wo 2013/155076 A1 [N I 0000000 0 Y O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/155076 A1

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

17 October 2013 (17.10.2013) WIPOIPCT
International Patent Classification:
F16D 31/02 (2006.01)
International Application Number:
PCT/US2013/035781

International Filing Date:
9 April 2013 (09.04.2013)

Filing Language: English
Publication Language: English
Priority Data:

61/623,850 13 April 2012 (13.04.2012) US

Applicant: SCUDERI GROUP, INC. [US/US]; 1111 Elm
Street, Suite 33, West Springfield, MA 01089 (US).

Inventors: MELDOLESI, Riccardo; 97 Wick Hall, Furze
Hill, Hove, East Sussex BN3 INJ (GB). SCUDERI,
Stephen, P.; 1023 Shaker Road, Westfield, MA 01085
(US). SCUDERI, Salvatore, C.; 108 Sunset Drive, West-
field, MA 01085 (US).

Agents: VISCONTI, Michael, P. et al.; Nutter McCle-
nnen & Fish LLP, Seaport West, 155 Seaport Boulevard,
Boston, MA 02210-2604 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
T™M, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: COMPRESSED AIR ENERGY STORAGE SYSTEMS WITH SPLIT-CYCLE ENGINES

FIG. 2

200
\

Ajr Storage Tank

(57) Abstract: In some embodiments, systems are provided in which electric power generated from a renewable energy source such
as a solar or wind power system during low demand periods is used to drive an electric motor which turns an air hybrid split-cycle
engine. The split-cycle engine operates in AC mode during this time to compress air into a storage tank. Later, during high demand
periods, compressed air stored in the tank and added fuel are fed to the split-cycle engine, which operates in AEF mode. The work
generated by the split-cycle engine turns a generator to produce electric power. When the supply of compressed air stored in the stor -
age tank is depleted, the split-cycle engine can operate in an NF mode to serve as a backup generator, or in an FC mode to serve as a
backup generator while simultaneously recharging the air storage tank.



WO 2013/155076 PCT/US2013/035781

COMPRESSED AIR ENERGY STORAGE SYSTEMS WITH SPLIT-CYCLE ENGINES
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional Patent Application
Number 61/623,850, filed on April 13, 2012, the entire contents of which are hereby

incorporated by reference.
FIELD

[0002] The present invention relates to compressed air energy storage systems and related
methods. In some embodiments, the invention relates to compressed air energy storage systems

and related methods that involve split-cycle internal combustion engines.
BACKGROUND
[0003] ENGINE TECHNOLOGY

[0004] For purposes of clarity, the term “conventional engine” as used in the present application
refers to an internal combustion engine wherein all four strokes of the well-known Otto cycle
(the intake, compression, expansion and exhaust strokes) are contained in each piston/cylinder
combination of the engine. Each stroke requires one half revolution of the crankshaft (180
degrees crank angle (“CA”)), and two full revolutions of the crankshaft (720 degrees CA) are

required to complete the entire Otto cycle in each cylinder of a conventional engine.

[0005] Also, for purposes of clarity, the following definition is offered for the term “split-cycle
engine” as may be applied to engines disclosed in the prior art and as referred to in the present

application.
[0006] A split-cycle engine generally comprises:
[0007] a crankshaft rotatable about a crankshaft axis;

[0008] a compression piston slidably received within a compression cylinder and operatively
connected to the crankshaft such that the compression piston reciprocates through an intake

stroke and a compression stroke during a single rotation of the crankshaft;
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[0009] an expansion (power) piston slidably received within an expansion cylinder and
operatively connected to the crankshaft such that the expansion piston reciprocates through an

expansion stroke and an exhaust stroke during a single rotation of the crankshaft; and

[0010] a crossover passage interconnecting the compression and expansion cylinders, the
crossover passage including at least a crossover expansion (XovrE) valve disposed therein, but
more preferably including a crossover compression (XovrC) valve and a crossover expansion

(XovrE) valve defining a pressure chamber therebetween.

[0011] A split-cycle air hybrid engine combines a split-cycle engine with an air reservoir (also
commonly referred to as an air tank) and various controls. This combination enables the engine
to store energy in the form of compressed air in the air reservoir. The compressed air in the air
reservoir is later used in the expansion cylinder to power the crankshaft. In general, a split-cycle

air hybrid engine as referred to herein comprises:
[0012] a crankshaft rotatable about a crankshaft axis;

[0013] a compression piston slidably received within a compression cylinder and operatively
connected to the crankshaft such that the compression piston reciprocates through an intake

stroke and a compression stroke during a single rotation of the crankshaft;

[0014] an expansion (power) piston slidably received within an expansion cylinder and
operatively connected to the crankshaft such that the expansion piston reciprocates through an

expansion stroke and an exhaust stroke during a single rotation of the crankshaft;

[0015] a crossover passage (port) interconnecting the compression and expansion cylinders, the
crossover passage including at least a crossover expansion (XovrE) valve disposed therein, but
more preferably including a crossover compression (XovrC) valve and a crossover expansion

(XovrE) valve defining a pressure chamber therebetween; and

[0016] an air reservoir operatively connected to the crossover passage and selectively operable
to store compressed air from the compression cylinder and to deliver compressed air to the

expansion cylinder.
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[0017] FIG. 1 illustrates one exemplary embodiment of a prior art split-cycle air hybrid engine.
The split-cycle engine 100 replaces two adjacent cylinders of a conventional engine with a
combination of one compression cylinder 102 and one expansion cylinder 104. The compression
cylinder 102 and the expansion cylinder 104 are formed in an engine block in which a crankshaft
106 is rotatably mounted. Upper ends of the cylinders 102, 104 are closed by a cylinder head
130. The crankshaft 106 includes axially displaced and angularly offset first and second crank
throws 126, 128, having a phase angle therebetween. The first crank throw 126 is pivotally
joined by a first connecting rod 138 to a compression piston 110, and the second crank throw 128
is pivotally joined by a second connecting rod 140 to an expansion piston 120 to reciprocate the
pistons 110, 120 in their respective cylinders 102, 104 in a timed relation determined by the
angular offset of the crank throws and the geometric relationships of the cylinders, crank, and
pistons. Alternative mechanisms for relating the motion and timing of the pistons can be utilized
if desired. The rotational direction of the crankshaft and the relative motions of the pistons near
their bottom dead center (BDC) positions are indicated by the arrows associated in the drawings

with their corresponding components.

[0018] The four strokes of the Otto cycle are thus “split” over the two cylinders 102 and 104
such that the compression cylinder 102 contains the intake and compression strokes and the
expansion cylinder 104 contains the expansion and exhaust strokes. The Otto cycle is therefore

completed in these two cylinders 102, 104 once per crankshaft 106 revolution (360 degrees CA).

[0019] During the intake stroke, intake air is drawn into the compression cylinder 102 through
an inwardly-opening (opening inward into the cylinder and toward the piston) poppet intake
valve 108. During the compression stroke, the compression piston 110 pressurizes the air charge
and drives the air charge through a crossover passage 112, which acts as the intake passage for

the expansion cylinder 104. The engine 100 can have one or more crossover passages 112.

[0020] The volumetric (or geometric) compression ratio of the compression cylinder 102 of the
split-cycle engine 100 (and for split-cycle engines in general) is herein referred to as the
“compression ratio” of the split-cycle engine. The volumetric (or geometric) compression ratio
of the expansion cylinder 104 of the engine 100 (and for split-cycle engines in general) is herein

referred to as the “expansion ratio” of the split-cycle engine. The volumetric compression ratio
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of a cylinder is well known in the art as the ratio of the enclosed (or trapped) volume in the
cylinder (including all recesses) when a piston reciprocating therein is at its BDC position to the
enclosed volume (i.e., clearance volume) in the cylinder when said piston is at its top dead center
(TDC) position. Specifically for split-cycle engines as defined herein, the compression ratio of a
compression cylinder is determined when the XovrC valve is closed. Also specifically for split-
cycle engines as defined herein, the expansion ratio of an expansion cylinder is determined when

the XovrE valve is closed.

[0021] Due to very high volumetric compression ratios (e.g., 20 to 1, 30 to 1, 40 to 1, or greater)
within the compression cylinder 102, an outwardly-opening (opening outwardly away from the
cylinder and piston) poppet crossover compression (XovrC) valve 114 at the inlet of the
crossover passage 112 is used to control flow from the compression cylinder 102 into the
crossover passage 112. Due to very high volumetric compression ratios (e.g., 20 to 1, 30 to 1, 40
to 1, or greater) within the expansion cylinder 104, an outwardly-opening poppet crossover
expansion (XovrE) valve 116 at the outlet of the crossover passage 112 controls flow from the
crossover passage 112 into the expansion cylinder 104. The actuation rates and phasing of the
XovrC and XovrE valves 114, 116 are timed to maintain pressure in the crossover passage 112 at
a high minimum pressure (typically 20 bar or higher at full load) during all four strokes of the
Otto cycle.

[0022] At least one fuel injector 118 injects fuel into the pressurized air at the exit end of the
crossover passage 112 in coordination with the XovrE valve 116 opening. Alternatively, or in
addition, fuel can be injected directly into the expansion cylinder 104. The fuel-air charge fully
enters the expansion cylinder 104 shortly after the expansion piston 120 reaches its TDC
position. As the piston 120 begins its descent from its TDC position, and while the XovrE valve
116 is still open, one or more spark plugs 122 are fired to initiate combustion (typically between
10 to 20 degrees CA after TDC of the expansion piston 120). Combustion can be initiated while
the expansion piston is between 1 and 30 degrees CA past its TDC position. More preferably,
combustion can be initiated while the expansion piston is between 5 and 25 degrees CA past its
TDC position. Most preferably, combustion can be initiated while the expansion piston is

between 10 and 20 degrees CA past its TDC position. Additionally, combustion can be initiated
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through other ignition devices and/or methods, such as with glow plugs, microwave ignition

devices, or through compression ignition methods.

[0023] The XovrE valve 116 is then closed before the resulting combustion event enters the
crossover passage 112. The combustion event drives the expansion piston 120 downward in a
power stroke. Exhaust gases are pumped out of the expansion cylinder 104 through an inwardly-

opening poppet exhaust valve 124 during the exhaust stroke.

[0024] With the split-cycle engine concept, the geometric engine parameters (i.e., bore, stroke,
connecting rod length, compression ratio, etc.) of the compression and expansion cylinders are
generally independent from one another. For example, the crank throws 126, 128 for the
compression cylinder 102 and expansion cylinder 104, respectively, have different radii and are
phased apart from one another with TDC of the expansion piston 120 occurring prior to TDC of
the compression piston 110. This independence enables the split-cycle engine to potentially

achieve higher efficiency levels and greater torques than typical four-stroke engines.

[0025] The geometric independence of engine parameters in the split-cycle engine 100 is also
one of the main reasons why pressure can be maintained in the crossover passage 112 as
discussed earlier. Specifically, the expansion piston 120 reaches its TDC position prior to the
compression piston 110 reaching its TDC position by a discrete phase angle (typically between
10 and 30 crank angle degrees). This phase angle, together with proper timing of the XovrC
valve 114 and the XovrE valve 116, enables the split-cycle engine 100 to maintain pressure in
the crossover passage 112 at a high minimum pressure (typically 20 bar absolute or higher
during full load operation) during all four strokes of its pressure/volume cycle. That is, the split-
cycle engine 100 is operable to time the XovrC valve 114 and the XovrE valve 116 such that the
XovrC and XovrE valves 114, 116 are both open for a substantial period of time (or period of
crankshaft rotation) during which the expansion piston 120 descends from its TDC position
towards its BDC position and the compression piston 110 simultaneously ascends from its BDC
position towards its TDC position. During the period of time (or crankshaft rotation) that the
crossover valves 114, 116 are both open, a substantially equal mass of gas is transferred (1) from
the compression cylinder 102 into the crossover passage 112 and (2) from the crossover passage

112 to the expansion cylinder 104. Accordingly, during this period, the pressure in the crossover
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passage is prevented from dropping below a predetermined minimum pressure (typically 20, 30,
or 40 bar absolute during full load operation). Moreover, during a substantial portion of the
intake and exhaust strokes (typically 90% of the entire intake and exhaust strokes or greater), the
XovrC valve 114 and XovrE valve 116 are both closed to maintain the mass of trapped gas in the
crossover passage 112 at a substantially constant level. As a result, the pressure in the crossover
passage 112 is maintained at a predetermined minimum pressure during all four strokes of the

engine’s pressure/volume cycle.

[0026] For purposes herein, the method of opening the XovrC 114 and XovrE 116 valves while
the expansion piston 120 is descending from TDC and the compression piston 110 is ascending
toward TDC in order to simultaneously transfer a substantially equal mass of gas into and out of
the crossover passage 112 is referred to as the “push-pull” method of gas transfer. It is the push-
pull method that enables the pressure in the crossover passage 112 of the engine 100 to be
maintained at typically 20 bar or higher during all four strokes of the engine’s cycle when the

engine is operating at full load.

[0027] The crossover valves 114, 116 are actuated by a valve train that includes one or more
cams (not shown). In general, a cam-driven mechanism includes a camshaft mechanically linked
to the crankshaft. One or more cams are mounted to the camshaft, each having a contoured
surface that controls the valve lift profile of the valve event (i.e., the event that occurs during a
valve actuation). The XovrC valve 114 and the XovrE valve 116 each can have its own
respective cam and/or its own respective camshaft. As the XovrC and XovrE cams rotate,
eccentric portions thereof impart motion to a rocker arm, which in turn imparts motion to the
valve, thereby lifting (opening) the valve off of its valve seat. As the cam continues to rotate, the

eccentric portion passes the rocker arm and the valve is allowed to close.

[0028] The split-cycle air hybrid engine 100 also includes an air reservoir (tank) 142, which is
operatively connected to the crossover passage 112 by an air reservoir tank valve 152.
Embodiments with two or more crossover passages 112 may include a tank valve 152 for each
crossover passage 112 which connect to a common air reservoir 142, may include a single valve
which connects all crossover passages 112 to a common air reservoir 142, or each crossover

passage 112 may operatively connect to separate air reservoirs 142.
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[0029] The tank valve 152 is typically disposed in an air tank port 154, which extends from the
crossover passage 112 to the air tank 142. The air tank port 154 is divided into a first air tank
port section 156 and a second air tank port section 158. The first air tank port section 156
connects the air tank valve 152 to the crossover passage 112, and the second air tank port section
158 connects the air tank valve 152 to the air tank 142. The volume of the first air tank port
section 156 includes the volume of all additional recesses which connect the tank valve 152 to
the crossover passage 112 when the tank valve 152 is closed. Preferably, the volume of the first
air tank port section 156 is small relative to the second air tank port section 158. More
preferably, the first air tank port section 156 is substantially non-existent, that is, the tank valve
152 is most preferably disposed such that it is flush against the outer wall of the crossover

passage 112.

[0030] The tank valve 152 may be any suitable valve device or system. For example, the tank
valve 152 may be an active valve which is activated by various valve actuation devices (e.g.,
pneumatic, hydraulic, cam, electric, or the like). Additionally, the tank valve 152 may comprise

a tank valve system with two or more valves actuated with two or more actuation devices.

[0031] The air tank 142 is utilized to store energy in the form of compressed air and to later use
that compressed air to power the crankshaft 106. This mechanical means for storing potential
energy provides numerous potential advantages over the current state of the art. For instance, the
split-cycle air hybrid engine 100 can potentially provide many advantages in fuel efficiency
gains and NOx emissions reduction at relatively low manufacturing and waste disposal costs in

relation to other technologies on the market, such as diesel engines and electric-hybrid systems.

[0032] The engine 100 typically runs in a normal operating or firing (NF) mode (also commonly
called the engine firing (EF) mode) and one or more of four basic air hybrid modes. In the EF
mode, the engine 100 functions normally as previously described in detail herein, operating
without the use of the air tank 142. In the EF mode, the air tank valve 152 remains closed to
isolate the air tank 142 from the basic split-cycle engine. In the four air hybrid modes, the

engine 100 operates with the use of the air tank 142.

[0033] The four basic air hybrid modes include:
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[0034] 1) Air Expander (AE) mode, which includes using compressed air energy from the air

tank 142 without combustion;

[0035] 2) Air Compressor (AC) mode, which includes storing compressed air energy into the air

tank 142 without combustion;

[0036] 3) Air Expander and Firing (AEF) mode, which includes using compressed air energy

from the air tank 142 with combustion; and

[0037] 4) Firing and Charging (FC) mode, which includes storing compressed air energy into

the air tank 142 with combustion.

[0038] Further details on split-cycle engines can be found in U.S. Patent No. 6,543,225 entitled
Split Four Stroke Cycle Internal Combustion Engine and issued on April 8, 2003; and U.S.
Patent No. 6,952,923 entitled Split-Cycle Four-Stroke Engine and issued on October 11, 2005,

each of which is incorporated by reference herein in its entirety.

[0039] Further details on air hybrid engines are disclosed in U.S. Patent No. 7,353,786 entitled
Split-Cycle Air Hybrid Engine and issued on April 8, 2008; U.S. Patent Application No.
61/365,343 entitled Split-Cycle Air Hybrid Engine and filed on July 18, 2010; and U.S. Patent
Application No. 61/313,831 entitled Split-Cycle Air Hybrid Engine and filed on March 15, 2010,

each of which is incorporated by reference herein in its entirety.
[0040] POWER SYSTEMS

[0041] A number of systems have been proposed or developed to generate power from
renewable sources such as solar and wind energy. In general, the demand for output power from
such systems almost never matches the supply of input energy. Invariably, there will be periods
of low sunlight, low wind, or high demand during which the output power is insufficient to
supply the attached load, or periods of high sunlight, high wind, or low demand during which the

system generates more output power than required by the attached load.

[0042] Compressed air energy storage (CAES) systems have been proposed in an attempt to
address this issue by storing excess energy as compressed air during periods of low demand /

high supply and then supplying the stored energy during periods of high demand / low supply.
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In an exemplary CAES system, electric power generated during low demand periods is used to
turn an electric motor coupled to a compressor turbine. Air that is compressed by the
compressor turbine is stored in large underground caves which are sealed to facilitate storage of
the compressed air. Later, during high demand periods, compressed air stored in the caves is fed

into gas-fired turbines which are coupled to generators for producing electric power.

[0043] While these systems show some promise, they suffer from certain disadvantages. For
example, these systems require a very specific geology (i.e., a sealable cave with a very large
volume capable of holding air stored at very high pressures — more than 70 bar in some
instances). As a result, these systems are typically built in remote mountainous regions, and
require significant infrastructure to transport generated energy to the ultimate load. This

introduces a number of transmission losses that reduce the overall efficiency of the system.

[0044] In addition, these systems must generally be massive in scale. This is in part because the
enormous cost of building such systems makes them economically impractical for small scale
applications. Also, as the size of the turbines becomes smaller, the gap between the fan blades
and the shroud where the majority of turbine efficiency losses are introduced becomes
proportionally larger. Thus, very large turbines are required to maintain the requisite efficiency.
In view of the foregoing, there is a need for CAES systems having improved efficiency and that

are scalable to smaller applications.
SUMMARY

[0045] Compressed air energy storage (CAES) systems are disclosed herein which are more
conducive to small scale application and which can operate with greater efficiency than existing

systems.

[0046] In some embodiments, systems are provided in which electric power generated from a
renewable energy source such as a solar or wind power system during low demand periods is
used to drive an electric motor which turns an air hybrid split-cycle engine. The split-cycle
engine operates in AC mode during this time to compress air into a storage tank. Later, during
high demand periods, compressed air stored in the tank and added fuel are fed to the split-cycle

engine, which operates in AEF mode. The work generated by the split-cycle engine turns a
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generator to produce electric power. When the supply of compressed air stored in the storage
tank is depleted, the split-cycle engine can operate in an NF mode to serve as a backup generator,
or in an FC mode to serve as a backup generator while simultaneously recharging the air storage

tank.

[0047] For a given output power, these systems can require less than half the space of existing
CAES systems and can operate with greater efficiency and at lower pressures (e.g., about 30 bar
storage pressure as opposed to more than 70 bar storage pressure). This allows for small
footprint designs that can be placed proximate to the ultimate load and that can be economically

built on a small scale.

[0048] In one aspect of at least one embodiment of the invention, a compressed air energy
storage system is provided that includes a split-cycle engine, an electric motor/generator
operatively coupled to a crankshaft of the split-cycle engine, and an air storage tank in fluid
communication with a crossover passage of the split-cycle engine. The system is operable in at
least an energy storage mode in which energy supplied from a power grid drives the electric
motor/generator to turn the split-cycle engine to store compressed air in the air storage tank. The
system is also operable in at least an energy conversion mode in which compressed air stored in
the air storage tank is supplied with fuel to the split-cycle engine and combusted to drive the

electric motor/generator and supply electric power to the power grid.

[0049] Related aspects of at least one embodiment of the invention provide a system, e.g., as
described above, in which the split-cycle engine operates in AC mode during the energy storage

mode of system operation.

[0050] Related aspects of at least one embodiment of the invention provide a system, e.g., as
described above, in which the split-cycle engine operates in AEF mode during the energy

conversion mode of system operation.

[0051] Related aspects of at least one embodiment of the invention provide a system, e.g., as

described above, in which the fuel comprises at least one of natural gas and bio-gas.

[0052] Related aspects of at least one embodiment of the invention provide a system, e.g., as

described above, in which the system is also operable in a backup energy generation mode in

10
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which the split-cycle engine operates in an NF mode to drive the electric motor/generator to

supply electric power to the power grid.

[0053] Related aspects of at least one embodiment of the invention provide a system, e.g., as
described above, in which the system is also operable in a backup energy generation and
recharge mode in which the split-cycle engine operates in an FC mode to drive the electric
motor/generator to supply electric power to the power grid and to simultaneously store

compressed air in the air storage tank.

[0054] Related aspects of at least one embodiment of the invention provide a system, e.g., as
described above, in which the system operates in the energy storage mode when energy supplied

from the power grid exceeds energy demand.

[0055] Related aspects of at least one embodiment of the invention provide a system, e.g., as
described above, in which the system operates in the energy conversion mode when energy
supplied from the power grid does not exceed energy demand and there is compressed air stored

in the air storage tank.

[0056] Related aspects of at least one embodiment of the invention provide a system, e.g., as
described above, in which the system operates in the backup energy generation mode when
energy supplied from the power grid does not exceed energy demand and there is no compressed

air stored in the air storage tank.

[0057] Related aspects of at least one embodiment of the invention provide a system, e.g., as
described above, in which the power grid includes a renewable energy source, such as at least
one of a wind power system, a solar power system, a hydroelectric power system, and a

geothermal power system.

[0058] In another aspect of at least one embodiment of the invention, a method of operating a
compressed air energy storage system is provided. The method includes, in an energy storage
mode, driving an electric motor/generator with energy from a power grid to turn a split-cycle
engine to store compressed air in an air storage tank. The method also includes, in an energy

conversion mode, combusting a mixture of fuel and compressed air supplied from the air storage

11
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tank in the split-cycle engine to drive the electric motor/generator and supply electric power to

the power grid.

[0059] Related aspects of at least one embodiment of the invention provide a method, e.g., as
described above, that includes operating the split-cycle engine in AC mode during the energy

storage mode of system operation.

[0060] Related aspects of at least one embodiment of the invention provide a method, e.g., as
described above, that includes operating the split-cycle engine in AEF mode during the energy

conversion mode of system operation.

[0061] Related aspects of at least one embodiment of the invention provide a method, e.g., as

described above, in which the fuel comprises at least one of natural gas and bio-gas.

[0062] Related aspects of at least one embodiment of the invention provide a method, e.g., as
described above, that includes, in a backup energy generation mode, operating the split-cycle
engine in an NF mode to drive the electric motor/generator to supply electric power to the power

grid.

[0063] Related aspects of at least one embodiment of the invention provide a method, e.g., as
described above, that includes, in a backup energy generation and recharge mode, operating the
split-cycle engine in an FC mode to drive the electric motor/generator to supply electric power to

the power grid and to simultaneously store compressed air in the air storage tank.

[0064] Related aspects of at least one embodiment of the invention provide a method, e.g., as
described above, in which the energy storage mode is used when energy supplied from the power

grid exceeds energy demand.

[0065] Related aspects of at least one embodiment of the invention provide a method, e.g., as
described above, in which the energy conversion mode is used when energy supplied from the
power grid does not exceed energy demand and there is compressed air stored in the air storage

tank.

[0066] Related aspects of at least one embodiment of the invention provide a method, e.g., as

described above, in which the backup energy generation mode is used when energy supplied

12
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from the power grid does not exceed energy demand and there is no compressed air stored in the

air storage tank.

[0067] Related aspects of at least one embodiment of the invention provide a method, e.g., as
described above, in which the power grid includes a renewable energy source, such as at least
one of a wind power system, a solar power system, a hydroelectric power system, and a

geothermal power system.

[0068] In another aspect of at least one embodiment of the invention, a cylinder deactivation
system is provided that includes a first crankshaft having a first crank throw coupled to a
compression piston of a split-cycle engine, and a second crankshaft having a second crank throw
coupled to an expansion piston of the split-cycle engine. The system also includes a first clutch
configured to selectively couple the first crankshaft to a first pulley shaft having a first pulley
mounted thereon, and a second clutch configured to selectively couple the second crankshaft to a
second pulley shaft having a second pulley mounted thereon. The system also includes an output
shaft having an output pulley mounted thereon, and a linkage configured to transmit rotation

between each of the first pulley, the second pulley, and the output pulley.

[0069] Related aspects of at least one embodiment of the invention provide a system, e.g., as
described above, in which actuating the first clutch decouples the first crankshaft from the first
pulley shaft such that the compression piston remains stationary while the expansion piston

reciprocates to drive the output shaft.

[0070] Related aspects of at least one embodiment of the invention provide a system, e.g., as
described above, in which actuating the second clutch decouples the second crankshaft from the
second pulley shaft such that the expansion piston remains stationary while the compression

piston reciprocates as the output shaft is externally driven.

[0071] Related aspects of at least one embodiment of the invention provide a system, e.g., as

described above, in which the linkage comprises at least one of a belt and a chain.

[0072] In another aspect of at least one embodiment of the invention, an air expander is
provided that includes a cylinder, a piston reciprocally disposed in the cylinder and coupled to a

crankshaft, an intake valve configured to control fluid communication between the cylinder and
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an air storage tank, and an exhaust valve configured to control fluid communication between the
cylinder and an exhaust passage. The air expander is operable in an AEF mode that includes a
first stroke in which compressed air stored in the air storage tank and added fuel are supplied to
the cylinder and combusted to drive the piston down and rotate the crankshaft. The AEF mode
also includes a second stroke in which exhaust products are forced through the open exhaust

valve by the piston as it rises in the cylinder.
[0073] The present invention further provides devices, systems, and methods as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0074] The invention will be more fully understood from the following detailed description

taken in conjunction with the accompanying drawings, in which:
[0075] FIG. 1 is a schematic cross-sectional view of a prior art air hybrid split-cycle engine;

[0076] FIG. 2 is a schematic diagram of a CAES system according to at least one embodiment

of the present invention;

[0077] FIG. 3 is a schematic diagram of the CAES system of FIG. 2 operating in an energy

storage mode;

[0078] FIG. 4 is a schematic diagram of the CAES system of FIG. 2 operating in an energy

conversion mode;

[0079] FIG. 5 is a schematic diagram of the CAES system of FIG. 2 operating in a backup

energy generation mode;

[0080] FIG. 6 is a schematic diagram of the CAES system of FIG. 2 operating in a backup

energy generation and recharge mode;

[0081] FIG. 7 depicts simulation data for one embodiment of a CAES system in which a split-

cycle engine operating in AE mode is used for energy conversion;

[0082] FIG. 8 depicts simulation data for the CAES system of FIG. 7 in which a split-cycle

engine operating in AC mode is used for energy storage;
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[0083] FIG. 9 depicts simulation data for one embodiment of a CAES system in which a split-

cycle engine operating in AEF mode is used for energy conversion;

[0084] FIG. 10 depicts simulation data for the CAES system of FIG. 9 in which a split-cycle

engine operating in AC mode is used for energy storage;

[0085] FIG. 11 is a schematic diagram of an exemplary cylinder deactivation system for use

with a split-cycle engine; and
[0086] FIG. 12 is a schematic diagram of an exemplary air expander for use in a CAES system.
DETAILED DESCRIPTION

[0087] Certain exemplary embodiments will now be described to provide an overall
understanding of the principles of the structure, function, manufacture, and use of the methods,
systems, and devices disclosed herein. One or more examples of these embodiments are
illustrated in the accompanying drawings. Those skilled in the art will understand that the
methods, systems, and devices specifically described herein and illustrated in the accompanying
drawings are non-limiting exemplary embodiments and that the scope of the present invention is
defined solely by the claims. The features illustrated or described in connection with one
exemplary embodiment may be combined with the features of other embodiments. Such
modifications and variations are intended to be included within the scope of the present

invention.

[0088] Although certain methods and devices are disclosed herein in the context of a split-cycle
engine and/or an air hybrid engine, a person having ordinary skill in the art will appreciate that
the methods and devices disclosed herein can be used in any of a variety of contexts, including,
without limitation, non-hybrid engines, two-stroke and four-stroke engines, conventional

engines, natural gas engines, diesel engines, etc.
[0089] SYSTEM

[0090] FIGS. 2-6 illustrate one exemplary embodiment of a compressed air energy storage
(CAES) system 200. As shown in FIG. 2, the system 200 uses a split-cycle engine 202 to control

and facilitate energy flow between an air storage tank 204 and a power grid 206. Together, the
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split-cycle engine 202 and the air storage tank 204 can be considered an air hybrid split-cycle
engine. While one split-cycle engine 202 and one air storage tank 204 are shown, this is merely
for the sake of brevity, and it will be appreciated that the system can include any number of split-

cycle engines or air storage tanks.

[0091] As shown in FIG. 3, the system 200 can operate in an energy storage mode when energy
output from a power source 206 (e.g., a renewable energy power system, a solar power system, a
wind power system, a geothermal power system, a hydroelectric power system, etc.) exceeds the
demand for such energy. In the energy storage mode, excess electric energy generated by the
power source 206 drives an electric motor 208 having an output shaft coupled to the crankshaft
of the split-cycle engine 202. During this time, the split-cycle engine 202 is controlled to operate
in AC mode to compress air into the air storage tank 204. In some embodiments, the split-cycle
engine 202 can have a high geometric compression ratio in the compression cylinder (e.g., about
95:1) which can enable very efficient air compression. In an exemplary embodiment, the air

storage tank 204 can be filled to a pressure of between about 30 bar and about 50 bar.

[0092] As shown in FIG. 4, the system 200 can operate in an energy conversion mode when
energy output from the power source 206 is less than the demand for such energy and the air
storage tank 204 is not empty. In the energy conversion mode, compressed air stored in the air
storage tank 204 is fed to the split-cycle engine 202 along with a combustible fuel such as natural
gas 210 or bio-gas 212. The term bio-gas generally refers to a gas produced by the biological
breakdown of organic matter in the absence of oxygen. Organic waste such as dead plant and
animal material, animal feces, and kitchen waste can be converted into a gaseous fuel called bio-
gas. During this time, the split-cycle engine 202 is controlled to operate in AEF mode. As
compressed air supplied from the air storage tank 204 and the combustible fuel are ignited, the
split-cycle engine 202 drives a generator 214 having an input shaft coupled to the crankshaft of
the split-cycle engine 202. The generator 214 in turn produces electric power that is fed into the
power grid 206. As shown, the output electric power can also be used to power a plant for

generating or processing bio-gas 212.

[0093] In some embodiments, the split-cycle engine 202 can have a high geometric compression

ratio in the expansion cylinder (e.g., about 50:1) and can achieve very high efficiencies (e.g.,
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60% or more). In the split-cycle engine 202, combustion can occur after the expansion piston
reaches top dead center, which can advantageously avoid recompression of pressurized air as it
enters the expansion cylinder in AEF mode. It is structurally impossible to efficiently obtain this
advantage in a conventional engine. Also, combustion of fuel and air in a split-cycle engine
operating in AEF mode utilizes approximately 5 times less air than is required in a system which
uses only air expansion for conversion to electric power. Therefore, in the system 200, the air
storage tank 204 can have a smaller volume and lower maximum pressure per unit of stored
energy as compared to a system that relies only on air expansion. Nonetheless, in some
embodiments, the split-cycle engine 202 can operate in AE mode instead of AEF mode during

the energy generation phase of system operation.

[0094] As shown in FIG. 5, the system 200 can operate in a backup energy generation mode
when the supply of compressed air in the air storage tank 204 is depleted, such that the system
200 can continue supplying the required electric power output. In the backup energy generation
mode, the split-cycle engine 202 is controlled to operate in NF mode, using air supplied from the
atmosphere and a combustible fuel (e.g., natural gas 210 or bio-gas 212). As the fuel is ignited,
the split-cycle engine 202 drives the generator 214 to provide electric power to the power grid
206. Thus, the system 200 can continue to supply energy to the power grid 206 regardless of
whether any compressed air remains in the air storage tank 204. Advantageously, the NF mode
of operation of a split-cycle engine provides diesel-like thermal efficiency (e.g., greater than
about 44%) and diesel-like specific torque (e.g., greater than about 30 bar) using a cleaner, lower

emissions fuel such as natural gas.

[0095] In some embodiments, the split-cycle engine 202 produces twice as much output power
in NF mode as it does in AEF mode for a given load. Accordingly, when the split-cycle engine
202 is sized to meet a desired output when operating at full load in AEF mode, the same desired
output can be met while operating at only about 50% load in NF mode. This can introduce
efficiency concerns during backup generation phases of operation, as the engine is generally

more efficient when operating at full load than when operating at part load.

[0096] One way to address such concerns is to operate the system 200 in a backup energy

generation and recharge mode, as shown in FIG. 6. In the backup energy generation and
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recharge mode, the split-cycle engine 202 is controlled to operate in FC mode using air supplied
from the atmosphere and a combustible fuel such as natural gas or bio-gas. This is in contrast to
the NF mode used in the backup energy generation mode of FIG. 5. In the FC mode, air that is
compressed by the compression side of the engine 202 is stored in the air storage tank 204,
thereby recharging the supply of compressed air. At the same time, the output of the engine 202
drives the generator 214 to supply electric power to the power grid 206. Using the operating
mode of FIG. 6, the split-cycle engine 202 can be operated at full load during the backup energy
generation phase of operation, with any energy exceeding the demand load being used instead to
compress air into the air storage tank 204 for subsequent use. In other words, when the split-
cycle engine 202 is operating as a backup generator, it can still run at full load, using a portion of
the output energy to satisfy the power demand of the attached load and using the remaining
portion of the output energy to recharge the air storage tank 204. The engine 202 can thus run at
full load and high efficiency, even when the power demand of the attached load is less than the
maximum output of the engine 202. In some embodiments, the system 200 can continuously
alternate between the energy conversion mode of FIG. 4 and the backup energy generation and

recharge mode of FIG. 6 to repeatedly drain and fill the air storage tank 204.

[0097] In some embodiments, the electric motor 208 used in the energy storage mode and the
generator 214 used in the energy conversion, backup energy generation, and backup energy
generation and recharge modes are the same physical component. In other embodiments, the

motor 208 and generator 214 are separate physical components of the system 200.

[0098] In some embodiments, a plurality of split-cycle engines 202 can be provided, each
performing a particular function within the system. In other embodiments, a single split-cycle
engine 202 can be provided that performs all of the operating modes of the system 200. This can
advantageously permit three functions to be consolidated into a single machine (the split-cycle
engine 202). In particular, the compressor function required in the energy storage mode, the
expander function required in the energy conversion mode, and the generation function required
in the backup energy generation modes can all be performed by the same split-cycle engine 202.
In contrast to traditional CAES systems which require separate sets of turbines for the storage
and conversion functions, as well as separate generators for the backup function, the system 200

of FIGS. 2-6 can permit each of these functions to be implemented in a single, small, and
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inexpensive package. In an exemplary embodiment, a system capable of producing one
megawatt of electric power per hour can be packaged in a footprint that is less than about 10
meters by 5 meters by 5 meters. A traditional CAES system with the same output capacity can

require a much larger footprint.

[0099] SIMULATION

[00100] FIGS. 7-10 illustrate simulation data from a rough order of magnitude estimation of the
various design parameters for a split-cycle-engine-based CAES system. Using engine maps for a
gasoline SCUDERI AIR HYBRID SPLIT-CYCLE ENGINE, engine displacement was scaled to
achieve a 1 megawatt per hour installed power when operating at full load in AEF mode. The
resulting displacement of 70 liters for a two-cylinder engine is a conservative estimate, as it
assumes a brake mean effective pressure (BMEP) of only about 22 bar (a similar natural gas
engine can achieve a BMEP of about 32 bar) and does not take into account efficiency gains that
result from a larger cylinder bore. Accordingly, using a natural gas engine, the displacement can
be smaller, e.g., about 50 liters. In the simulation, it was assumed that the electric
motor/generator has a 94% efficiency and that the engine speed is 2000 rpm. In some
embodiments, the engine speed can be higher or lower, e.g., about 1000 rpm. It was also
assumed that the full load BMEPs for the split-cycle engine are 22.2 bar (for NF mode), 9.1 bar
(for AE mode), 12.2 bar (for AEF mode), and -5.3 bar (for AC mode).

[00101] The air storage tank size required to produce 1 megawatt per hour installed power was
then determined for a scenario in which the split-cycle engine operates in AE mode during the
energy conversion phase and a scenario in which the split-cycle engine operates in AEF mode

during the energy conversion phase.

[00102] As shown in FIG. 7, a system in which AE mode only is used for energy conversion
requires an air storage tank having a volume of about 1800 cubic meters. Assuming a tank
diameter of 2.25 meters, this would require forty-five tanks, each 10 meters long. As shown in
FIG. 8, this same system would require 13 hours and 40 minutes to recharge the air supply tank

using AC mode.
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[00103] As shown in FIG. 9, a system in which AEF mode is used for energy conversion is
more practical, requiring an air storage tank having a volume of only about 131.4 cubic meters.
Assuming a tank diameter of 2.25 meters, this would require only four tanks, each 10 meters
long. As shown in FIG. 10, this same system would require only 48 minutes to recharge the air

supply tank using AC mode.

[00104] The simulation results demonstrate that a 1 megawatt-hour CAES system according to
one embodiment of the present invention can be constructed with a footprint that is small

compared to that required for traditional CAES systems.
[00105] CYLINDER DEACTIVATION

[00106] The split-cycle engines used in the CAES systems described above can operate in
several air hybrid modes in which one or more cylinders are deactivated or offloaded. For
example, the expansion cylinder is typically offloaded while operating in AC mode, and the
compression cylinder is typically offloaded while operating in AE and AEF modes. In some
embodiments, the compression cylinder can be offloaded by holding the intake valve open or
closed throughout the engine cycle. Likewise, the expansion cylinder can be offloaded by
holding the exhaust valve open or closed throughout the engine cycle. While these techniques
can be effective in offloading the cylinder, some efficiency is still lost in the offloaded cylinder

due to the frictional forces acting between the piston and the surrounding cylinder wall.

[00107] FIG. 11 illustrates one exemplary embodiment of a cylinder deactivation system 300 for
use with a split-cycle engine which allows one or more pistons to be selectively decoupled from
the rotating assembly of the engine, thereby offloading the cylinder while at the same time
eliminating the frictional drag and efficiency losses that would otherwise result. In some
embodiments, split-cycle engines used in a CAES system are stationary and not subject to the
same usability considerations as, for example, an automotive split-cycle engine. Accordingly, it
can be acceptable to bring the engine to a complete stop for decoupling one or more pistons. It
will also be appreciated though that the pistons can be decoupled while the engine continues to

rotate (i.e., without stopping the engine).
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[00108] As shown in FIG. 11, the cylinder deactivation system 300 includes a first crankshaft
302 having a crank throw 304 to which a compression piston (not shown) is coupled. The first
crankshaft 302 is selectively coupled to a first pulley shaft 306 via a clutch 308. The first pulley
shaft 306 includes a first pulley 310.

[00109] The system 300 also includes a second crankshaft 312 having a crank throw 314 to
which an expansion piston (not shown) is coupled. The second crankshaft 312 is selectively
coupled to a second pulley shaft 316 via a clutch 318. The second pulley shaft 316 includes a
second pulley 320.

[00110] The system 300 also includes an output shaft 322 having an output shaft pulley 324
attached at one end. The other end of the output shaft 322 can be coupled to other components in
a CAES system, such as the output shaft of an electric motor 208 or the input shaft of a generator
214. The first pulley 310, second pulley 320, and output shaft pulley 324 are linked by a linkage
326 (e.g., a belt or a chain) such that rotation of any one of said pulleys causes rotation of the
other pulleys. Each of the pulleys 310, 320, 324 can have the same diameter, or they can have

varying diameters to scale the degree to which rotation of one pulley is translated to the others.

[00111] During AE or AEF modes of operation, for example, the clutch 308 can be actuated to
decouple the first crankshaft 302 and the compression piston from the rest of the engine’s
rotating assembly. This allows the compression piston and first crankshaft 302 to remain
stationary, avoiding efficiency losses introduced by friction between the compression piston and
the compression cylinder. Meanwhile, the second crankshaft 312 and the expansion piston

remain coupled to the output shaft 322 of the engine.

[00112] During AC modes of operation, for example, the clutch 318 can be actuated to decouple
the second crankshaft 312 and the expansion piston from the rest of the engine’s rotating
assembly. This allows the expansion piston and second crankshaft 312 to remain stationary,
avoiding efficiency losses introduced by friction between the expansion piston and the expansion
cylinder. Meanwhile, the first crankshaft 302 and the compression piston remain coupled to the

output shaft 322 of the engine.
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[00113] It will thus be appreciated that the cylinder deactivation system 300 of FIG. 11 allows

for more efficient cylinder offloading in split-cycle engines used with CAES systems.
[00114] AIR EXPANDER

[00115] FIG. 12 illustrates an exemplary embodiment of a dedicated air expander 400 that can
be used in the energy conversion mode described above with respect to FIG. 4. One of the
primary efficiency gains provided by the systems described above is the ability to convert energy
stored as compressed air into electricity using an AEF mode of operation. The expander 400 of
FIG. 12 allows for this AEF mode of operation without the efficiency drain posed by an
offloaded compression cylinder or the additional complexity posed by a cylinder deactivation

system.

[00116] As shown, the expander 400 includes an expansion cylinder 402 having an expansion
piston 404 reciprocally disposed therein. A connecting rod 406 couples the expansion piston 404
to a crankshaft 408 that rotates about a crankshaft axis 410. The top of the expansion cylinder
402 is closed by a cylinder head 412 having an intake valve 414 and an exhaust valve 416
disposed therein, along with a fuel injector 418 and a spark plug 420. The intake valve 414
controls fluid communication between an air storage tank 422 and the expansion cylinder 402,
and the exhaust valve 416 controls fluid communication between the expansion cylinder 402 and

an exhaust passage 424.

[00117] In operation, compressed air stored in the air storage tank 422 is supplied to the
expansion cylinder 402 through the intake valve 414 as the expansion piston reaches top dead
center. The fuel injector 418 is then actuated to add fuel to the compressed air charge in the
expansion cylinder 402, and the spark plug 420 is fired just after the expansion piston 404
reaches top dead center to ignite the air-fuel mixture. The resulting combustion drives the
expansion piston 404 down in a power stroke, rotating the crankshaft 408 about the crankshaft
axis 410. After the expansion piston 404 reaches bottom dead center and begins ascending
within the cylinder 402, the exhaust valve 416 is opened to allow combustion products to be
evacuated from the cylinder 402 by the rising expansion piston 404 in an exhaust stroke. The

exhaust valve 416 is closed shortly before the piston 404 reaches top dead center, and before the
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intake valve 404 is opened in the next cycle. This cycle of a power (or “expansion”) stroke and

an exhaust stroke then repeats.

[00118] The air expander 400 of FIG. 12 thus provides a system capable of AEF mode operation
and having minimal complexity and efficiency losses. It will be appreciated that the structure
and function of the air expander described above is merely exemplary and that a number of
variations are possible and within the scope of the present invention. For example, any of the
variations described with respect to split-cycle engines in the background section of this
application and in the disclosures incorporated by reference herein can be applied to the air

expander 400.

[00119] While the illustrated air expander 400 has application in CAES systems such as those
disclosed above, it can also be used in any of a variety of other contexts. For example, the air
expander 400 can be used with a tank of compressed air to power lawn mowers, golf carts,
landscaping trimmers, snow throwers, or any of a variety of other machines that can be powered
by an internal combustion engine. In such applications, the tank of compressed air can be

recharged between uses of the machine, for example via a standalone air compressor.

[00120] Although the invention has been described by reference to specific embodiments, it
should be understood that numerous changes may be made within the spirit and scope of the
inventive concepts described. Accordingly, it is intended that the invention not be limited to the
described embodiments, but that it have the full scope defined by the language of the following

claims.

What is claimed is:
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CLAIMS:

1. A compressed air energy storage system, comprising:
a split-cycle engine;
an electric motor/generator operatively coupled to a crankshaft of the split-cycle engine;
and
an air storage tank in fluid communication with a crossover passage of the split-cycle
engine;
wherein the system is operable in at least:
an energy storage mode in which energy supplied from a power grid drives the
electric motor/generator to turn the split-cycle engine to store compressed air in the air storage
tank; and
an energy conversion mode in which compressed air stored in the air storage tank
is supplied with fuel to the split-cycle engine and combusted to drive the electric motor/generator

and supply electric power to the power grid.

2. The system of claim 1, wherein the split-cycle engine operates in AC mode during the

energy storage mode of system operation.

3. The system of claim 1, wherein the split-cycle engine operates in AEF mode during the

energy conversion mode of system operation.

4. The system of claim 1, wherein the fuel comprises at least one of natural gas and bio-gas.
5. The system of claim 1, wherein the system is also operable in a backup energy generation
mode in which the split-cycle engine operates in an NF mode to drive the electric

motor/generator to supply electric power to the power grid.

6. The system of claim 1, wherein the system is also operable in a backup energy generation

and recharge mode in which the split-cycle engine operates in an FC mode to drive the electric
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motor/generator to supply electric power to the power grid and to simultaneously store

compressed air in the air storage tank.

7. The system of claim 1, wherein the system operates in the energy storage mode when

energy supplied from the power grid exceeds energy demand.

8. The system of claim 1, wherein the system operates in the energy conversion mode when
energy supplied from the power grid does not exceed energy demand and there is compressed air

stored in the air storage tank.

9. The system of claim 5, wherein the system operates in the backup energy generation
mode when energy supplied from the power grid does not exceed energy demand and there is no

compressed air stored in the air storage tank.

10. The system of claim 1, wherein the power grid includes a renewable energy source.

11. The system of claim 10, wherein the renewable energy source comprises at least one of a
wind power system, a solar power system, a hydroelectric power system, and a geothermal

power system.

12. A method of operating a compressed air energy storage system, comprising:

in an energy storage mode, driving an electric motor/generator with energy from a power
grid to turn a split-cycle engine to store compressed air in an air storage tank; and

in an energy conversion mode, combusting a mixture of fuel and compressed air supplied
from the air storage tank in the split-cycle engine to drive the electric motor/generator and supply

electric power to the power grid.

13. The method of claim 12, further comprising operating the split-cycle engine in AC mode

during the energy storage mode of system operation.
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14. The method of claim 12, further comprising operating the split-cycle engine in AEF

mode during the energy conversion mode of system operation.

15. The method of claim 12, wherein the fuel comprises at least one of natural gas and bio-
gas.
16. The method of claim 12, further comprising, in a backup energy generation mode,

operating the split-cycle engine in an NF mode to drive the electric motor/generator to supply

electric power to the power grid.

17. The method of claim 12, further comprising, in a backup energy generation and recharge
mode, operating the split-cycle engine in an FC mode to drive the electric motor/generator to
supply electric power to the power grid and to simultaneously store compressed air in the air

storage tank.

18. The method of claim 12, wherein the energy storage mode is used when energy supplied

from the power grid exceeds energy demand.

19. The method of claim 12, wherein the energy conversion mode is used when energy
supplied from the power grid does not exceed energy demand and there is compressed air stored

in the air storage tank.

20. The system of claim 16, wherein the backup energy generation mode is used when
energy supplied from the power grid does not exceed energy demand and there is no compressed
air stored in the air storage tank.

21. The method of claim 12, wherein the power grid includes a renewable energy source.

22. The method of claim 21, wherein the renewable energy source comprises at least one of a

wind power system, a solar power system, a hydroelectric power system, and a geothermal

power system.
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23. A cylinder deactivation system, comprising:

a first crankshaft having a first crank throw coupled to a compression piston of a split-
cycle engine;

a second crankshaft having a second crank throw coupled to an expansion piston of the
split-cycle engine;

a first clutch configured to selectively couple the first crankshaft to a first pulley shaft
having a first pulley mounted thereon;

a second clutch configured to selectively couple the second crankshaft to a second pulley
shaft having a second pulley mounted thereon;

an output shaft having an output pulley mounted thereon; and

a linkage configured to transmit rotation between each of the first pulley, the second

pulley, and the output pulley.

24. The system of claim 23, wherein actuating the first clutch decouples the first crankshaft
from the first pulley shaft such that the compression piston remains stationary while the

expansion piston reciprocates to drive the output shaft.

25. The system of claim 23, wherein actuating the second clutch decouples the second
crankshaft from the second pulley shaft such that the expansion piston remains stationary while

the compression piston reciprocates as the output shaft is externally driven.

26. The system of claim 23, wherein the linkage comprises at least one of a belt and a chain.
27. An air expander, comprising:
a cylinder;

a piston reciprocally disposed in the cylinder and coupled to a crankshaft;

an intake valve configured to control fluid communication between the cylinder and an
air storage tank;

an exhaust valve configured to control fluid communication between the cylinder and an

exhaust passage;
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wherein the air expander is operable in an AEF mode comprising:

a first stroke in which compressed air stored in the air storage tank and added fuel
are supplied to the cylinder and combusted to drive the piston down and rotate the crankshaft;
and

a second stroke in which exhaust products are forced through the open exhaust

valve by the piston as it rises in the cylinder.
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FIG. 7

AE Mode - 1800 m3 Tank Discharge
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FIG. 8

AC Mode - 1800 m3 Tank Recharge

. 0.57 Me - Volume: 1800 m°

» -5.2 bar BMEP = Diameter: 2256 m
» 13 hr, 40 mins, operation « Length: 452 m {45 tanks, 10 mlong)
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AEF Mode - 1314 m Tank Discharge

. 1.0 MWe - Volume: 1314 m®
+ 8.1 bar BMEP « Diameter: 2.25 m
- 1.0 hour operation » Length:  33.9 m (4 tanks, 10 m long)
« 202 kg fuel used (274 kg in NF)
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FIG. 10

AC Mode - 1314 m3 Tank Recharge

. 0.66 MWe . Volume: 131.4m°

« -5 3 bar BMEP » Diameter: 2.25 m

» 48 minutes recharging - Length:  33.9 m {4 tanks, 10 m long)

a5 Tank Pressure

30
M’"
25 el

—
{bar) 20

15 oo

10

0 10 20 30 40 50
Time (minutes)

Tank Temperature

60

70

370

3601 ]

350 /

340

() 330

320

310

300

29@@ 10 20 30 40 50

Time {minutes)

SUBSTITUTE SHEET (RULE 26)

60

70



WO 2013/155076 PCT/US2013/035781

112

FIG. 11
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Group [, claims 1-22 are drawn to a compressed air energy storage system.
Group I, claims 23-26 are drawn to a cylinder deactivation system.
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