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CONSTANT FLOW FUNCTION AIR EXPANSION TRAIN WITH COMBUSTOR

DESCRIPTION
FIELD OF THE INVENTION

The present disclosure relates to compressed air energy storage systems, also
shortly called CAES systems. The disclosure also refers to methods for energy storage

and electric energy production using CAES systems.
BACKGROUND ART

CAES power plants or systems are commonly used as a means for optimizing
the exploitation of energy. As known, the electric power required from the electric en-
ergy distribution grid varies with peaks of electric power requests during the day and
reduced electric power request at nighttime. Large steam power plants produce an
amount of power, which cannot be varied at will. This causes an excess of power avail-
able on the electric energy distribution grid at nighttime and a power shortage during
peak hours. Small power plants using gas turbines, especially aeroderivative gas tur-
bines, have been implemented in order to cover the peak power requests. These plants
can be turned on and shut down according to the variable power requirements during
the 24 hours. This notwithstanding, further measures must be met, in order to store the
energy in excess produced at nighttime and recover the stored energy to increase the

electric power production during peak hours.

One of the means used for that purpose is the CAES technology. CAES systems
typically include a compression train having one or more compressors, which are driven
by electric power from the electric energy distribution grid during nighttime, i.e. when
less power is required than available on the grid. The compressor train compresses am-
bient air, which is stored under pressure in a large reservoir, such as ¢.g. a cavern. Ex-
cess power available from the grid is thus transformed into pressure energy of stored

compressed air.

Compressed air is then exploited during the day to cover peak power requests

from the grid. Electric power is obtained by expanding the compressed air to a suitable
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pressure and burning an air/fuel mixture in a combustion chamber to generate combus-
tion gases, which are expanded in a turbine for mechanical power generation. An elec-

tric generator converts the mechanical power into electric power.

In order to reduce the environmental impact of CAES systems, so-called adia-
batic or advanced adiabatic compressed air energy storage systems (also known as
ACAES or AACAES) have been developed. ACAES or AACAES systems do not make
use of fossil fuel to convert the accumulated energy into electric power. Rather, they
store heat generated by the process of air compression and recover said heat to increase
the air temperature before expanding the compressed air through one or more expand-

Crs.

Efficiency of CAES systems is adversely affected by the air pressure drop,
which is due to gradual consumption of compressed air and emptying of the compressed
air reservoir. Pressure variation during operation modifies the flow function of the tur-
bine or expander, which controls the efficiency of the turbine or expander and the power

delivered thereby.

Therefore, there is a need for providing an improved CAES system, wherein
operation of the turbine or expander can be made more efficient whereby higher power

rates are made available.
SUMMARY OF THE INVENTION

According to one aspect, a compressed air energy storage system (here below
shortly indicated as CAES system) is provided, comprising a compressor fluidly cou-
pled to a compressed air reservoir and configured for delivering compressed air therein
during an energy storing mode of the system. The CAES system further comprises an
expansion train for expanding compressed air or combustion gas and produce mechan-
ical power therewith during a power production mode of the system. The expansion
train comprises at least a first turbine or expander. An eclectric machine aggregate is
further provided, which is configured for converting electric power into mechanical

power and driving the compressor therewith during the energy storing mode; and for
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converting mechanical power produced by the expansion train into electric power dur-
ing the power production mode. A combustor is arranged for receiving fuel and com-
pressed air, either directly from the compressed air reservoir, or indirectly through an
upstream expanding device, such as an expansion valve or a further turbine or expander.
The combustor produces combustion gas by burning an air/fuel mixture and supplies
the combustion gas to the first turbine for expansion therein. A by-pass line is arranged
in parallel to the combustor, for suppling compressed air to the first turbine, by-passing
the combustor, such that the flow rate of combustion gas and the flow rate of air deliv-
ered to the first turbine can be adjusted depending upon operating conditions of the

CAES system.

An air flow control system can further be provided, configured for adjusting the
air flow rate through the by-pass line and through the combustor, respectively. Accord-
ing to some embodiments, the air flow adjustment system comprises a valve along the

by-pass line and a valve upstream of the combustor.

For additional adjustment capability, in some embodiments the first turbine can

comprise variable nozzle guide vanes.

In some embodiments, an inlet pressure adjusting valve can be provided up-
stream of the first turbine of the expansion train. In order to provide increased effi-
ciency, in addition or as an alternative to the inlet pressure adjusting valve, the expan-
sion train can further comprise a second turbine or expander, which is fluidly connected
to the first turbine and arranged in series therewith, e.g. between the compressed air
reservoir and the first turbine, i.c. upstream of the latter with respect to the air flow
direction. The by-pass line and the combustor are arranged between the second turbine

and the first turbine. Also the second turbine can comprise variable nozzle guide vanes.

The CAES system can further comprise one or more thermal energy storage
systems, configured for removing heat from compressed air delivered by the compres-
sor to the compressed air reservoir, and for delivering heat to compressed air flowing

from the compressed air reservoir towards the expansion train.

The air flow control system can be configured for offsetting a variation of a flow

-3-
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function of the first turbine as air pressure in the compressed air reservoir or a turbine

power requirement changes.

The air flow control system can be configured for modifying at least one of the
combustor exit temperature and the air flow through the by-pass line, to control a tem-
5  perature at the inlet of the first turbine during operation of the system in the power

production mode.

According to a further aspect, disclosed herein is a mode of operating a com-

pressed air energy storage (CAES) system as defined above, comprising the steps of:

delivering compressed air to the first turbine through the by-pass line, expanding

10 said compressed air in the first turbine and producing mechanical power therewith;

increasing an energy content at the inlet of the first turbine by delivering com-
pressed air and fuel to the combustor, producing combustion gas therewith, and deliv-

ering the combustion gas in combination with the compressed air to the first turbine.

The amount of combustion gas can be controlled such as to limit variations of a
15  flow function at the inlet of the first turbine while air pressure in the compressed air

reservoir or a turbine power requirement change.

If a first turbine and a second turbine are provided in the expansion train, the
method can further comprise the step of adjusting an intermediate pressure between the
first turbine and the second turbine. The pressure adjustment can be controlled by acting

20 upon variable nozzle guide vanes of the first and/or of the second turbine, and/or by
means of respective inlet valves upstream of the first turbine and/or of the second tur-

bine.

The method can further comprise one or more of the following steps or func-

tions:

25 — varying the combustor exit temperature to control the turbine inlet tem-

perature;
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— varying the combustor bypass, i.c. the amount of air by-passing the com-
bustor vs. the air entering the combustor, to control the turbine inlet tem-
perature;

— acting upon a turbine inlet valve to control the inlet pressure at the inlet
of the first turbine or of the second turbine, if provided;

— acting upon the variable nozzle guide vanes of the first turbine to control
the turbine inlet pressure;

— raising or lowering both the turbine inlet pressure and the turbine inlet
temperature of the first turbine in parallel;

- adjusting the operating conditions of the CAES system, ¢.g. by varying
the amount of fuel and/or the flow rate through the combustor with the
aim of meeting a certain expansion train power requirement, while trad-

ing combustor fuel input against mass flow.

Features and embodiments are disclosed here below and are further set forth in
the appended claims, which form an integral part of the present description. The above
brief description sets forth features of the various embodiments of the present invention
in order that the detailed description that follows may be better understood and in order
that the present contributions to the art may be better appreciated. There are, of course,
other features of the invention that will be described hereinafter and which will be set
forth in the appended claims. In this respect, before explaining several embodiments of
the invention in details, it is understood that the various embodiments of the invention
are not limited in their application to the details of the construction and to the arrange-
ments of the components set forth in the following description or illustrated in the draw-
ings. The invention is capable of other embodiments and of being practiced and carried
out in various ways. Also, it is to be understood that the phraseology and terminology
employed herein are for the purpose of description and should not be regarded as lim-

iting.

As such, those skilled in the art will appreciate that the conception, upon which
the disclosure is based, may readily be utilized as a basis for designing other structures,

methods, and/or systems for carrying out the several purposes of the present invention.
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It is important, therefore, that the claims be regarded as including such equivalent con-
structions insofar as they do not depart from the spirit and scope of the present inven-

tion.
BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the disclosed embodiments of the invention
and many of the attendant advantages thereof will be readily obtained as the same be-
comes better understood by reference to the following detailed description when con-

sidered in connection with the accompanying drawings, wherein:
Fig.1 illustrates a schematic of a CAES system according to a first embodiment;

Fig.2 illustrates a schematic of a CAES system according to a second embodi-

ment;
Fig.3 illustrates a schematic of a CAES system according to a third embodiment;

Fig.4 illustrates a schematic of a CAES system according to a fourth embodi-

ment;
Fig.5 illustrates a schematic of a CAES system according to a fifth embodiment;
Fig.6 illustrates a schematic of a CAES system according to a sixth embodiment.
DETAILED DESCRIPTION OF EMBODIMENTS

The following detailed description of exemplary embodiments refers to the ac-
companying drawings. The same reference numbers in different drawings identify the
same or similar elements. Additionally, the drawings are not necessarily drawn to scale.
Also, the following detailed description does not limit the invention. Instead, the scope

of the invention is defined by the appended claims.

Reference throughout the specification to "one embodiment" or "an embodi-

ment" or “some embodiments” means that the particular feature, structure or character-
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istic described in connection with an embodiment is included in at least one embodi-
ment of the subject matter disclosed. Thus, the appearance of the phrase "in one em-
bodiment" or "in an embodiment" or "in some embodiments” in various places through-
out the specification is not necessarily referring to the same embodiment(s). Further,
the particular features, structures or characteristics may be combined in any suitable

manner in one or more embodiments.

Fig.1 illustrates a first embodiment of a compressed air energy storage system
(here below shortly CAES system) according to the present disclosure. The CAES sys-
tem 1, comprises: compressor train, which can comprise a compressor 3; an electric

machine aggregate 5; and an expansion train, which can include a turbine 7.

The compressor 3 can be a single compressor or a compressor train. As used
herein, and in the appended claims, the term “compressor” shall be thus understood as
any combination of one or more machines suitable for compressing air from a first
pressure to a second pressure. The compressor 3 can be a centrifugal compressor, an
axial compressor or can include a combination of compressors, ¢.g. both axial and cen-

trifugal compressors.

In the embodiment schematically illustrated in Fig.1, the electric machine ag-
gregate 5 comprises a reversible electric machine, i.e. a machine which can alternatively

operate in an electric motor mode and in an electric generator mode.

In the embodiment of Fig.1, the turbine 7 is a single turbine, e.g. a radial turbine
or an axial turbine. The turbine 7 can be a single-stage or multi-stage turbine. In other

embodiments, a plurality of serially arranged turbines can be used.

The turbine 7 can be provided with variable nozzle guide vanes (NGVs), sche-

matically shown at 7A.

In Fig.1 the compressor 3, the electric machine aggregate 5 and the turbine 7 are
arranged on a same shaft line 8. A first clutch 6 is arranged between the compressor 3

and the electric machine aggregate 5, and a second clutch 11 is arranged between the
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electric machine aggregate 5 and the turbine 7. With this arrangement, the electric ma-
chine aggregate 5 can be mechanically coupled to the compressor 3, or to the turbine 7,
alternatively. The electric machine aggregate 5 can be connected to an electric energy
distribution grid G directly as a synchronous machine, or by means of a variable fre-
quency drive 4, or any other type of adjustable-speed drive used to control the speed
and torque of the electric machine aggregate 5 by varying input frequency, phase, cur-

rent and voltage.

In other embodiments, not shown, rather than a single reversible electric ma-
chine, the electric machine aggregate 5 can include an electric motor connected to the
compressor and an electric generator connected to the turbine. Both the electric motor
and the electric generator are connected to the electric energy distribution grid G. In

this case no clutches would be required.

The CAES system 1 further comprises a compressed air reservoir 9. The deliv-
ery side of the compressor 3 is fluidly coupled to the compressed air reservoir 9 through
an inlet line 12, along which a compressor valve 13 is arranged. The inlet of the turbine
7 is fluidly coupled to the compressed air reservoir 9 through an outlet line 15, along

which a turbine valve 17 is provided.

In the embodiment of Fig.1, a thermal energy storage system 19 can be provided.
The inlet line 12 and the outlet line 15 extend through the thermal energy storage system
19, such that heat can be removed from the compressed air flowing through the inlet
line 12 and accumulated in the thermal energy storage system 19, e.g. in the form of
liquefying latent heat of a suitable heat storage medium. The stored heat can be removed
from the thermal energy storage system 19 by air flowing through the outlet line 15, to

heat the compressed air prior to delivering to the turbine 7.

The CAES system 1 further comprises a combustor or combustion chamber 21
with a fuel delivery line F. The inlet of the combustor 21 is connected to the outlet line
15 through a combustor valve 23. The outlet of the combustor 21 is fluidly coupled to
the inlet of the turbine 7. A by-pass line 25 is arranged in parallel to the combustor 21.
A by-pass valve 27 is arranged on the by-pass line 25.
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The CAES system 1 of Fig.1 operates as follows. As mentioned, the CAES sys-
tem 1 stores energy generated during periods of low energy demand (off-peak), ¢.g. at
nighttime, and releases energy during periods of high energy demand (peak loads), e.g.

during day-time.

When the power demand from the electric energy distribution grid G is lower
than the available power, the CAES system 1 is operated in an energy storing mode.
The reversible electric machine of the electric machine aggregate 5 is switched in the
electric motor mode and drives the compressor 3 exploiting electric power from the
electric energy distribution grid G. The first clutch 6 is engaged, such that mechanical
power generated by the reversible electric machine of the electric machine aggregate 5
can be used to rotate the compressor 3. The second clutch 11 is disengaged and the
turbine 7 is inoperative. The compressor valve 13 is open and the turbine valve 17 is

closed. The combustor 21 is turned off.

Ambient air is ingested by the compressor 3 and delivered into the compressed
air reservoir 9 through the thermal energy storage system 19. Since the air temperature
increases during the compression step, heat can be removed therefrom while flowing
through the thermal energy storage system 19, and stored for use when the CAES sys-

tem 1 operates in the power generation mode, as will be described herein below.

In some embodiments, not shown, one or more intercooling stages can be pro-
vided between sequentially arranged stages of the compressor 3, or between sequen-
tially arranged compressors, if needed. An air cooler, not shown, can also be provided

between the thermal energy storage system 19 and the compressed air reservoir 9.

Operation of the CAES system 1 in the energy storing mode continues until the
maximum air pressure in the compressed air reservoir 9 has been reached, or until ex-

cess energy is available from the electric energy distribution grid G.

When the power demand from the electric energy distribution grid G increases,
the CAES system 1 can be switched in a power production mode. The first clutch 6 is
disengaged and the second clutch 11 is engaged. The compressor valve 13 is closed and

the turbine valve 17 is open. The reversible electric machine of the electric machine

-9.-
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aggregate 5 is switched in the generator mode. Compressed air can flow from the com-
pressed air reservoir 9 through the thermal energy storage system 19, where heat stored
during the energy storing mode can be transferred by heat exchange to the compressed
air flowing through the outlet line 15. The compressed air can thus be heated prior to

flowing in the turbine 7.
Compressed air can be delivered to the turbine 7 through two paths, namely:

— directly through the by-pass line 25, when the by-pass valve 27 is party or entirely
open and the combustor valve 23 is closed. The air will expand in turbine 7 from
the pressure in the outlet line 15 to the ambient pressure. The enthalpy drop gener-

ates mechanical power available on the shaft 8;

— through the combustor 21, when the combustor valve 23 is at least partly open. In
the combustor 21, compressed air is mixed with fuel F and the air/fuel mixture is
ignited to generate combustion gas, which flows and expands through the turbine
7. The by-pass valve 27 can be entirely closed, such that the entire air flow passes
through the combustor 21. It is not excluded, however, that the by-pass valve 27
be at least partly open also in this mode of operation. Air will then flow partly

through the combustor 21 and partly through the by-pass line 25.

Thus, depending upon the operating conditions of the CAES system 1, air can
flow only through the by-pass line 25, only through the combustor 21, or partly through
the by-pass line 25 and partly through the combustor 21.

During the power production mode the pressure in the compressed air reservoir
9 gradually drops. Therefore, the pressure at the inlet of the turbine 7 slowly decays and
can only be lowered by a valve upstream thereof, but not raised. In case another turbine
or expander is arranged upstream in the expansion train before the combustor, such as
a radial expander with variable NGVs, the pressure can be lowered or raised to a certain
extent. Moreover, the temperature of the air entering the turbine 7 or the combustor 21
can be constant if the air comes directly from the compressed air reservoir 9, or will
depend on the pressure ratio of an upstream turbine (if present) and on the presence of

the thermal energy storage system 19 that preheats the air before expansion, as shown

- 10 -
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in the exemplary embodiment of Fig. 1. The air temperature can drop, just as the air
pressure, over time, due to the gradual exploitation of the thermal energy accumulated

in the thermal energy storage system 19.

The efficiency and power delivery by the turbine 7 are controlled by a flow
function, which provides a link between the mass flow rate through the turbine, the
temperature at the turbine inlet and the pressure at the turbine inlet. The flow function

(FF) can be defined as follows:

wherein:
m 18 the mass flow through the turbine 7
P is the inlet pressure of the turbine 7

T is the inlet temperature of the turbine 7.

If the air flow were caused to flow only through the by-pass line 25, due to
decreasing temperature T and decreasing pressure P at the inlet of the turbine 7 over
time, in order to maintain a given power output from the turbine 7, it would be necessary
to increase the mass flow, i.e. the amount of air per time unit, acting upon the variable
NGVs 7A of the turbine 7. The increased air flow rate would cause the turbine 7 to

operate in an off-design condition with reduced efficiency.

In order to balance the effect of temperature and pressure decay over time, ac-
cording to some modes of operation of the CAES system 1, part of the air flow is di-
verted through the combustor 21, by at least partly opening the combustor valve 23 and
at least partly closing the by-pass valve 27, if needed. In this way, a mixture of air from
the by-pass line 25 and combustion gas from the combustor 21 is delivered at the inlet
of the turbine 7. The inlet temperature of the compressed working gas (air and combus-
tion gas) is thus increased to raise the energy content thereof. The excursion of the flow
function FF is reduced and the off-design operating condition of the turbine 7 is allevi-

ated, thus reducing the need of large variations of the NGVs 7A.

The air flow rate through the by-pass line 25 and through the combustor 21 can

- 11 -
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be modified over time, from a starting condition, with a maximum pressure in the com-
pressed air reservoir 9 and maximum temperature in the thermal energy storage system
19, to a condition of minimum air pressure and temperature in the outlet line 15. When
operation of the CAES system 1 in the power production mode starts, the entire air flow
can be delivered to the turbine 7 through the by-pass valve 27 and by pass line 25, thus
saving fuel and reducing the environmental impact. An increasing amount of air can be
diverted through the combustor 21 as pressure and temperature in the outlet line 15

gradually drop.

Fig.2 schematically illustrates a further embodiment of a CAES system 1 ac-
cording to the present disclosure. The same reference numbers designate the same or
corresponding parts as in Fig.1. The CAES system 1 of Fig.2 differs from the CAES
system 1 of Fig.1 because no thermal energy storage system 19 is provided. Instead of
a thermal energy storage system, a cooler 20 is foreseen, between the compressor 3 and
the compressed air reservoir 9. In this embodiment, no thermal energy is stored and
thus the air temperature at the inlet of the turbine 7 during the power production mode

is lower.

The operation of the CAES system 1 of Fig.2 is substantially the same as that of
the system of Fig.1 except that the combustor 21 will be more extensively used. In some
embodiments, the combustor 21 can be used over the entire operation of the CAES
system 1, with a gradually increasing air flow rate through the combustor 21 and thus

a gradually increasing amount of fuel used as the pressure at the turbine inlet decreases.

A further embodiment of a CAES system 1 according to the present disclosure
is schematically illustrated in Fig. 3. The same reference numbers as in Figs. 1 and 2
designate the same or equivalent parts, components or eclements, which will not be de-
scribed again. The CAES system 1 of Fig.3 differs from the CAES system 1 of Fig. 1
in respect of the expansion train arrangement. In the embodiment of Fig. 3 the expan-
sion train, globally labeled 10, comprises a first turbine 7 and a second turbine 31, ar-
ranged upstream of the first turbine 7 with respect to the direction of flow of the working
gas flowing through the turbines, i.e. between the compressed air reservoir 9 and the

combustor 21. The second turbine 31 can be provided with variable nozzle guide vanes

-12-
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NGVs, schematically shown at 31A.

The second turbine 31 is arranged between the thermal energy storage system
19 and the arrangement comprising the by-pass line 25 and the combustor 21. The inlet
of the second turbine 31 thus receives compressed and heated air from the thermal en-
ergy storage system 19 and delivers partly expanded air in a line 33, fluidly coupled to
the by-pass line 25 and the combustor 21.

The CAES system 1 of Fig. 3 thus comprises a high-pressure expander 31 and
a low-pressure expander 7. For any given pressure values at the inlet and at the outlet
of the expansion train 10, an intermediate pressure between the second turbine 31 and
the first turbine 7 can be adjusted within a certain range around a design value by con-
trolling the NGVs of both turbines 7, 31 and/or by a turbine control valve 35 upstream

of the second turbine 31.

In other embodiments, not shown, the second turbine 31 can be omitted, and a
throttling valve, such as valve 35, can be used to adjust the inlet pressure of the first
turbine 7. However, in this case part of the energy available from the compressed air
will be dissipated in the throttling valve, while in the system of Fig.3 the intermediate
pressure adjustment can be performed substantially without energy loss, since the pres-
sure drop across the second, high-pressure turbine 31, is at least partly converted into

useful mechanical power.

Both the first turbine 7 and the second turbine 31 can be arranged on the same
shaft 8. In other embodiments, a different shaft arrangement can be provided. For in-
stance, a gearbox can be arranged between the first turbine 7 and the second turbine 31,

such that the first turbine 7 and the second turbine 31 can rotate at different speeds.

Compared to the configuration of Fig.1, the CAES system 1 of Fig. 3 provides
an additional degree of freedom for influencing the flow function FF of the turbine.
Said additional degree of freedom is represented by the intermediate pressure between
the first turbine 7 and the second turbine 31. This allows a significant wider range of
power outlet from the first, low-pressure turbine 7 without large diversions from the

design flow function thereof and thus with good turbine efficiency. For more power
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from the first turbine 7, the inlet pressure of the first turbine 7 can be raised to partially
offset the increase in temperature and mass flow rate which would otherwise raise the

flow function.

When the turbine pressure ratio is increased together with the inlet temperature,
both system power output and efficiency will increase. When less power is needed, the
temperature, pressure and mass flow rate all can be lowered, maintaining the flow func-
tion FF around the design value of the first turbine 7 and increasing the pressure ratio

across the second, high-pressure turbine 31 (or across the throttling valve).

Using a radial, high-pressure turbine as the second turbine 31 with variable
NGVs 31A a good operability range with variable intermediate pressure (i.e. pressure
at the outlet of the second turbine 31) can be achieved, while an axial, low-pressure
turbine can be used as the first turbine 7 in combination with the combustor 21. The
axial, low-pressure turbine 7 can be operated efficiently near the design flow function

FF over a very wide load range.

Operation of the CAES system 1 of Fig. 3 is thus substantially similar to the
operation of the CAES system 1 of Fig.1, but with the additional option to use the in-
termediate pressure between the high-pressure turbine 31 and the low-pressure turbine

7 to modulate the total power output of the system, for instance.

A yet further embodiment of a CAES system 1 according to the present disclo-
sure is shown in Fig. 4. The CAES system 1 is substantially the same system of Fig. 3,
except that the first turbine 7 and the second turbine 31 are arranged back-to-back, thus
having opposite directions of expansion, such that the axial thrusts generated on the
shaft 8 by the two turbines partly balance each other such that the total axial load on
shaft 8 is reduced. Losses are reduced and less expensive axial bearings of smaller di-

mension and load capability can be used.

Fig. 5 illustrates a similar CAES system 1 as shown in Fig.4, but wherein no
thermal energy storage system 19 is provided. An air cooler 20 is used instead, to cool

air between the delivery side of compressor 3 and the compressed air reservoir 9.
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Similarly, also the CAES system 1 of Fig. 5 could be devoid of a thermal energy

storage system and provided with an air cooler.

Several modifications and variations of the above described CAES systems 1
are possible. For instance, two separate thermal energy storage systems can be used,
instead of one. Fig. 6 illustrates an exemplary embodiment of a CAES system 1 similar
to the CAES system 1 of Fig. 3, wherein a second thermal energy storage system 37 is
provided, arranged such that partly expanded air from the second, high-pressure turbine
31 is heated again, prior to being delivered to the combustor 21 and/or directly to the
first, low-pressure turbine 7 through the by-pass line 25. The remaining elements, parts
and components are identical to those of Fig.3 and are labeled with the same reference

numbers.

While the disclosed embodiments of the subject matter described herein have
been shown in the drawings and fully described above with particularity and detail in
connection with several exemplary embodiments, it will be apparent to those of ordi-
nary skill in the art that many modifications, changes, and omissions are possible with-
out materially departing from the novel teachings, the principles and concepts set forth
herein, and advantages of the subject matter recited in the appended claims. Hence, the
proper scope of the disclosed innovations should be determined only by the broadest
interpretation of the appended claims so as to encompass all such modifications,
changes, and omissions. In addition, the order or sequence of any process or method

steps may be varied or re-sequenced according to alternative embodiments.
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WHAT IS CLAIMED IS:

1. A compressed air energy storage system (1), comprising:

a compressor (3) fluidly coupled to a compressed air reservoir (9) and con-
figured for delivering compressed air therein during an energy storing mode of the sys-
tem;

an expansion train (10) for expanding compressed air or combustion gas and
producing mechanical power therewith during a power production mode of the system,
the expansion train comprising at least a first turbine (7);

an electric machine aggregate (5) configured: for converting electric power
into mechanical power and driving the compressor (3) therewith during the energy stor-
ing mode; and for converting mechanical power produced by the expansion train (10)
into electric power during the power production mode;

a combustor (21) configured for receiving fuel (F) and compressed air and
producing combustion gas, and for supplying the combustion gas to the first turbine (7);

at least one thermal energy storage system (19) configured for removing heat
from compressed air delivered by the compressor (3) to the compressed air reservoir
(9), and for delivering heat to compressed air flowing from the compressed air reservoir
(9) towards the expansion train (10);

wherein a by-pass line (25) is arranged in parallel to the combustor (21), for
suppling compressed air o the inlet of the first turbine (7), by-passing the combustor
(21); and wherein an air flow control system is provided, configured for adjusting the

air flow rate through the by-pass line (25) and through the combustor (21), respectively.

2. The compressed air energy storage system (1) of claim 1, wherein the
air flow adjustment system comprises at least one of: a valve (27) along the by-pass line

(25) and a valve (23) upstream of the combustor (21).

3. The compressed air energy storage system (1) of claim 1 or 2, wherein

the first turbine (7) comprises variable nozzle guide vanes (7A).

4. The compressed air energy storage system (1) of any one of claims 1
to 3, wherein the expansion train (10) further comprises a second turbine (31) fluidly

connected to the first turbine (7) and arranged in series with the first turbine (7).
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5. The compressed air energy storage system (1) of claim 4, wherein the
second turbine (31) is arranged between the compressed air reservoir (9) and the first

turbine (7).

6. The compressed air energy storage system (1) of claim 5, wherein the
by-pass line (25) and the combustor (21) are arranged between the second turbine (31)
and the first turbine (7).

7. The compressed air energy storage system (1) of any one of claims 4

to 6, wherein the second turbine (31) comprises variable nozzle guide vanes (31A).

8. The compressed air energy storage system (1) of any one of claims 4
to 7, wherein the first turbine (7) and the second turbine (31) are arranged with opposing
flow directions of expansion, such that axial thrusts generated on respective turbine

rotors are balanced.

9. The compressed air energy storage system (1) of any one of claims 1
to 8, wherein the air flow control system is configured for offsetting a variation of a
flow function (FF) of the first turbine (7) as air pressure in the compressed air reservoir

(9) or a turbine power requirement changes.

10.  The compressed air energy storage system (1) of claim 9, wherein the
flow function is defined as:

_mT

FF P

wherein:

m is the mass flow through the first turbine
P is the pressure inlet of the first turbine

T is the temperature inlet of the first turbine.

11.  The compressed air energy storage system (1) of any one of claims 1
to 10, wherein the air flow control system is configured for modifying at least one of a
combustor exit temperature and an air flow through the by-pass line (25), to control an
inlet temperature of the first turbine (7) during operation of the system in the power

production mode.
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12.  The compressed air energy storage system (1) of any one of claims 1
to 11, wherein the electric machine aggregate (5) comprises a reversible clectric ma-
chine configured and arranged to operate selectively: in an electric motor mode during
the energy storing mode of the system, and in an electric generator mode during the
power production mode of the system; and wherein the reversible electric machine is
selectively mechanically coupled to the compressor (3) and to the expansion train (10)

through a respective first clutch (6) and second clutch (11).

13. A method of operating a compressed air energy storage system (1)
having a compressed air reservoir (9), an expansion train (10) comprised of at least a
first turbine (7) configured for receiving compressed air from the compressed air reser-
voir (9), at least one thermal energy storage system (19), a combustor (21) configured
for receiving compressed air and fuel (F) and for delivering combustion gas to the first
turbine (7), and a by-pass line (25) in parallel to the combustor (21) for delivering air
to the first turbine (7); the method comprising the steps of:

removing heat from compressed air delivered by the compressor (3) to the
compressed air reservoir (9) by means of said at least one thermal energy storage system
(19);

delivering heat to compressed air flowing from the compressed air reservoir
(9) towards the expansion train (10) by means of said at least one thermal energy storage
system (19);

delivering compressed air to the first turbine (7) through the by-pass line
(25), expanding said compressed air in the first turbine (7) and producing mechanical
power therewith;

increasing an energy content at an inlet of the first turbine (7) by delivering
compressed air and fuel (F) to the combustor (21), producing combustion gas therewith
and delivering the combustion gas or a mixture of combustion gas and compressed air

to the first turbine (7).

14.  The method of claim 13, wherein the amount of combustion gas is
controlled such as to limit variations of a flow function (FF) at the inlet of the first
turbine (7) while air pressure in the compressed air reservoir (9) or a turbine power

requirement changes.
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15.  The method of claim 14, wherein the flow function is defined as

_mT

FF P

wherein:

m is the mass flow through the first turbine
P is the pressure inlet of the first turbine

T is the temperature inlet of the first turbine.

16.  The method of any one of claims 13 to 15, further comprising the step
of adjusting a pressure at the inlet of the first turbine (7).

17.  The method of claim 16, wherein the pressure at the inlet of the first
turbine (7) is adjusted by modifying a pressure drop across a second turbine (31) ar-
ranged between the compressed air reservoir (9) and the first turbine (7), the by-pass
line (25) and the combustor (21) being arranged between the second turbine (31) and
the first turbine (7).

18.  The method of claim 17, wherein the pressure drop across the second
turbine (31) is adjusted by acting upon nozzle guide vanes (31A) of the second turbine
(31).

19.  The method of any one of claims 13 to 18, comprising the step of
controlling an inlet temperature of the first turbine (7) by adjusting a combustor outlet

temperature, or by adjusting an air flow through the combustor (21), or both.
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