close Closed 
Open Closed Closed Close Closed 
Open Open Closed Close Closed 
Closed Closed Closed Close Open 
Closed Closed Closed Close Closed 
Open Closed Closed Close Closed 
Closed Closed Open Close Closed 
Closed Closed Closed Close Closed 
Open Closed Open Close Closed 
On Of On Off Of 
Near TDC at Between TDC Near BDC at Between TDC Between 
start of step and BDC, start of step and BDC, TDC and 

moving down moving up BDC 

Note that step 5 is unnecessary, in some specific embodiments, and can be omitted in the great majority of cycles 
since the liquid levels in the piston remain substantially the same across long periods of operation, 

Valve 35b1 
Valve 36b1 
Valve 37b1 
Valve 38b1 
Valve 39b1 
Valve 35b2 
Valve 36b2 
Valve 37b2 
Valve 38b2 
Valve 39b2 
Valve 40b 

I0089. In contrast, the expansion cycle for the double 
acting stage illustrated in FIG. 5 proceeds as follows: 

Description 

Allow air in Allow air in 
Add mist and chamber 22b1 Add mist and chamber 22b2 
air to chamber to expand and air to chamber to expand and 
22b1 and continue 22b2 and continue Replenish 
exhaust air exhausting air exhaust air exhausting air liquids in 
from chamber from chamber from chamber from chamber cylinder 
22b2 22b2 22b.1 22b.1 device 

Closed Closed Open Open Closed 
Closed Closed Closed Closed Open 
Open Closed Closed Closed Closed 
Closed Closed Closed Closed Closed 
Open Closed Closed Closed Closed 
Open Open Closed Closed Closed 
Closed Closed Closed Closed Open 
Closed Closed Open Closed Closed 
Closed Closed Closed Closed Closed 
Closed Closed Open Closed Closed 
Open Closed Open Closed Closed 
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-continued 
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Description 

Allow air in 
Add mist and chamber 22b.1 Add mist and chamber 22b2 
air to chamber to expand and air to chamber to expand and 
22b1 and continue 22b2 and continue 
exhaust air exhausting air exhaust air exhausting air 
from chamber from chamber from chamber from chamber 
22b2 22b2 22b.1 22b.1 

Valve 41b Closed Closed Closed Closed 
Pump 47b On Off On Off 
PistOn 23b Near TDC at Between TDC Near BDC at Between TDC 

start of step and BDC, start of step and BDC, 
moving down moving up 

Allow air in 

Replenish 
liquids in 
cylinder 
device 

Closed 
Off 
Between 
TDC and 
BDC 

Note that, as with compression, step 5 is rarely necessary and can be omitted in the great majority of cycles, 

0090 Stages with Multiple Cylinder Devices 
0091) If it is desirable that all the cylinder devices in a 
multi-stage system 20 be of substantially similar size, the 
larger (lower-pressure) cylinder devices may be divided up 
into two or more Smaller cylinder devices communicating in 
parallel. An example of such a stage is illustrated in FIG. 7, 
which is an alternative embodiment of the stage of embodi 
ment of FIG. 4. In this configuration, four substantially 
similar cylinder devices 21b1-21b4 share a single pressure 
cell 25b containing body of liquid 49b. However, if it is 
desirable to operate the cylinder devices out of phase with 
each other so that the system as a whole may convey power 
more uniformly, separate pressure cells will be required for 
each cylinder device. As mentioned above, the exception is 
cylinder devices that are 180 degrees out of phase, which 
then may share a common pressure cell. 
0092 Referring back to the embodiment of FIG. 7, each 
cylinder device 21b1-21b4 operates according to the scheme 
used for the mist-type system described in the Single-Stage 
System section above. 
0093 Multi-cylinder device stages may be single or 
double-acting, and may use either liquid mist or bubbles to 
effect heat exchange. A multi-stage system may have some 
stages with a single cylinder device and others with multiple 
cylinder devices. 
0094 Options for Conveying Mechanical Power to and 
from the System 
0095. At least four methods may be applied to convey 
power to and from a stage in accordance with the present 
invention. These are described as follows, and illustrated in 
FIG 8. 
0096 W. A direct-acting hydraulic cylinder device 21 w is 
shown and operates as follows. During the expansion cycle, 
air entering the chamber 22w of cylinder device 21 w, via 
valve 121 w and pipe 122w, urges the hydraulic liquid 49W 
out through valve 123 w. It then flows through pipe 124w. 
The force thus pneumatically applied against the liquid can 
be used to operate a hydraulic device (e.g., a hydraulic motor 
57, a hydraulic cylinder device or a hydro turbine as shown 
in FIG. 9) to create mechanical power. During the compres 
sion cycle, the reverse process occurs. An external source of 
mechanical power operates a hydraulic pump or cylinder 
device, which forces hydraulic liquid 49 w into the cylinder 
chamber 22W, through valve 123W, compressing the air in 
the chamber. When the air has reached the desired pressure, 

valve 121 w is opened, allowing the compressed air to flow 
from the cylinder chamber 22w to the next higher-pressure 
stage or to the air tank. 
0097 X. A single-acting piston 23x (also illustrated in 
FIG. 4) may be connected to a conventional crankshaft via 
a piston rod 19x. Its operation is described in detail in the 
section titled Single-Stage System above. 
0.098 Y. A double-acting piston (also illustrated in FIG. 
5), may similarly be connected to a crankshaft via a piston 
rod 19y. Its operation is described in detail in the section 
titled Multiple Phases above. 
0099 Z. A hydraulic cylinder device 21 with a diaphragm 
125 is illustrated such that when air enters the cylinder 
chamber 22z, via valve 121z, during the expansion cycle, the 
diaphragm 125 is forced downwardly. Consequently, the 
hydraulic liquid 497 is urged or driven through valve 123z 
and through pipe 124z. Similarly, during compression, the 
hydraulic liquid 497 is driven through valve 123z and into 
the cylinder chamber 22z, deflecting the diaphragm 125 
upwardly, compressing the air in the upper part of the 
chamber 22z, which then exits via valve 121z. 
0100 Note that all four of these options can be used with 
either the liquid mist technique or the bubbles technique to 
effect heat transfer. The necessary valves and nozzles to 
supply the mist or bubbles are not shown on FIG. 8. 
0101 While the above examples describe the use of 
pistons, other types of moveable elements may be utilized 
and still remain within the scope of the present invention. 
Examples of alternative types of apparatuses which could be 
utilized include but are not limited to screw compressors, 
multi-lobe blowers, Vane compressors, gerotors, and quasi 
turbines. 
0102 Single-Stage, Single-Acting Energy Storage Sys 
tem: 

(0103 Referring now to the embodiment of FIG. 3, a 
single-stage, single-acting energy storage system 20 is illus 
trated that utilizes two pressure cells 25d and 25e configured 
as direct-acting hydraulic cylinder devices (option Aabove). 
The two pressure cells operate substantially 180 degrees out 
of phase with each other. Liquid mist is used to effect heat 
exchange during the compression cycle, and both bubbles 
and mist are used to effect heat exchange during the expan 
sion cycle. 
0104. As described above in connection with FIG. 1, the 
apparatus of FIG. 3 further includes a controller/processor 
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3006 in electronic communication with a computer-readable 
storage device 3008, which may be of any design, including 
but not limited to those based on semiconductor principles, 
or magnetic or optical storage principles. Controller 3006 is 
shown as being in electronic communication with a universe 
of active elements in the system, including but not limited to 
valves, pumps, chambers, nozzles, and sensors. Specific 
examples of sensors utilized by the system include but are 
not limited to pressure sensors (P) 3016, 3022, and 3038, 
temperature sensors (T) 3018, 3024, and 3040, humidity 
sensor (H)3010, and volume sensors (V)3036, 3014, and 
3O2O. 
0105. The compression cycle of the single-stage, single 
acting energy storage system 20 proceeds as follows: 
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no longer exchange heat with the body of fluid 49d, fluid 
mist is sprayed into the cell via nozzle 141 to further warm 
the expanding air. 
0111. As fluid passes through the hydraulic motor 57 
during steps 1, 2, and 3, it continues through pipe 139e and 
enters pressure cell 25e, urging the air present in that cell 
through pipe 140 and into the liquid trap-reservoir 13d, and 
thence into the atmosphere via air filter 26d and finally pipe 
10. 

0112 Steps 4, 5, and 6 mirror steps 1, 2, and 3. That is, 
compressed air is bubbled into pressure cell 25e, forcing 
fluid through the hydraulic motor 57, and then into pressure 
cell 25d. 

Description 

Compress air in 
cell 25d while Mowe 
spraying mist, compressed air 
and replenish the from cell 25d to 

Compress air in 

spraying mist, 
cell 25e while Move 

compressed air 
and replenish the from cell 25e to 

air in cell 25e air tank air in cell 25d air tank 

Valve 130 Closed Closed Open Open 
Valve 131 Open Open Closed Closed 
Valve 132 Closed Open Closed Closed 
Valve 133 Closed Closed Closed Closed 
Valve 134 Open Open Closed Closed 
Valve 135 Closed Closed Open Open 
Valve 136 Closed Closed Closed Open 
Valve 137 Closed Closed Closed Closed 
Valve 138 Pump out to cell Pump out to Pump out to cell Pump out to cell 

25d. pump in cell25d. pump 25e, pump in 25e, pump in 
from cell 25e in from cell 25e from cell 25d from cell 25d 

Pump 46 On On On On 

0106 During step 1, fluid is pumped from pressure cell 
25e using the hydraulic pump-motor 57 into pressure cell 
25d, thereby compressing the air inside cell 25d. Fluid mist 
is sprayed through nozzle 141, which absorbs the heat of 
compression. When the pressure inside cell 25d has reached 
the pressure of the air tank 32, valve 132 is opened to let the 
compressed air move to the air tank. As these steps have 
been progressing, air at atmospheric pressure has entered the 
system via pipe 10 and air filter 26d and thence into cell 25e 
to replace the fluid pumped out of it. 
01.07 When all the air has been driven out of cell 25d, the 
process reverses, and step 3 commences, with the four-way 
valve 138 changing state to cause liquid to be pumped out 
of cell 25d and into cell 25e, causing the air in cell 25e to 
be compressed. Thus, liquid is pumped back and forth 
between cells 25d and 25e in a continuous cycle. 
0108. The expansion cycle of the single-stage, single 
acting energy storage system proceeds as follows: 
0109. In step 1, compressed air is bubbled into pressure 
cell 25d via nozzle 11d. As the bubbles rise, they exchange 
heat with the body of fluid 49d. Air is forced out of cell 25d. 
passing through pipe 139d, and then driving hydraulic motor 
57, thereby delivering mechanical power. 
0110. In step 2, the valve 133 admitting the compressed 
air into cell 25d is closed, allowing the air in cell 25d to 
expand, continuing to operate motor 57. In step 3, once the 
air admitted in step 1 has risen to the top of cell 25d and can 

0113. If reservoir 13e is depleted during operation, excess 
liquid is pumped from the bottom of reservoir 13d into cells 
25d and 25e, using a pump, not shown in the figure, 
connected to pipe 140. 
0114. Over time, both liquid traps 13d and 13e will 
change temperature due to the air and entrained droplets 
transferring heat—a heat exchanger, as shown by coils 52d 
and 52e, in pressure cells 25d and 25e, and connected to a 
conventional external heat exchanger 12 that exchanges heat 
with the environment, will moderate the temperature to near 
ambient. 

0115 The volume of compressed air bubbled into the 
cells during steps 1 and 3 depends on the power output 
desired. If the air can expand fully to one atmosphere 
without displacing all the liquid in the cell, then the maxi 
mum amount of work will be done during the stroke. If the 
air does not fully expand during the stroke, all else being 
equal the power output will be higher at the expense of 
efficiency. 
0116 Note that the pressure cells cannot be of insufficient 
height so that the air bubbles reach the surface of the liquid 
during the course of the stroke, since almost all heat 
exchange with the body of liquid occurs while the bubbles 
are rising through it. However, they must be sufficiently tall 
for the column of bubbles to completely separate from the 
fluid by the time the exhaust stroke completes. If the system 
must be run slowly, some of the bubbles will reach the top 
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before expansion completes. In this event, liquid mist is 
sprayed through nozzles 141 (in step 3) or 142 (in step 6) of 
the expansion cycle. 
0117 FIG. 3 is meant to illustrate the basic principles. In 
a system in which a large expansion ratio is desired will 
require the use of multiple stages 24. 
0118 System Configurations 
0119. It will be understood that a plurality of energy 
storage system embodiments, designed in accordance with 
this invention, are possible. These energy storage systems 20 
may be single or multi-stage. Stages may be single-cylinder 
device or multi-cylinder device. Heat exchange may be 
effected via liquid mist or via bubbles. Power may be 
conveyed in and out of the system via any of the at least four 
methods described in the previous section. Each possible 
configuration has advantages for a specific application or set 
of design priorities. It would not be practicable to describe 
every one of these configurations here, but it is intended that 
the information given should be sufficient for one practiced 
in the art to configure any of these possible energy storage 
systems as required. 
0120 All of the many possible configurations have three 
elements in common: 
0121 1. Near-isothermal expansion and compression of 

air, with the required heat exchange effected by a liquid 
phase in high-Surface-area contact with the air. 
0122 2. A reversible mechanism capable of both com 
pression and expansion of air. 
0123. 3. Electronic control of valve timing so as to obtain 
the highest possible work output from a given volume of 
compressed air. 
0.124 Note that all the configurations described herein 
use and generate power in mechanical form, be it hydraulic 
pressure or the reciprocating action of a piston. In most 
applications, however, the requirement will be for the stor 
age of electrical energy. In that case, a generator, along with 
appropriate power conditioning electronics, must be added 
to convert the mechanical power Supplied by the system 
during expansion to electrical power. Similarly, the 
mechanical power required by the system during compres 
sion must be Supplied by a motor. Since compression and 
expansion are never done simultaneously, a motor-generator 
may be used to perform both functions. If the energy storage 
system utilizes a hydraulic motor or a hydro turbine, then the 
shaft of that device connects directly or via a gearbox to the 
motor-generator. If the energy storage system utilizes recip 
rocating pistons, then a crankshaft or other mechanical 
linkage that can convert reciprocating motion to shaft torque 
is required. 
0.125 Use of Waste Heat During Expansion 
0126. In order to operate isothermally, the tendency of air 
to cool as it expands while doing work (i.e. by pushing a 
piston or displacing hydraulic liquid) must be counteracted 
by heat exchange with the ambient air or with a body of 
water (e.g. a stream or lake). If, however, some other source 
of heat is available—for example, hot water from a steam 
condenser—it may be used advantageously during the 
expansion cycle. In FIG. 1, as described in the Single-Stage 
System section above, pipes 53 and 54 lead to an external 
heat exchanger. If those pipes are routed instead to a heat 
Source, the efficiency of the expansion process can be 
increased dramatically. 
0127. Because the system operates substantially at or 
near ambient temperature, the Source of heat need only be a 
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few degrees above ambient in order to be useful in this 
regard. The heat Source must, however, have sufficient 
thermal mass to Supply all the heat required to keep the 
expansion process at or above ambient temperature through 
out the cycle. 
0128. As described in detail above, embodiments of 
systems and methods for storing and recovering energy 
according to the present invention are particularly Suited for 
implementation in conjunction with a host computer includ 
ing a processor and a computer-readable storage medium. 
Such a processor and computer-readable storage medium 
may be embedded in the apparatus, and/or may be controlled 
or monitored through external input/output devices. FIG. 20 
is a simplified diagram of a computing device for processing 
information according to an embodiment of the present 
invention. This diagram is merely an example, which should 
not limit the scope of the claims herein. One of ordinary skill 
in the art would recognize many other variations, modifi 
cations, and alternatives. Embodiments according to the 
present invention can be implemented in a single application 
program Such as a browser, or can be implemented as 
multiple programs in a distributed computing environment, 
Such as a workstation, personal computer or a remote 
terminal in a client server relationship. 
I0129 FIG. 20 shows computer system 2010 including 
display device 2020, display screen 2030, cabinet 2040, 
keyboard 2050, and mouse 2070. Mouse 2070 and keyboard 
2050 are representative “user input devices.” Mouse 2070 
includes buttons 2080 for selection of buttons on a graphical 
user interface device. Other examples of user input devices 
are a touch screen, light pen, track ball, data glove, micro 
phone, and so forth. FIG. 20 is representative of but one type 
of system for embodying the present invention. It will be 
readily apparent to one of ordinary skill in the art that many 
system types and configurations are Suitable for use in 
conjunction with the present invention. In a preferred 
embodiment, computer system 2110 includes a PentiumTM 
class based computer, running WindowsTM XPTM or Win 
dows 7TM operating system by Microsoft Corporation. How 
ever, the apparatus is easily adapted to other operating 
systems and architectures by those of ordinary skill in the art 
without departing from the scope of the present invention. 
0.130. As noted, mouse 2170 can have one or more 
buttons such as buttons 2180. Cabinet 2140 houses familiar 
computer components such as disk drives, a processor, 
storage device, etc. Storage devices include, but are not 
limited to, disk drives, magnetic tape, Solid-state memory, 
bubble memory, etc. Cabinet 2140 can include additional 
hardware such as input/output (I/O) interface cards for 
connecting computer system 2110 to external devices exter 
nal storage, other computers or additional peripherals, fur 
ther described below. 

I0131 FIG. 20A is an illustration of basic subsystems in 
computer system 2010 of FIG. 20. This diagram is merely an 
illustration and should not limit the scope of the claims 
herein. One of ordinary skill in the art will recognize other 
variations, modifications, and alternatives. In certain 
embodiments, the Subsystems are interconnected via a sys 
tem bus 2075. Additional subsystems such as a printer 2074, 
keyboard 2078, fixed disk 2079, monitor 2076, which is 
coupled to display adapter 2082, and others are shown. 
Peripherals and input/output (I/O) devices, which couple to 
I/O controller 2071, can be connected to the computer 
system by any number of approaches known in the art, such 
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as serial port 2077. For example, serial port 2077 can be 
used to connect the computer system to a modem 2081. 
which in turn connects to a wide area network such as the 
Internet, a mouse input device, or a scanner. The intercon 
nection via system bus allows central processor 2073 to 
communicate with each subsystem and to control the execu 
tion of instructions from system memory 2072 or the fixed 
disk 2079, as well as the exchange of information between 
subsystems. Other arrangements of Subsystems and inter 
connections are readily achievable by those of ordinary skill 
in the art. System memory, and the fixed disk are examples 
of tangible media for storage of computer programs, other 
types of tangible media include floppy disks, removable 
hard disks, optical storage media such as CD-ROMS and bar 
codes, and semiconductor memories such as flash memory, 
read-only-memories (ROM), and battery backed memory. 
(0132 FIG. 21 is a schematic diagram showing the rela 
tionship between the processor/controller, and the various 
inputs received, functions performed, and outputs produced 
by the processor controller. As indicated, the processor may 
control various operational properties of the apparatus. 
based upon one or more inputs. 
0133) An example of such an operational parameter that 
may be controlled is the timing of opening and closing of a 
valve allowing the inlet of air to the cylinder during an 
expansion cycle. FIGS. 11A-C is a simplified and enlarged 
view of the cylinder 22 of the single-stage system of FIG. 1, 
undergoing an expansion cycle as described previously. 
0134) Specifically, during step 2 of the expansion cycle, 
a pre-determined amount of air Vo is added to the chamber 
from the pressure cell, by opening valve 37 for a controlled 
interval of time. This amount of air Vo is calculated such that 
when the piston reaches the end of the expansion stroke, a 
desired pressure within the chamber will be achieved. 
0135) In certain cases, this desired pressure will approxi 
mately equal that of the next lower pressure stage, or 
atmospheric pressure if the stage is the lowest pressure stage 
or is the only stage. Thus at the end of the expansion stroke, 
the energy in the initial air volume Vo has been fully 
expended, and little or no energy is wasted in moving that 
expanded air to the next lower pressure stage. 
0136. To achieve this goal, valve 37 is opened only for so 
long as to allow the desired amount of air (Vo) to enter the 
chamber, and thereafter in steps 3-4 (FIGS. 11B-C), valve 37 
is maintained closed. In certain embodiments, the desired 
pressure within the chamber may be within 1 psi, within 5 
psi, within 10 psi, or within 20 psi of the pressure of the next 
lower stage. 
0137 In other embodiments, the controller/processor 
may control valve 37 to cause it to admit an initial volume 
of air that is greater than Vo. Such instructions may be given, 
for example, when greater power is desired from a given 
expansion cycle, at the expense of efficiency of energy 
recovery. 
0138 Timing of opening and closing of valves may also 
be carefully controlled during compression. For example, as 
shown in FIGS. 11D-E, in the steps 2 and 3 of the table 
corresponding to the addition of mist and compression, the 
valve 38 between the cylinder device and the pressure cell 
remains closed, and pressure builds up within the cylinder. 
0.139. In conventional compressor apparatuses, accumu 
lated compressed air is contained within the vessel by a 
check valve, that is designed to mechanically open in 
response to a threshold pressure. Such use of the energy of 

Dec. 8, 2016 

the compressed air to actuate a check valve, detracts from 
the efficiency of recovery of energy from the air for per 
forming useful work. 
0140. By contrast, as shown in FIG. 11F, embodiments of 
the present invention may utilize the controller/processor to 
precisely open valve 38 under the desired conditions, for 
example where the built-up pressure in the cylinder exceeds 
the pressure in the pressure cell by a certain amount. In this 
manner, energy from the compressed air within the cylinder 
is not consumed by the valve opening process, and efficiency 
of energy recovery is enhanced. Embodiments of valve types 
that may be subject to control to allow compressed air to 
flow out of a cylinder include but are not limited to pilot 
valves, cam-operated poppet valves, rotary valves, hydrau 
lically actuated valves, and electronically actuated valves. 
0141 While the timing of operation of valves 37 and 38 
of the single stage apparatus may be controlled as described 
above, it should be appreciated that valves in other embodi 
ments may be similarly controlled. Examples of such valves 
include but are not limited to valves 130, 132, 133,134, 136, 
and 137 of FIG. 3, valves 37b and 38b of FIG. 4, valves 
37b1,38b1, 37b2 and 38b2 of FIG. 5, valves 106c and 114c 
of FIG. 6, and the valves 37b1-4 and 38b1-4 that are shown 
in FIG. 7. 
0142. Another example of a system parameter that can be 
controlled by the processor, is the amount of liquid intro 
duced into the chamber. Based upon one or more values such 
as pressure, humidity, calculated efficiency, and others, an 
amount of liquid that is introduced into the chamber during 
compression or expansion, can be carefully controlled to 
maintain efficiency of operation. For example, where an 
amount of air greater than Vo is inlet into the chamber during 
an expansion cycle, additional liquid may need to be intro 
duced in order to maintain the temperature of that expanding 
air within a desired temperature range. 
0143. The present invention is not limited to those par 
ticular embodiments described above. Other methods and 
apparatuses may fall within the scope of the invention. For 
example, the step of adding liquid to a cylinder device is not 
required during every cycle. In addition, liquid may be 
added to the chamber at the same time air is being inlet. 
0144). Accordingly, the following table describes steps in 
an embodiment of a compression cycle for a single-stage 
system utilizing liquid mist to effect heat exchange, as 
shown in connection with FIGS. 12A-C, where similar 
elements as in FIG. 1 are shown: 

Step 

1. 2 3 
Description 

Move 
Refill compressed 
cylinder air to 
device Compress pressure cell 

Valve 35 Closed Closed Closed 
Valve 36 Open Closed Closed 
Valve 37 Closed Closed Closed 
Valve 38 Closed Closed Open 
Valve 39 Open Closed Closed 
Valve 40 Closed Closed Closed 
Valve 41 Open Open Open 
Valve 42 Closed Closed Closed 
Valve 43 Open Closed Closed 
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-continued 

Step 

1 2 3 
Description 

Mowe 
Refill compressed 
cylinder air to 
device Compress pressure cell 

Pump 46 Off Off Off 
Pump 47 On Off Off 
Piston 23 At TDC At BDC Between 

at Start at Start BDC and 
of step of step TDC 

0145 The corresponding expansion cycle where liquid is 
introduced at the same time as air, is shown in the table 
below, in connection with FIGS. 13A-C: 

Step 

1 2 3 
Description 

Add compressed 
air and liquid 
mist to cylinder Exhaust 
device Expansion spent air 

Valve 35 Close Closed Closed 
Valve 36 Close Closed Open 
Valve 37 Open Closed Closed 
Valve 38 Close Closed Closed 
Valve 39 Open Closed Closed 
Valve 40 Open Open Open 
Valve 41 Close Closed Closed 
Valve 42 Close Closed Open 
Valve 43 Close Closed Closed 
Pump 46 Off Off Off 
Pump 47 On Off Off 
Piston 23 At TDC at Near TDC at At BDC at 

start of step start of step start of step 

0146 Moreover, where bubbles are utilized to effect heat 
exchange, the step of replenishing liquid is not required in 
every cycle. The following table, in conjunction with FIGS. 
14A-C, describes steps in an embodiment of a compression 
cycle for a single-stage system utilizing bubbles to effect 
heat exchange, where elements similar to those in FIG. 6 are 
referenced: 

Step 

1 2 3 
Description 

Fill cylinder device Transfer air to 
with air Compress pressure cell 

Valve 108c Closed Closed Closed 
Valve 109c Closed Closed Open 
Valve 114c Closed Closed Closed 
Valve 41c Open Open Open 
Valve 40c Closed Closed Closed 
Valve 106c Open Closed Closed 
Valve 110c Closed Closed Closed 
Valve 111c Closed Closed Closed 
Pump 105c On Off Off 
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-continued 

Step 

1 2 3 

Description 

Fill cylinder device Transfer air to 

with air Compress pressure cell 

Pump 113c Off Off Off 

PistOn 23c At top of liquid At TDC at Near BDC at 

at start of step start of step start of step 

0147 The corresponding expansion cycle for this system 
is shown in the table below in conjunction with FIGS. 
15A-C: 

Step 

1 2 3 

Description 

Add compressed 
air to Exhaust 

cylinder device Expansion spent air 

Valve 108c Closed Closed Open 

Valve 109c Closed Closed Closed 

Valve 114c Open Closed Closed 

Valve 41c Closed Closed Closed 

Valve 40c Open Open Open 

Valve 106c Closed Closed Closed 

Valve 110c Closed Closed Closed 

Valve 111c Closed Closed Closed 

Pump 105c O O Of 

Pump 113c O O Of 

PistOn 23c At top of liquid Near top of At TDC at Start 
liquid 

0148 Shown in FIGS. 16A-D and in the table below, are 
the steps of an embodiment of a compression cycle for a 
multi-phase stage, referencing the elements of FIG. 5: 
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Description 

Add mist and air to Add mist and air 

chamber 22b1 and Continue, to chamber 22b2 Continue, 
compress air in moving air to and compress air moving air to 
chamber 22b2 pressure cell in chamber 22b1 pressure cell 

Valve 35b1 Open Open Closed Close 
Valve 36b1 Closed Close Closed Close 
Valve 37b1 Closed Close Closed Close 
Valve 38b1 Closed Close Closed Open 
Valve 39b1 Open Open Closed Close 
Valve 35b2 Closed Close Open Open 
Valve 36b2 Closed Close Closed Close 
Valve 37b2 Closed Close Closed Close 
Valve 38b2 Closed Open Closed Close 
Valve 39b2 Closed Close Open Open 
Valve 40b Closed Close Closed Close 
Valve 41b Open Open Open Open 
Pump 47b On On On On 
Piston 23b TDC at start of step Between TDC BDC at start of Between BDC 

and BDC, step and TDC, 
moving down moving up 

014.9 The corresponding expansion cycle for the double 
acting stage is illustrated in FIGS. 17A-D and in the fol 
lowing table: 

Description 

Allow air in Allow air in 
chamber 22b1 chamber 22b.2 
to expand and Add mist and air to expand and 

Add mist and air to continue to chamber 22b2 continue 
chamber 22b1 and exhausting air and exhaust air exhausting air 
exhaust air from from chamber from chamber from chamber 
chamber 22b2 22b2 22b.1 22b.1 

Valve 35b1 Closed Close Open Open 
Valve 36b1 Closed Close Closed Close 
Valve 37b1 Open Close Closed Close 
Valve 38b1 Closed Close Closed Close 
Valve 39b1 Open Close Closed Close 
Valve 35b2 Open Open Closed Close 
Valve 36b2 Closed Close Closed Close 
Valve 37b2 Closed Close Open Close 
Valve 38b2 Closed Close Closed Close 
Valve 39b2 Closed Close Open Close 
Valve 40b Open Open Open Open 
Valve 41b Closed Close Closed Close 
Pump 47b On Off On Off 
Piston 23b TDC at start of step Between TDC BDC at start of Between BDC 

and BDC, step and TDC, 
moving down moving up 

0150. A compression cycle for a single-stage, single 
acting energy storage system shown in FIGS. 18A-D, is 
described in the table below, with mist sprayed at the time 
of inlet of air into the cylinder, with similar elements as 
shown in FIG. 3: 

Dec. 8, 2016 



US 2016/0356421 A1 

Step 

1 2 3 4 
Description 

Compress air Compress air 
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Move compressed 
air from cell 25e to 

25d, in to cell 25e 

in cell 25d in cell 25e 
while spraying Move while spraying 
mist, and compressed mist, and 
replenish the air from cell replenish the 
air in cell 25e 25d to air tank air in cell 25d air tank 

Valve 130 Closed Closed Open Open 
Valve 131 Closed Closed Open Open 
Valve 132 Closed Open Closed Closed 
Valve 133 Closed Closed Closed Closed 
Valve 134 Open Open Closed Closed 
Valve 135 Open Open Closed Closed 
Valve 136 Closed Closed Closed Open 
Valve 137 Closed Closed Closed Closed 
Valve 138 Fluid out from Fluid out from Fluid out from Fluid out from cell 

cell 25e, in to cell 25e, in to cell 25d, in to 
cell 25d cell 25d cell 25e 

Pump 46 On On On On 

0151. The corresponding expansion cycle of the single 
stage, single-acting energy storage system proceeds as fol 
lows as shown in FIGS. 19 A-D: 

1 2 3 4 
Description 

Expand 
air in 
cell 25d 
while 
spraying Expand air in 

Add air to cell mist, Add air to cell cell 25e while 
25d while continue 25e while spraying mist, 
spraying mist, to spraying mist, continue to 
and move air exhaust and move air exhaust cell 
from cell 25e cell 25e from cell 25d 25d 

Valve 130 Closed Closed Open Open 
Valve 131 Open Open Closed Closed 
Valve 132 Closed Closed Closed Closed 
Valve 133 Open Closed Closed Closed 
Valve 134 Open Open Closed Closed 
Valve 135 Closed Closed Open Open 
Valve 136 Closed Closed Closed Closed 
Valve 137 Closed Closed Open Closed 

Fluid out from Fluid out from 
cell 25e, in to cell 25e, in to 

Valve 138 Fluid out from Fluid out 
cell 25d, in to from 
cell 25e cell 25d, cell 25d cell 25d 

in to 
cell 25e 

Pump 46 On On On On 

0152 Variations on the specific embodiments describe 
above, are possible. For example, in some embodiments, a 
plurality of pistons may be in communication with a com 
mon chamber. In other embodiments, a multistage apparatus 
may not include a separate pressure cell. 
0153. For example, in the embodiment of FIG. 10, the 
stages are connected directly together through a heat 
exchanger, rather than through a pressure cell as in the 
embodiment of FIG. 4. The relative phases of the cycles in 
the two stages must be carefully controlled so that when 
Stage 1 is performing an exhaust step, Stage 2 is performing 

an intake step (during compression). When Stage 2 is 
performing an exhaust step, Stage 1 is performing an intake 
step (during expansion). 
0154 The timing is controlled so the pressures on either 
side of heat exchanger 10024 are substantially the same 
when valves 37 and 10058 are open. Liquid for spray nozzle 
44 is supplied from an excess water in cylinder 22 by 
opening valve 10036 and turning on pump 10032. Similarly, 
liquid for spray nozzle 10064 is supplied from an excess 
water in cylinder 10046 by opening valve 10038 and turning 
on pump 10034. Such precise timing during operation may 
be achieved with the operation of a controller/processor that 
is communication with a plurality of the system elements, as 
has been previously described. 
0155 The present invention is not limited to the embodi 
ments specifically described above. For example, while 
water has been described as the liquid that is injected into air 
as a mist, other liquids could be utilized and fall within the 
Scope of the present invention. Examples of liquids that 
could be used include polypropylene glycol, polyethylene 
glycol, and alcohols. 
0156 The following claims relate to compression. 
0157 1. A method for storing energy, the method com 
prising: 
introducing a first quantity of air at a first temperature into 
a first chamber; 
in a compression cycle, Subjecting the first quantity of air to 
compression by a first piston coupled to the first chamber, 
injecting a first determined quantity of fluid into the first 
quantity of air to absorb thermal energy generated by the 
compression cycle and thereby maintain the first quantity of 
air in a first temperature range during the compression; and 
transferring at least a portion of the first quantity of air to a 
first pressure cell. 
0158 2. The method of claim 1 wherein the first deter 
mined quantity of fluid is based upon one or more control 
parameters. 
0159. 3. The method of claim 2 wherein the control 
parameter is calculated for the compression cycle from a 
measured physical property. 
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0160 4. The method of claim 2 wherein the control 
parameter comprises a maximum increase in a temperature 
of the first quantity of air during compression. 
0161 5. The method of claim 2 wherein the control 
parameter comprises an amount of the fluid present in liquid 
form inside the chamber. 
0162 6. The method of claim 2 wherein the control 
parameter comprises an efficiency. 
(0163 7. The method of claim 2 wherein the control 
parameter comprises a power input to the piston. 
0164 8. The method of claim 2 wherein the control 
parameter comprises a speed of the piston. 
0.165 9. The method of claim 2 wherein the control 
parameter comprises a force on the piston. 
0166 10. The method of claim 1 wherein the piston is 
Solid, liquid, or a combination of Solid and liquid. 
(0167 11. The method of claim 1 wherein the first tem 
perature range is reflected by a change in a temperature of 
the first quantity of air from a first temperature to a second 
temperature below a boiling point of the fluid. 
(0168 12. The method of claim 11 wherein the fluid 
comprises water. 
(0169. 13. The method of claim 12 wherein the first 
temperature range is about 60 degrees Celsius or less. 
(0170 14. The method of claim 1 wherein the first deter 
mined quantity of fluid is injected by spraying or misting. 
(0171 15. The method of claim 1 wherein the thermal 
energy transferred from the first quantity of air to the first 
determined quantity of fluid is facilitated by bubbling air 
through a liquid. 
0172 16. The method of claim 1 further comprising 
transferring compressed air within the pressure cell to a 
storage tank. 
0173 The following claims relate to compression and 
expansion. 
0.174 17. The method of claim 1 further comprising: 
in an expansion cycle, transferring a second quantity of air 
from the first pressure cell to the first chamber; 
allowing the second quantity of air to expand and drive the 
first piston; and 
injecting a second determined quantity of fluid into the 
second quantity of air to provide thermal energy absorbed by 
the expanding air and thereby maintains the second quantity 
of air in a second temperature range during the expansion. 
(0175 18. The method of claim 17 further comprising 
generating electrical power from the driving of the first 
piston. 
(0176 19. The method of claim 17 wherein the second 
determined quantity of fluid is based upon one or more 
control parameters. 
0177. 20. The method of claim 17 wherein the control 
parameter is calculated for the expansion cycle from a 
measured physical property. 
0.178 21. The method of claim 17 wherein the control 
parameter comprises a maximum decrease in a temperature 
of the second quantity of air during the expansion. 
0179 22. The method of claim 17 wherein the control 
parameter comprises an amount of the fluid present in liquid 
form inside the chamber. 

0180. 23. The method of claim 17 wherein the control 
parameter comprises an efficiency. 
0181 24. The method of claim 17 wherein the control 
parameter comprises a power output by the first piston. 
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0182) 25. The method of claim 17 wherein the control 
parameter comprises a speed of the piston. 
0183 26. The method of claim 17 wherein the control 
parameter comprises a force on the piston. 
0184. 27. The method of claim 17 wherein the first 
determined quantity of fluid is injected by spraying or 
misting. 
0185. 28. The method of claim 17 wherein thermal 
energy is transferred from the second quantity of air to the 
second determined quantity of fluid facilitated by bubbling 
air through a liquid. 
0186 29. The method of claim 17 wherein the fluid 
comprises water. 
0187 30. The method of claim 17 further comprising 
placing the chamber in communication with additional ther 
mal energy during the expansion cycle. 
0188 31. The method of claim 30 wherein the additional 
thermal energy is waste heat from another thermal source. 
(0189 32. The method of claim 17 wherein the second 
temperature range is reflected by a change in a temperature 
of the second quantity of air from a first temperature to a 
second temperature above a freezing point of the fluid. 
0.190 33. The method of claim 32 wherein the fluid 
comprises water. 
(0191 34. The method of claim 33 wherein the second 
temperature range is about 11 degrees Celsius or less. 
(0192 34a. The method of claim 17 wherein at an end of 
an expansion stroke of the first piston, the second quantity 
of air is configured to produce a pressure on the first piston 
Substantially equal to a desired pressure. 
0193 34b. The method of claim 34a, wherein the desired 
pressure is an input pressure of the next lowest pressure 
stage, or is ambient pressure. 
0194 34c. The method of claim 34a wherein the desired 
pressure is calculated to maximize an efficiency of expan 
S1O. 

(0195 34d. The method of claim 34a wherein the desired 
pressure is calculated to produce a desired level of power 
output. 
0196. 34e. The method of claim 34a wherein the desired 
pressure is within approximately 5 psi of an input pressure 
of the next lowest pressure stage. 
0197) The following claims relate to multi-stage opera 
tion. 
(0198 35. The method of claim 17 further comprising: 
providing a second chamber in selective fluid communica 
tion with the first pressure cell and with a second pressure 
cell; 
introducing from the first pressure cell, a third quantity of air 
at a second temperature into the second chamber, 
in a compression cycle of the second chamber, 
Subjecting the third quantity of air to compression by a 
second piston coupled to the second chamber, 
injecting a third determined quantity of fluid into the third 
quantity of air to absorb thermal energy generated by the 
compression and thereby maintain the third quantity of air in 
a third temperature range during the compression; and 
transferring at least a portion of the third quantity of air to 
the second pressure cell. 
(0199 36. The method of claim 35 further comprising: 
in an expansion cycle of the second chamber, transferring a 
fourth quantity of air from the second pressure cell to the 
second chamber, 
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allowing the fourth quantity of air to expand and drive the 
second piston; 
injecting a fourth determined quantity of fluid into the fourth 
quantity of air to provide thermal energy absorbed by the 
expanding air and thereby maintain the fourth quantity of air 
in a fourth temperature range during the expansion; and 
transferring at least a portion of the fourth quantity of air 
from the second chamber to the first pressure cell. 
0200. The following claims relate to expansion. 
0201 37. A method for releasing stored energy, the 
method comprising: 
in an expansion cycle, transferring a quantity of air from a 
pressure cell to a chamber having a piston disposed therein; 
allowing the quantity of air to expand and drive the piston; 
and 
injecting a determined quantity of fluid into the quantity of 
air to provide thermal energy absorbed by the expanding air 
and thereby maintains the quantity of air in a first tempera 
ture range during the expansion. 
0202 38. The method of claim 37 wherein the deter 
mined quantity of fluid is based upon one or more control 
parameters. 
0203 39. The method of claim 38 wherein the control 
parameter is calculated from a measured physical property. 
0204 40. The method of claim 38 wherein the control 
parameter comprises a maximum decrease in a temperature 
of the quantity of air during the expansion. 
0205 41. The method of claim 38 wherein the control 
parameter comprises an amount of the fluid present in liquid 
form inside the chamber. 
0206 42. The method of claim 38 wherein the control 
parameter comprises an efficiency. 
0207 43. The method of claim 38 wherein the control 
parameter comprises a power input to the piston. 
0208. 44. The method of claim 38 wherein the control 
parameter comprises a speed of the piston. 
0209 45. The method of claim 38 wherein the control 
parameter comprises a force of the piston. 
0210 46. The method of claim 38 wherein the piston is 
Solid, liquid, or a combination of Solid and liquid. 
02.11 47. The method of claim 38 wherein the fluid 
comprises water. 
0212 48. The method of claim 38 wherein the first 
temperature range is reflected by a change in a temperature 
of the first quantity of air from a first temperature to a second 
temperature, the change less than a determined value. 
0213 49. The method of claim 48 wherein the lower 
temperature is greater than a freezing point of the fluid. 
0214 50. The method of claim 48 wherein the higher 
temperature is less than a boiling point of the fluid. 
0215 51. The method of claim 38 wherein the first 
determined quantity of fluid is injected by spraying or 
misting. 
0216 52. The method of claim 38 wherein the thermal 
energy transferred from the quantity of air to the determined 
quantity of fluid is facilitated by bubbling air through a 
liquid. 
0217 52a. The method of claim 37 wherein at an end of 
an expansion stroke of the piston, the quantity of air is 
configured to produce a pressure on the piston Substantially 
equal to a desired pressure. 
0218 52b. The method of claim 37, wherein the desired 
pressure is an input pressure of the next lowest pressure 
stage, or is ambient pressure. 
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0219 52c. The method of claim 37 wherein the desired 
pressure is calculated to maximize an efficiency of expan 
Sion. 
0220 52d. The method of claim 37 wherein the desired 
pressure is calculated to produce a desired level of power 
output. 
0221 52e. The method of claim 37 wherein the desired 
pressure is within approximately 5 psi of an input pressure 
of the next lowest pressure stage. 
0222. The following claims relate to temperature differ 
ence during system operation. 
0223 53. A method comprising: 
providing an energy storage system comprising a pressure 
cell in selective fluid communication with a chamber having 
a moveable piston disposed therein; 
flowing air into the chamber; 
in a compression cycle, storing energy by placing the piston 
in communication with an energy source to compress the air 
within the chamber, and then transferring the compressed air 
to the pressure cell; and then 
in an expansion cycle, releasing energy by transferring air 
from the pressure cell back into the chamber while allowing 
the piston to move in response to expansion of air inside the 
chamber; 
monitoring an operational parameter of the compression 
cycle and/or the expansion cycle; and 
controlling the operational parameter to maintain a tempera 
ture of air in the chamber within a range. 
0224 54. The method of claim 53 wherein determining 
an operational parameter comprises controlling an amount 
of a liquid introduced into the air within the chamber during 
the compression cycle. 
0225. 55. The method of claim 53 wherein the liquid 
comprises water. 
0226. 56. The method of claim 53 wherein determining 
an operational parameter comprises controlling an amount 
of a liquid introduced into the air within the chamber during 
the expansion cycle. 
0227. 57. The method of claim 56 wherein the liquid 
comprises water. 
0228 58. The method of claim 53 wherein a lower bound 
of the range is greater than a freezing point of a liquid 
introduced into the air within the chamber. 
0229. 59. The method of claim 58 wherein the liquid 
comprises water. 
0230) 60. The method of claim 53 wherein an upper 
bound of the range is lower than a boiling point of a liquid 
introduced into the air within the chamber. 
0231 61. The method of claim 60 wherein the liquid 
comprises water. 
0232 62. The method of claim 53 wherein determining 
an operational parameter comprises controlling a timing of 
the transfer of air from the pressure cell into the chamber 
during the expansion cycle. 
0233 62a. The method of claim 62 wherein the timing is 
controlled such that at an end of an expansion stroke of the 
piston, the transferred air is configured to produce a desired 
pressure on the piston. 
0234 62b. The method of claim 62a, wherein the desired 
pressure is an input pressure of the next lowest pressure 
stage, or is ambient pressure. 
0235 62c. The method of claim 62a wherein the desired 
pressure is calculated to maximize an efficiency of expan 
S1O. 



US 2016/0356421 A1 

0236 62d. The method of claim 62a wherein the desired 
pressure is calculated to produce a desired level of power 
output. 
0237 62e. The method of claim 62a wherein the desired 
pressure is within approximately 5 psi of an input pressure 
of the next lowest pressure stage. 
0238 63. The method of claim 53 wherein determining 
an operational parameter comprises monitoring a pressure in 
the pressure cell. 
0239) 64. The method of claim 53 wherein determining 
an operational parameter comprises monitoring a pressure in 
the chamber. 
0240 65. The method of claim 53 wherein determining 
an operational parameter comprises monitoring a tempera 
ture of the air in the chamber. 
0241 66. The method of claim 53 wherein determining 
an operational parameter comprises monitoring a humidity 
of the air flowed into the chamber. 
0242 67. The method of claim 53 wherein determining 
an operational parameter comprises monitoring a humidity 
of air exhausted from the chamber. 
0243 68. The method of claim 53 wherein determining 
an operational parameter comprises monitoring a power 
released during the expansion cycle. 
0244 69. The method of claim 53 wherein determining 
an operational parameter comprises monitoring a position of 
the piston. 
0245 70. The method of claim 53 wherein determining 
an operational parameter comprises monitoring a force on 
the piston. 
0246 71. The method of claim 54 wherein determining 
an operational parameter comprises monitoring a tempera 
ture of the liquid. 
0247 72. The method of claim 56 wherein determining 
an operational parameter comprises monitoring a tempera 
ture of the liquid. 
0248 73. The method of claim 54 wherein determining 
an operational parameter comprises monitoring a rate of 
flow of the liquid. 
0249 74. The method of claim 56 wherein determining 
an operational parameter comprises monitoring a rate of 
flow of the liquid. 
(0250) 75. The method of claim 54 wherein determining 
an operational parameter comprises monitoring a level of the 
liquid in the chamber. 
0251 76. The method of claim 56 wherein determining 
an operational parameter comprises monitoring a level of the 
liquid in the chamber. 
0252) 77. The method of claim 54 wherein determining 
an operational parameter comprises monitoring a volume of 
the liquid in the chamber. 
0253) 78. The method of claim 56 wherein determining 
an operational parameter comprises monitoring a volume of 
the liquid in the chamber. 
0254 79. The method of claim 53 wherein: 
the piston is in communication with a rotating shaft; and 
determining an operational parameter comprises monitoring 
a speed of the rotating shaft. 
0255 80. The method of claim 53 wherein: 
the piston is in communication with a rotating shaft; and 
determining an operational parameter comprises monitoring 
a torque of the rotating shaft. 
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(0256 81. The method of claim 53 wherein the opera 
tional parameter is controlled based upon a derived param 
eter calculated from the monitored operational parameter. 
0257 82. The method of claim 81 wherein the derived 
parameter is selected from the group comprising, an effi 
ciency of power conversion, an expected power output, an 
expected output speed of a rotating shaft in communication 
with the piston, an expected output torque of a rotating shaft 
in communication with the piston, an expected input speed 
of a rotating shaft in communication with the piston, an 
expected input torque of a rotating shaft in communication 
with the piston, a maximum output speed of a rotating shaft 
in communication with the piston, a maximum output torque 
of a rotating shaft in communication with the piston, a 
minimum output speed of a rotating shaft in communication 
with the piston, a minimum output torque of a rotating shaft 
in communication with the piston, a maximum input speed 
of a rotating shaft in communication with the piston, a 
maximum input torque of a rotating shaft in communication 
with the piston, a minimum input speed of a rotating shaft 
in communication with the piston, a minimum input torque 
of a rotating shaft in communication with the piston, or a 
maximum expected temperature difference of air at each 
Stage. 
(0258 83. The method of claim 53 wherein controlling the 
operational parameter comprises controlling a timing of the 
transfer of air from the chamber to the pressure cell during 
the compression cycle. 
0259 84. The method of claim 53 wherein controlling the 
operational parameter comprises controlling a timing of the 
transfer of air from the pressure cell to the chamber during 
the expansion cycle. 
0260 85. The method of claim 54 wherein controlling the 
operational parameter comprises controlling a timing of a 
flow of liquid to the chamber. 
0261 86. The method of claim 56 wherein controlling the 
operational parameter comprises controlling a timing of a 
flow of liquid to the chamber. 
0262 87. The method of claim 53 wherein: 
during the compression cycle, the piston is in communica 
tion with a motor or a motor-generator, and 
controlling the operational parameter comprises controlling 
an amount of electrical power applied to the motor or the 
motor-generator. 
0263 88. The method of claim 53 wherein: 
during the expansion cycle, the piston is in communication 
with a generator or a motor-generator; and 
controlling the operational parameter comprises controlling 
an electrical load applied to the generator or the motor 
generator. 
0264 89. The method of claim 54 wherein: 
the liquid is flowed to the chamber utilizing a pump; and 
controlling the operational parameter comprises controlling 
an amount of electrical power Supplied to the pump. 
0265 90. The method of claim 56 wherein: 
the liquid is flowed to the chamber utilizing a pump; and 
controlling the operational parameter comprises controlling 
an amount of electrical power Supplied to the pump. 
0266 91. The method of claim 53 wherein: 
liquid in the pressure cell is circulated through a heat 
exchanger that is in thermal communication with a fan; and 
controlling the operational parameter comprises controlling 
an amount of electrical power Supplied to the fan. 
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0267 92. The method of claim 53 further comprising 
placing the chamber in communication with additional ther 
mal energy during the expansion cycle. 
0268 93. The method of claim 92 wherein the additional 
thermal energy is waste heat from another thermal source. 
0269) 94. The method of claim 53 wherein controlling the 
operational parameter comprises controlling a compression 
ratio. 
(0270. 95. The method of claim 53 further comprising 
transferring compressed air within the pressure cell to a 
storage tank. 
0271 The following claims relate to a system. 
0272 96. An energy storage and recovery system com 
prising: 
a first chamber having a moveable piston disposed therein 
and in selective communication with an energy source: 
a pressure cell in selective fluid communication with the first 
chamber through a first valve; 
an air source in selective fluid communication with the first 
chamber through a second valve; 
a liquid source in selective fluid communication with the 
first chamber through a third valve; and 
a controller in electronic communication with, and config 
ured to operate, system elements in one of the following 
States: 

an intake step wherein the first valve is closed, the second 
valve is open, and the third valve may be open or closed; 
a compression step wherein the piston is in communication 
with the energy source, the first and second valves are 
closed, the third valve is open or closed, and then the first 
valve is opened upon compression of the air in the chamber 
by the piston, 
an expansion step wherein the piston is not in communica 
tion with the energy source, the first valve is opened, the 
second valve is closed, and the third valve may be open or 
closed, such that the air expands in the chamber to move the 
piston, and then the first valve is closed as the air continues 
to expand, and 
an exhaust step wherein the piston is not in communication 
with the energy source, the first valve is closed, the second 
valve is open, and the third valve may be open or closed; 
and; 
wherein the controller is configured to determine an opera 
tional parameter in order to maintain a temperature of the air 
in the first chamber within a range. 
0273 97. The energy storage and recovery system of 
claim 96 wherein the moveable piston comprises a solid 
piston. 
0274. 98. The energy storage and recovery system of 
claim 96 wherein the moveable piston comprises a liquid 
piston. 
0275 99. The energy storage and recovery system of 
claim 96 further comprising a sprayer configured to inject 
the liquid into the air within the chamber. 
0276 100. The energy storage and recovery system of 
claim 99 wherein the liquid comprises water. 
0277 101. The energy storage and recovery system of 
claim 96 further comprising a bubbler configured to transfer 
heat between the liquid and air within the pressure cell. 
0278 102. The energy storage and recovery system of 
claim 101 wherein the liquid comprises water. 
0279 103. The energy storage and recovery system of 
claim 96 further comprising a sensor configured to detect a 
volume of liquid present within the chamber, the sensor in 
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electronic communication with the controller and referenced 
to determine the operational parameter. 
0280 104. The energy storage and recovery system of 
claim 96 further comprising a sensor configured to detect a 
property selected from the group comprising, a pressure, a 
temperature, a humidity, a position of the piston, a force on 
the piston, a liquid flow rate, a liquid level, a liquid volume, 
a speed of a shaft driven by the piston, or a torque of the 
shaft driven by the piston, wherein the sensor is in electronic 
communication with the controller and referenced to deter 
mine the operational parameter. 
0281 105. The energy storage and recovery system of 
claim 96 further comprising a power generator or motor 
generator configured to be in selective communication with 
the piston during the expansion stroke. 
0282) 106. The energy storage and recovery system of 
claim 96 wherein the chamber is configured to be in thermal 
communication with a thermal energy source. 
0283. 107. The energy storage and recovery system of 
claim 96 further comprising a storage tank configured to 
receive compressed air from the pressure cell. 
0284 107a. The energy storage and recovery system of 
claim 96 wherein during the expansion the controller is 
configured to operate the first valve to inlet the air such that 
at an end of an expansion stroke of the piston, a pressure on 
the piston is substantially equal to a desired pressure. 
0285) 107b. The method of claim 107a, wherein the 
desired pressure is an input pressure of the next lowest 
pressure stage, or is ambient pressure. 
0286 107c. The method of claim 107a wherein the 
desired pressure is calculated to maximize an efficiency of 
expansion. 
0287 107d. The method of claim 107a wherein the 
desired pressure is calculated to produce a desired level of 
power output. 
0288 107e. The method of claim 107a wherein the 
desired pressure is within approximately 5 psi of an input 
pressure of the next lowest pressure stage. 
0289. The following claims relate to a system having 
multiple stages. 
0290 108. The energy storage and recovery system of 
claim 96, further comprising: 
a second chamber having a moveable piston disposed 
therein and in selective communication with the energy 
Source; and 
a second pressure cell in selective fluid communication with 
the second chamber through a fourth valve, in selective fluid 
communication with the first pressure cell through a fifth 
valve, the fourth and fifth valves in communication with and 
configured to be operated by the controller. 
0291 109. The energy storage and recovery system of 
claim 96, further comprising a plurality of a second chamber 
and second pressure cell connected in series with the first 
chamber and first pressure cell, such that output from the 
first chamber is communicated to the second chamber. 
0292. The following claims relate to a processor. 
0293 110. An apparatus for storing and recovering 
energy, the apparatus comprising: 
a host computer comprising a processor in electronic com 
munication with a computer-readable storage medium, the 
computer readable storage medium having stored thereon 
one or more codes to instruct the processor to, 
receive a signal indicating a property of an energy storage 
and recovery system comprising a first chamber having a 
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moveable piston disposed therein and in selective commu 
nication with an energy source, and a pressure cell in 
selective fluid communication with the first chamber, 
in response to the received signal, control an element of the 
energy storage and recovery system to maintain a tempera 
ture of air within the first chamber within a temperature 
range. 
0294. 111. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a pressure in the 
pressure cell. 
0295) 112. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a pressure in the first 
chamber. 
0296 113. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a temperature of the air 
in the first chamber. 
0297 114. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a temperature of the air 
in the pressure cell. 
0298. 115. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a humidity of the air 
inlet to the first chamber. 
0299) 116. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a power output. 
0300 117. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a humidity of the air 
exhausted from the first chamber. 
0301 118. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a position of the piston. 
0302) 119. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a force on the piston. 
0303) 120. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a temperature of liquid 
flowed to the chamber. 
0304 121. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating rate of flow of liquid to 
the chamber. 
0305 122. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a level of liquid in the 
chamber. 
0306 123. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating Volume of liquid in the 
chamber. 
0307 124. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating a speed of a rotating 
shaft in communication with the piston. 
0308 125. The apparatus of claim 110 wherein the code 
stored on the computer readable storage medium is config 
ured to receive the signal indicating torque of a rotating shaft 
in communication with the piston. 
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(0309 126. The apparatus of claim 110 wherein in 
response to the received signal, the code stored on the 
computer readable storage medium is configured to instruct 
the processor to control a timing of a transfer of air from the 
chamber to the pressure cell during a compression cycle. 
0310 126a. The apparatus of claim 110 wherein in 
response to the received signal, the code stored on the 
computer readable storage medium is configured to instruct 
the processor to control a timing of a transfer of air from the 
pressure cell to the chamber during an expansion cycle. 
0311 127. The apparatus of claim 110 wherein in 
response to the received signal, the code stored on the 
computer readable storage medium is configured to instruct 
the processor to control a timing of a transfer of liquid to the 
chamber. 
0312 128. The apparatus of claim 110 wherein in 
response to the received signal, the code stored on the 
computer readable storage medium is configured to instruct 
the processor to control the amount of liquid transferred to 
the chamber. 
0313 129. The apparatus of claim 110 wherein in 
response to the received signal, the code stored on the 
computer readable storage medium is configured to instruct 
the processor to control an electrical load applied to a 
generator or a motor-generator in communication with the 
piston, during an expansion cycle. 
0314 130. The apparatus of claim 110 wherein in 
response to the received signal, the code stored on the 
computer readable storage medium is configured to instruct 
the processor to control an electrical power applied to a 
motor or a motor-generator in communication with the 
piston, during a compression cycle. 
0315 131. The apparatus of claim 110 wherein in 
response to the received signal, the code stored on the 
computer readable storage medium is configured to instruct 
the processor to control an electrical power applied to a 
pump to flow liquid into the chamber. 
0316 132. The apparatus of claim 110 wherein in 
response to the received signal, the code stored on the 
computer readable storage medium is configured to instruct 
the processor to control an electrical power applied to fans 
associated with a heat exchanger configured to receive liquid 
from the pressure cell. 
0317 133. The apparatus of claim 110 wherein in 
response to the received signal, the code stored on the 
computer readable storage medium is configured to instruct 
the processor to control a compression ratio. 
0318. The following claims relate to a multi-stage sys 
tem. 

0319 134. An energy storage and recovery system com 
prising: 
a first stage comprising a first element moveable to compress 
air in the first stage, the first stage in selective fluid com 
munication with an ambient air Supply through a first valve; 
a final stage comprising a second element moveable to 
compress air in the final stage, and moveable in response to 
expanding air within the final stage, the final stage in 
selective fluid communication with a compressed air storage 
tank through a second valve; 
a controller configured to determine an amount of liquid to 
be injected into the first stage or the final stage to maintain 
a temperature of air in the first stage or in the final stage 
within a temperature range; and 
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a liquid source in communication with the controller and 
configured to inject the determined amount of liquid into the 
first stage or into the final stage. 
0320 135. The energy storage and recovery system of 
claim 134, wherein the first moveable element is also 
moveable in response to expanding air within the first stage. 
0321 136. The energy storage and recovery system of 
claim 134, wherein the first moveable element comprises a 
piston. 
0322, 137. The energy storage and recovery system of 
claim 134, wherein the first moveable element comprises a 
SCCW. 

0323 138. The energy storage and recovery system of 
claim 134, wherein the first stage or the final stage comprises 
a pressure cell in selective fluid communication with a 
chamber. 
0324 139. The energy storage and recovery system of 
claim 134, wherein the first stage is configured to transfer to, 
and receive compressed air from, the final stage through a 
third valve. 
0325 140. The energy storage and recovery system of 
claim 139, wherein the first stage comprises a first chamber 
having a first piston disposed therein as the first moveable 
element, and the final stage comprises a second chamber 
having a second piston disposed therein as the second 
moveable element, the first and final stages lacking a pres 
sure cell. 
0326 141. The energy storage and recovery system of 
claim 134, further comprising an intermediate stage posi 
tioned in series and in selective fluid communication 
between the first stage and the final stage, the intermediate 
stage comprising a third element moveable to compress air 
in the intermediate stage, and moveable in response to 
expanding air within the intermediate stage. 
0327 142. The energy storage and recovery system of 
claim 141, wherein the first moveable element is also 
moveable in response to expanding air within the first stage. 
0328 143. The energy storage and recovery system of 
claim 142, wherein the first stage comprises a first chamber 
having a first piston disposed therein as the first moveable 
element, and the intermediate stage comprises a second 
chamber having a second piston disposed therein as the third 
moveable element. 
0329. 144. The energy storage and recovery system of 
claim 141, wherein the intermediate stage comprises a first 
chamber having a first piston disposed therein as the third 
moveable element, and the final stage comprises a second 
chamber having a second piston disposed therein as the 
second moveable element. 
0330. 145. The energy storage and recovery system of 
claim 141, wherein the first stage, the intermediate stage, or 
the final stage comprises a chamber in selective fluid com 
munication with a pressure cell. 
0331 146. The energy storage and recovery system of 
claim 141, wherein consecutive stages do not include a 
pressure cell. 
0332 147. The energy storage and recovery system of 
claim 141, further comprising additional intermediate stages 
positioned in series between the first stage and the final 
Stage. 
0333. 148. The energy storage and recovery system of 
claim 134, wherein the second moveable element comprises 
a piston. 
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0334 149. The energy storage and recovery system of 
claim 148, wherein the second moveable element comprises 
a liquid piston. 
0335 150. The energy storage and recovery system of 
claim 148, wherein the second moveable element comprises 
a solid piston. 
0336 151. The energy storage and recovery system of 
claim 134, wherein a compression ratio of the first stage is 
larger than a compression ratio of the final stage. 
0337 152. The energy storage and recovery system of 
claim 141, wherein a compression ratio of the first stage is 
larger than a compression ratio of the intermediate stage, and 
the compression ratio of the intermediate stage is greater 
than a compression ratio of the final stage. 
0338 153. The energy storage and recovery system of 
claim 134, wherein the liquid comprises water. 
0339) 154. A method of storing energy, the method com 
prising: 
receiving ambient air in a first stage; 
compressing the ambient air in the first stage; 
transferring compressed air to a final stage; 
further compressing air in the final stage; 
transferring the further compressed air from the final stage 
to a storage tank; and 
determining an operational parameter to maintain a tem 
perature change of air in the first stage or in the second stage 
within a range during the compression or the further com 
pression. 
0340 155. The method of claim 154 wherein the deter 
mined operational parameter comprises a timing of opening 
or closing valves controlling movement of air into or out of 
the stages. 
0341 156. The method of claim 154 wherein the deter 
mined operational parameter comprises an amount of liquid 
injected into the first stage or into the final stage during the 
compression or the further compression. 
0342. 157. The method of claim 154 wherein compress 
ing the ambient air comprises placing a piston disposed 
within a chamber of the first stage, in communication with 
an energy Source. 
0343 158. The method of claim 154 wherein compress 
ing the ambient air comprises placing a screw disposed 
within a chamber of the first stage, in communication with 
an energy Source. 
0344) 159. The method of claim 154 wherein compressed 
air is transferred to the final stage via an intermediate stage 
in which additional compression takes place. 
(0345 160. The method of claim 154 further comprising: 
transferring compressed air from the storage tank to the final 
Stage, 
allowing the compressed air to expand and drive a first 
moveable element in the final stage; 
transferring air from the final stage to the first stage; 
allowing compressed air in the first stage to expand and 
drive a second moveable element in the first stage; and 
determining an operational parameter to maintain a tem 
perature change of air in the first stage or in the second stage 
within a range, during expansion of air within the first stage 
or within the second stage. 
0346) 161. The method of claim 160 wherein the deter 
mined operational parameter comprises a timing of opening 
or closing valves controlling movement of air into or out of 
the stages. 
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0347 162. The method of claim 160 wherein the deter 
mined operational parameter comprises an amount of liquid 
injected into the first stage or into the final stage during 
expansion of air within the first stage or the second stage. 
0348 163. The method of claim 160 wherein the first 
moveable element comprises a piston. 
0349 164. The method of claim 160 wherein the second 
moveable element comprises a piston. 
0350 165. The method of claim 160 wherein air is 
transferred from the final stage to the first stage via an 
intermediate stage wherein further expansion of air takes 
place. 
What is claimed is: 
1. A method comprising: 
introducing a first quantity of a gas at a first temperature 

into a first chamber; 
in a compression cycle, Subjecting the first quantity of gas 

to compression by a first piston coupled to the first 
chamber; 

injecting a first determined quantity of liquid into the first 
quantity of gas to absorb thermal energy generated by 
the compression cycle and thereby maintain the first 
quantity of gas in a first temperature range during the 
compression; and 

transferring at least a portion of the first quantity of gas to 
a pressure vessel partially filled with the liquid. 

2. The method of claim 1 wherein the first determined 
quantity of liquid is based upon one or more control param 
eters. 

3. The method of claim 2 wherein the control parameter 
is calculated for the compression cycle from a measured 
physical property. 

4. The method of claim 3 wherein the measured physical 
property comprises a temperature of the gas in the pressure 
vessel. 

5. The method of claim 3 wherein the measured physical 
property comprises a temperature of the liquid in the pres 
Sure vessel. 
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6. The method of claim 2 wherein the control parameter 
comprises a maximum increase in a temperature of the first 
quantity of gas during compression. 

7. The method of claim 2 wherein the control parameter 
comprises an amount of the liquid. 

8. The method of claim 2 wherein the control parameter 
comprises an efficiency. 

9. The method of claim 2 wherein the control parameter 
comprises a power input to the piston. 

10. The method of claim 2 wherein the control parameter 
comprises a speed of the piston. 

11. The method of claim 2 wherein the control parameter 
comprises a force on the piston. 

12. The method of claim 1 wherein the piston is solid, 
liquid, or a combination of Solid and liquid. 

13. The method of claim 1 wherein the first temperature 
range is reflected by a change in a temperature of the first 
quantity of gas from a first temperature to a second tem 
perature below a boiling point of the liquid. 

14. The method of claim 1 further comprising placing the 
liquid in the pressure vessel in communication with a heat 
exchanger. 

15. The method of claim 1 further comprising placing the 
liquid in the pressure vessel in communication with a pump. 

16. The method of claim 1 further comprising placing the 
liquid in the pressure vessel in communication with a 
hydraulic motor. 

17. The method of claim 16 wherein the hydraulic motor 
comprises a motor/pump. 

18. The method of claim 1 wherein the transferring 
comprises actuating a valve when a pressure in the chamber 
exceeds a pressure in the pressure vessel by a predetermined 
amount. 

19. The method of claim 18 wherein the valve is elec 
tronically actuated. 

20. The method of claim 18 wherein the valve is hydrau 
lically actuated. 


