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(57) Abstract: An efficiency evaluation method of an RCAES system is disclosed, and the method includes calculating electric en-
ergy charged by an electric power system in a compression process (201), calculating electric energy discharged to the electric power
system in an expansion process (202), and calculating a ratio of the electric energy discharged in the expansion process to that
charged in the compression process, and taking the ratio as an efficiency of the whole RCAES system (203); wherein gas in opera-
tion is ideal gas, air mass flow rates in the compression and expansion processes are known and constant in operation, an isothermal
model is adopted for the CASV of which the temperature is the same with ambient circumstances, and the temperature and pressure
of compressed air after throttling become constant. A corresponding system is also disclosed.
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METHOD AND SYSTEM OF EFFICIENCY EVALUATION OF
RCAES SYSTEM

TECHNICAL FIELD

The present disclosure relates to a field of a power generation system, and
particularly to a method and a system of efficiency evaluation of a RCAES (Regenerative

Compressed Air Energy Storage) system.

BACKGROUND

Due to the uncertainty and anti-peaking nature, integration of large scale renewable
energy brings great challenges to the operation and dispatch of a power system. CAES
(Compressed Air Energy Storage) system provides new ideas to solve this problem as its
characteristics of fast regulating, flexible location and long service life. Especially, the
RCAES system is widely concerned as it can collect a part of heat released in a
compression process and release this part of heat in a work process of air expansion, so
that the energy-conversion efficiency of the whole power system can be improved
effectively. At present, few works have been done on efficiency evaluation and analysis of

the RCAES system.

SUMMARY

In an aspect of the present invention, an efficiency evaluation method of an RCAES
system is provided, the RCAES system includes parts of compression, thermal energy
storage, compressed air storage vessel (CASV) and expansion; and the method includes
calculating electric energy charged by an electric power system in a compression process,
calculating electric energy discharged to the electric power system in an expansion
process, and calculating a ratio of the electric energy discharged in the expansion process
to that charged in the compression process, and taking the ratio as an efficiency of the
whole RCAES system; wherein gas in operation is ideal gas, air mass flow rates in the
compression and expansion processes are known and constant in operation, an isothermal
model is adopted for the CASV of which the temperature is the same with ambient

circumstances, and the temperature and pressure of compressed air after throttling
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become constant.

In another aspect of the present invention, an efficiency evaluation system of the
RCAES system is provided, and the system includes modules: a first module, for
calculating electric energy charged by an electric power system in a compression process;
a second module, for calculating electric energy discharged to the electric power system
in an expansion process; and a third module, for calculating a ratio of the electric energy
discharged in the expansion process to that charged in the compression process, and
taking the ratio as an efficiency of the whole RCAES system; wherein gas in operation is
ideal gas, air mass flow rates in the compression and expansion processes are known and
constant in operation, an isothermal model is adopted for the CASV of which the
temperature is the same with ambient circumstances, and the temperature and pressure of
compressed air after throttling become constant.

In another aspect of the present invention, a non-transitory machine-readable storage
medium, storing instructions to cause a machine to execute the above method, is

provided.

BRIEF DESCRIPTION OF DRAWINGS

Fig.1 is a diagram showing a general structure of a RCAES system in an

embodiment of the present invention;

Fig.2 is a flow chart of an efficiency evaluation method of the RCAES system in an

embodiment of the present invention;

Fig. 3 is a diagram showing a structure of an efficiency evaluation system of the

RCAES system in an embodiment of the present invention,;

Fig.4 is a diagram showing a practical structure of a RCAES system in an

embodiment of the present invention,;

Fig.5 i1s diagram showing operation characteristics of compression in the

RCAES system in the embodiment of the present invention,;

Fig.6 shows electric energy exchanged in compression and expansion processes

of the RCAES system under different values of compression ratio (4) of each stage
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of compressor in the embodiment of the present invention,;

Fig.7 shows efficiency of the RCAES system under different values of A in the

embodiment of the present invention,;

Fig.8 shows electric energy exchanged in the compression and expansion
processes of the RCAES system under different values of exhaust air pressure of

throttle (p,q;) in the embodiment of the present invention;

Fig.9 shows efficiency of the RCAES system under different values of p,, in

the embodiment of the present invention;

Fig. 10 shows electric energy exchanged in the compression and expansion
processes of the RCAES system under different values of the maximum working
pressure of compressed air storage vessel (pk,,) in the embodiment of the present

invention; and

Fig.11 shows efficiency of the RCAES system under different values of pl,,,

in the embodiment of the present invention.

DETAILED DESCRIPTION

Examples will now be described more fully with reference to the accompanying

drawings.

Embodiments of the present invention provide a method of efficiency evaluation of a
RCAES system  under  basic formulation  assumptions  based on
electrical-mechanical-thermal dynamic processes and measurable parameters of the
RCAES system. In the embodiments of the present invention, impacts of key parameters
of the RCAES system including compression ratio (CR) of compressor, exhaust air
pressure of throttle (EAPT) and/or maximum working pressure (MWP) of compressed air
storage vessel (CASV) are considered in efficiency evaluation of the whole system.
Hereinafter, Part 1 introduces the basic formulation assumptions of the method of
efficiency evaluation of the RCAES system provided in the embodiments of the present
invention, Part 2 describes a calculation method of the efficiency of the whole RCAES

system, and Part 3 discusses the impacts of the compression ratio of a compressor, the
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exhaust air pressure of a throttle and the maximum working pressure of compressed air
storage vessel (CASV) on the efficiency of the RCAES system through a practical

application case of the present invention.
1 Basic Formulation Assumptions

A general structure of the RCAES system in the embodiments of the present
invention is shown in Figure 1, including four main parts: compression, thermal energy
storage (TES), compressed air storage vessel (CASV) and expansion. Efficiency analysis
of the RCAES system in the embodiments of the present invention is based on the

following assumptions:
1) Gas in operations is ideal gas;

2) The air mass flow rates in compression and expansion processes are known and
constant in operation; the compression ratios of all stages of compressor are identical, and

the expansion ratios of all stages of turbine are identical;

3) An isothermal model is adopted for the CASV of which the temperature is the
same with ambient circumstances; the air pressure inside the CASV changes along with
air inflow of the compressor, and the exhaust air pressure of the last stage of the
compressor is kept identical with the air pressure inside the CASYV, so the last stage of the

compressor is called unsteady stage of compression; and

4) The temperature and pressure of compressed air after throttling become constant,

and each expansion stage of the turbine is a steady process.
2 Efficiency Evaluation of the whole RCAES System

In a conventional efficiency evaluation method for a CAES system, output electric
energy and input electric energy is obtained by measurement, and the efficiency is
indicated by the ratio of the output electric energy to input electric energy. However, this
method is hardly to be extended to be applied in analysis the impacts of the key
parameters on the system’s efficiency or optimizing the system’s key parameters. To cope
with the deficiency, an efficiency evaluation method based on energy conversion of

compression and expansion processes is provided in the embodiments of the present
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invention, which considers the impacts of the key parameters in the compression and

expansion processes on the efficiency of the whole system.

2.1 Energy Conversion in Compression Process

In the complicated compression process, the RCAES system is charged with electric
power of which one part is stored in high-pressure air as molecular potential energy and
the other part is stored in high-temperature water as thermal energy. However, the closely
involved electric power and compression work can be illustrated with the compression

efficiency defined as follows:

Compression efficiency: the ratio of compression work to electric energy charged in

compression process, indicated by 1.om.

As the compression efficiency is determined by the electric-mechanical power
conversion efficiency and adiabatic efficiency of the compressor both being
approximately constant from engineering perspective, the compression efficiency of
RCAES system can be described as a known parameter when analyzing the system
efficiency. Therefore, if the compression work that has been done on the compressed air is
obtained, the electric energy charged from the electric power system can be calculated

out.

To facilitate description of the energy conversion process, without loss of generality,

it is further assumed that:

1) The compression process starts when the pressure of the CASV reaching its
minimum value p2,, and ends when the pressure reaching its maximum value pl., .

Besides, p,, and the EAPT p,,; are identical.

2) The compressor includes N, stages. The exhaust air pressure of the penultimate

stage N, indicated by pp’’", is lower than the minimum working pressure of the CASYV,

Le, PR < pgror» While the last stage is exactly the reverse, i.e., pR2™ = piror-

Hence, all the stages of the compressor work simultaneously during the system’s air
compression and energy storage process, where the first 1~N_, stages are steady with

constant exhaust air pressure and temperature while the last stage is unsteady with
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time-variant pressure having the same value with the CASV. Once the above assumptions
are not satisfied for a practical RCAES system, the compression process can be
formulated in a multi-period way with the same methodology. Furthermore, the
assumption that the temperature of the TES can be controlled to keep all stages excluding
5  the first stage of the compressor constant and in the same temperature denoted as Ty,

which is common in engineering.

2.1.1 Compression Time

According to the assumptions in Part 1, the CASV adopts the isothermal model, and

according to the state equation of ideal gas, PsiorVseor = MRyTstor, the following
10  formula can be obtained by differentiating both sides:

dp dm
Vstor % = E RgTstor

(1)

= qcong Tstor

where Dstors Vstor» Tstor are the pressure, volume and tempreture of the CASV; m is the

mass of air; g, 1is the exhaust air rateof compressor; R, is the gas constant.

Thus, the operation time of the compression process can be illustrated as follows:

_ Vstor (pstor - pgtor)
qcongTstor

2)

15  where p2,,, isthe minimum working pressure of the CASV.
2.1.2 Compression Work of Steady Stages

In the compression process, the compression powers of stages 1~Ncs remains

unchanged and can be expressed as follows:

NCS

qcongTiglolTnKi Ki—1
Py = Z ’ A K —1
Nes { Ki -1

i=1

G)
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com

where A is the ratio of each stage of the compressor satisfying A = % > 1 in which

com
in,i

Dini s Pouti are inlet and exhaust air pressures of the it" stage; K; is the polytropic

com

exponent of each stage of the compressor, and T3/ is inlet temperature of the i* stage

of the compressor.

5 The polytropic exponent Ki of each stage is approximately identical in engineering
which can be expressed as y, and the inlet air temperature of each stage except the first
stage of the compressor can be kept as T;,. by the heat exchanger. Thus, formula (3) can
be converted into the following expression:

y—1

R y-1
W _ M(A ¥ —1) [Tﬁ{?{n + (Ncs - 1)Tinc] “)

Nes ™ y_l

The compression work of steady stages can then be illustrated as follows after the

10 multiplication of formulas (2) and (4):

VVNCS (pstor) = PII\/]IZSt

y—1
VSfOTy(pstor - pgtor)(ﬂ — 1)
= Tcom N..— 1T
Tstor(y — 1) [ in1 +( cs ) an] (5)

2.1.3 Compression Work of the Unsteady Stage

The last stage of the compressor is unsteady of which the exhaust air pressure is the

same as the CASV’s and the compression power of the last stage can be expressed as:

y=1
GeomRgTincY | [ P v
PN, (Pstor) = ———=— ( jf,‘,’,f) ~1 (6)
Y pin,NC

Furthermore, the compression work can be obtained after integrating the compression

15  power on time basis as follows:
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WNC(pstor) = fPII\/]Zdt

w
Py,
= | —2 —ap
qcosttong (7)
2y-1 2y—-1
ar=- 0 ar=-
_ Dstor ¥ Pstor Y 0
= com “\ . com — 2 (Pstor — Pstor)
pin,Nc pin,Nc
TichstorYZANcspiCrclJ,Tln _ TincVstorY

where a; =

’

Tstor2y—1)(y—-1) 2= Tstor(y—1)

In summary, the compression power and work can be expressed as a function of

pStOT

Pcvclnfm(pstor) = PII\/IIZS + PII\/IIZ(pstor)

V'/com(pstor) = VVNCS (pstor) + WNC (pstor)

Then, the electric energy charged during the compression process can be expressed

(8)

as:

E,om = w (9)

nCOTTL

2.2 Energy Conversion in Expansion Process

In the expansion process, the high-pressure air from the CAVS changes into
constant-temperature and isopiestic air after throttling, and then drives the turbine to
generate electric power after exchanging heat with the TES system. Similar to the
compression process, the relationship of expansion work and electric energy can be

illustrated by the expansion efficiency defined as follows:

Expansion efficiency: the ratio of electric energy discharged to expansion work,

indicated by ntur.

The expansion efficiency is codetermined by the adiabatic efficiency of the turbine,
the mechanical efficiency of the regulator and the efficiency of the electric generator
which are all known and fixed parameters. Consequently, the expansion efficiency can
also be assumed constant from the engineering perspective. Therefore, if the expansion
work that the compressed air has done is obtained, the electric energy discharged to the

electric power system can be calculated out.
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Due to the throttle’s effect, all stages are steady in the expansion process. Supposing
the inlet air temperatures of all stages are identical and kept constant which is indicated
by T;,: and the polytropic exponent is indicated by p, the expansion power can be
expressed as follows:

N R,T; p-1
_ tQtZr_gl intV b7 —1) (10)

wo_
Py, =

5 where N: is the stage number of the turbine; ¢ is the ratio of each stage satisfying

tur
¢ =-23 <1 inwhich p[i7,pi%; are respectively the inlet air pressure and exhaust air

in,i

pressure in the it" stage of the turbine, and q,,, is the exhaust air rate of the turbine.

The pressure of the CASV over time can be obtained in the same way as described in

2.1.1, which is illustrated as follows:

_ (psltor - pstor)Vstor

t (11)
qtungTstor
10 Hence, the expansion work can be expressed as a function of pg., after
multiplication of the formulas (10) and (11):
Weur (pstor) = PII\/II;t
1 1 (12)
_ NtTintﬂVstor (pstor - pstor) (1 _ q’)ﬂT)
Tstor (M - 1)

The electric energy discharged by the RCAES system can then be expressed as the

multiplication of the expansion work and the expansion efficiency:

Erir = Weir Pstor Meur (13)

Finally, the efficiency of the RCAES system can be calculated as follows:

_ Etyr _ Wtur(pgtor)
nRCAES Ecom VI/COm (psltor) ncomntur

(14)

15  where W, (p%,,) is the expassion work that the compressed air has done when the
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pressure of the CAVS decreases from pl,. to pd,,. . and W.,.,(pl,) is the
compression work that has been done on the compressed air when the pressure of the

CAVS increases from p2,, to pl..,.

Substituting formulas (8) and (12) to formula (14), the expression of the whole
5 RCAES system’s efficiency is as follows:

€121

RCAES —
n szz + C3Z3 - C4Zl

(14-1)

where

C, = NiTinelt 1— ¢%1 C, = y[Tiil[,qn'l'(NCS_l)Tinc].
7 (-1 r 2 (y-1) !

2,,com
_ Tinc¥"Pina — Tincy .

= @-no-n” 4T -

y—1

Z = psltor - pgtor; Zy; = <AT - 1) (psltor - pgtor);

2y-1 2y-1
1 o]
— INes |{Pstor V' _ [_Pstor )Y
10 Z3 - A, cs |:<2_NCSpcom> <2_Ncspcom> ]-

in,1 in,1

According to the above formula, the efficiency of the RCAES system is a nonlinear

function of A’: pval(: pgtor) and psltor~

According to the above formulas provided by the embodiments of the present
invention, the efficiency of the whole RCAES system can be calculated, and the key

15 parameters of various processes of the system such as compression ratio of the
compressor, the exhaust air pressure of the throttle and the maximum working pressure of

the CAVS are adopted in the calculation of the efficiency. Thus, the efficiency evaluation
method of the embodiments of the present invention can consider the impacts of various

processes in the system on the efficiency of the whole system.

20 2.3 Key Parameters’ Impacts on the RCAES Systems’ Efficiency

10
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2.3.1 The impact of the compression ratio-4

When the compression ratio increases, more electric energy will be charged into the
RCAES system and more thermal energy will be released by the compressor and
absorbed by the TES system in the compression process. Consequently, more thermal
energy will be reused by the turbine and more electric energy will be discharged in the

expansion process.

The relationship of the compressor’s inlet air temperature T;,. and exhaust air
temperature T, is as follows:

y—1
Y

Tc = Tincﬂ (15)

To establish the relationship of T, and the turbine’s inlet air temperaturel;,,, a
reasonable and applicable technique in engineering is to assume that the gap between
them is a constant, indicated by AT._, which represents the efficacy of the TES system.
The smaller the value of AT._, is, the better the efficacy of the TES is. Therefore, the
relationship of T, and Tj,; can be expressed as follows:

Y1
Tint = Tincﬂ v+ ATc—t (16)
Substituting formulas (16) to formula (14), the expression of the RCAES system’s

efficiency can be as follows which shows the relationship of the compression ratio and

NRrcaEs:
G2 (14-2)
RCAES — -
n szz + C3Z3 - C4Zl
-1 et
Ne(Tined ¥ +ATe_ Lok .
where ¢; = t(Tine = c=t)t <1 —¢p ), and the expressions of c,~c, and z,~z; are

as the above.

Additionally, to guarantee all stages of the compressor functions, the compression

ratio A should satisfy constraint (17) as follows.

11
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(17)

The above constraint guarantees that the pressure of the CASV could reach the

maximum working pressure when all the stages work simultaneously.

2.3.2 The Impact of EAPT-p,o

5 In one aspect, the variety of EAPT p,q (= p,,) will affect the operation time of
both compression and expansion processes. In another aspect, as the exhaust air pressure
of the turbine’s last stage and total stage number of the turbine both are fixed, the ratio of
each stage of the turbine ¢ expressed as the formula (18) will increase and finally

change the efficiency of the RCAES system.

(18)

10 That is, ¢ will increase along with increasing of p,,;. The impacts of the above
two aspects both will affect the efficiency of the system. When the exhuast air pressure of
the last stage of the trubine is fixed and denoted as péﬁth, formula (18) could be
substituted to formula (14) to replace ¢ in ¢, with the formular (18) so as to obtain an

expression of the efficiency of the RCAES system over ¢ as follows:
15

NrcaEs = — (14-3)

y-1
Ne(Tined ¥V +AT— N
where C{I — t(Tinc c—t)H 1-— ( t| Pval

(u-1)

z,~Z3 are as the above.

20 2.3.3 The impact of the Maximum Working Pressure ( MWP) of CASV-pl,,,

12
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Similar to the impact of EAPT, the MWP pl, . of CASV will affect the RCAES
system’s efficiency indirectly through changing its operation time. As the system

efficiency Ngcags is a nonlinear function of pl,,.

Additionally, pl.,, also should satisfy the following constraint (19) to guarantee the
effecacy of every stage of the compressor, i.e., the MWP of CASV is reached when all

the stages work simultaneously.
Pina AN < Psror < Plg A (19)

According to the above formulas (14-1), (14-2) and (14-3) provided by the
embodiments of the present invention can be adopted to analyze the impacts of the key
parameters of various processes on the efficiency of the whole RCAES system, so as to
determine the parameter values with which the RCAES system could obtain a better

efficiency.

Based on the above solutions, an embodiment of the present invention provides an
efficiency evaluation method of an RCAES system which includes parts of compression,
thermal energy storage, CASV and expansion, and the method includes the following

steps as shown in Fig.2:

Block 201: calculating electric energy charged by an electric power system in a

compression process.

Block 202: calculating electric energy discharged to the electric power system in an

expansion process.

Block 203: calculating a ratio of the electric energy discharged in the expansion
process to that charged in the compression process, and taking the ratio as an efficiency of

the whole RCAES system.

Here, gas in operation is ideal gas, air mass flow rates in the compression and
expansion processes are known and constant in operation, an isothermal model is adopted
for the CASV of which the temperature is the same with ambient circumstances, and the

temperature and pressure of compressed air after throttling become constant.

13
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Specifically, a process of calculating the electric energy charged by the electric

power system in the compression process may include the following steps:
calculating compression work of stages except the last stage of a compressor;
calculating compression work of the last stage of the compressor; and

calculating the electric energy charged in the compression process according to the

compression work of all the stages of the compressor.

Here, the stages except the last stage of the compressor are steady stages of the
compressor while the last stage of the compressor is an unsteady stage of the compressor.
And the compression work of all the stages of the compressor and the electric energy
charged in the compression process may be calculated according to the formulas
mentioned in Section 2.1, and the specific calculation method will not be described again

hereinafter.

Specifically, a process of calculating the electric energy discharged to the electric

power system in the expansion process may include the following steps:
calculating expansion work of the expansion process; and

calculating the electric energy discharged to the electric power system according to

the expansion work.

Here, the expansion work of the expansion process and the electric energy
discharged to the electric power system may be calculated according to the formulas
mentioned in Section 2.2, and the specific calculation method will not be described again

hereinafter.

In an embodiment of the present invention, the method may further include the

following steps:

determining an expression of a relation among the electric energy charged in the
compression process, the pressure of the CASV and the compression ratio of each stage

ofa COMpressor,

14
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determining an expression of a relation among the electric energy discharged in the
expansion process, the pressure of the CASV and the maximum working pressure of the

CASV;

determining an expression of a relation between the efficiency of the whole RCAES
5  system and any of the compression ratio of each stage of the compressor, the exhaust air

pressure of a throttle and the maximum working pressure of the CASV; and

analyzing variation of the efficiency of the whole RCAES system under different

values of the compression ratio of each stage of the compressor, the exhaust air pressure

of a throttle or the maximum working pressure of the CASV according to the expression

10  of the relation between the efficiency of the whole RCAES system and any of the
compression ratio of each stage of the compressor, the exhaust air pressure of a throttle

and the maximum working pressure of the CASV.

Here, the expression of the relation among the electric energy charged in the
compression process, the pressure of the CASV and the compression ratio of each stage

15  ofthe compressor has been discussed in Section 2.3, and it may be the following formula:

WN s @stor) *Wn.(Dstor)

Ecom(pstor) =
Ncom
2y—1 2y—1

Herei W, ( ) _ Pstor \ V' Plor | ¥ _ ( _ 0 )

crein, N¢ Pstor) = 01 com com U2\ Pstor Pstor/>

inN¢ PinN

a; = TinCVStorylecspiCrclJ,Tln _ TincVstorY

1 — ’

Tstor2y—1)(y—-1) 2= Tstor(¥—1) ’

y—1
Vstor stor— gor (17_1)
VVNCS (pstor) == v thto:zyt—lg [Tlgl?{n + (Ncs - 1)Tinc] .
20 And the expression of the relation among the electric energy discharged in the

expansion process, the pressure of the CASV and the maximum working pressure of the

CASYV has been discussed in Section 2.3, and it may be the following formula:

Etyr (pstor) = Weur (pstor)ntur
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NeTintelVstor (Pgtor —Pstor) (1 _ ¢#T_1)
Tstor(u—1) .

Herein, Wtur(pstor) =

Specifically, the expression of the relation between the efficiency of the whole
RCAES system 7zcqps and the compression ratio of each stage of the compressor may

be formula (14-2) mentioned above.

Optionally, when analyzing the variation of the efficiency of the whole RCAES
system under different values of the compression ratio of each stage of the compressor,
the method may further include configuring a range of the value of the compression ratio

to make the value of the compression ratio satisfy constraint (17) mentioned above.

Specifically, the expression of the relation between the efficiency of the whole
RCAES system ngc45s and the exhaust air pressure of the throttle may be formula (14-3)

mentioned above.

Specifically, the expression of the relation between the efficiency of the whole
RCAES system ngc4ps and the maximum working pressure of the CAVS may be formula

(14-1) mentioned above.

Optionally, when analyzing the variation of the efficiency of the whole RCAES
system under different values of the maximum working pressure of the CASYV, the
method may further include configuring a range of the value of the maximum working
pressure to make the value of the maximum working pressure satisfy constraint (19)

mentioned above.

Based on the above method, an embodiment of the present invention provides an
efficiency evaluation system of an RCAES system which includes parts of compression,
thermal energy storage, compressed air storage vessel (CASV) and expansion. As shown

in Fig.3, the system includes the following modules:

A first module 301, for calculating electric energy charged by an electric power

system in a compression process;

A second module 302, for calculating electric energy discharged to the electric

power system in an expansion process; and
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A third module 303, for calculating a ratio of the electric energy discharged in the
expansion process to that charged in the compression process, and taking the ratio as an

efficiency of the whole RCAES system.

In the embodiment, gas in operation is ideal gas, air mass flow rates in the
compression and expansion processes are known and constant in operation, an isothermal
model is adopted for the CASV of which the temperature is the same with ambient
circumstances, and the temperature and pressure of compressed air after throttling

become constant.
Specifically, the first module may include sub-modules as follows:

A first sub-module, for calculating compression work of stages except the last stage

ofa COMpressor,

A second sub-module, for calculating compression work of the last stage of the

COMpressor, and

A third sub-module, for calculating the electric energy charged in the compression

process according to the compression work of all the stages of the compressor.

Here, the stages except the last stage of the compressor are steady stages of the

compressor while the last stage of the compressor is an unsteady stage of the compressor.

Specifically, the second module may include sub-modules: a first sub-module, for
calculating expansion work of the expansion process; and a second sub-module, for
calculating the electric energy discharged to the electric power system according to the

expansion work.

As the specific calculation method of each sub-module has been discussed before,

this will not be discussed again hereinafter.

In an embodiment of the present invention, the system may further include the

following modules:

A fourth module 304, for determining an expression of a relation among the electric

energy charged in the compression process, the pressure of the CASV and the
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compression ratio of each stage of a compressor;

A fifth module 305, for determining an expression of a relation among the electric
energy discharged in the expansion process, the pressure of the CASV and the maximum

working pressure of the CASV;

A sixth module 306, for determining an expression of a relation between the
efficiency of the whole RCAES system and any of the compression ratio of each stage of
the compressor, the exhaust air pressure of a throttle and the maximum working pressure

of the CASV; and

A seventh module 307, for analyzing variation of the efficiency of the whole RCAES
system under different values of the compression ratio of each stage of the compressor,
the exhaust air pressure of a throttle or the maximum working pressure of the CASV
according to the expression of the relation between the efficiency of the whole RCAES
system and any of the compression ratio of each stage of the compressor, the exhaust air

pressure of a throttle and the maximum working pressure of the CASV.

As the expressions determined have been discussed before, this will not be discussed

again hereinafter.

Optionally, when analyzing the variation of the efficiency of the whole RCAES
system under different values of the compression ratio of each stage of the compressor,
the system may further include an eighth module 308 for configuring a range of the value
of the compression ratio to make the value of the compression ratio satisfy constraint (17)
mentioned above, and/or configuring a range of the value of the maximum working
pressure to make the value of the maximum working pressure satisfy constraint (19)

mentioned above.

A machine-readable storage medium is also provided, which is to store instructions
to cause a machine such as the computing device to execute one or more methods as
described herein. Specifically, a system or apparatus having a storage medium that stores
machine-readable program codes for implementing functions of any of the above
examples and that may make the system or the apparatus (or CPU or MPU) read and

execute the program codes stored in the storage medium.
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The system shown in Fig.3 may further include a memory and a processor, the
memory stores instructions executable for the processor. The memory may include the
modules 301~308, and through executing the instructions read from the modules 301~308,
the processor can accomplish the functions of the modules 301~308 as mentioned above.
Therefore, an efficiency evaluation system of the RCAES system including a memory and
a processor is provided, where the memory stores instruction units executable for the
processor, and the instruction units include any or any combination of the modules

301~308.
3. Case Study

The calculation method of the RCAES system’s efficiency proposd in the
embodiment of the present invention is applied to an example of the RCAES system, and
the impacts of the key parameter of various processes on the efficiency of the whole

system are also analyzed through this example.
3.1 System Introduction

Figure 4 shows a structure of the example of the RCAES system. According to
Figure 4, the compressor includes 5 stages and the turbine includes 3 stages. The basic
parameters are shown in Table 1 under the comprehensive consideration of the system’s

operation performance and construction cost.

Parameter Value Parameter Value
Tiiloin o pgt.or (pval)
(the inlet air tenllperature of the 25°C (the initial working pressure of CASV 2.5MPa
first st ¢ ) equal to the exhaust air pressure of the
irst stage of compressor throttle)
pLCT(l),Tln psltor
(the inlet air pressure of the 0.1MPa (the maximum working pressure of 10MPa
Compressor) CASYV)
ncom 2‘
(the efficiency of the 75% (the compression ratio of each stage of 3
COmpression process) Compressor)
Ntur
(the efficiency of the expansion 75% (the expansion ratio of each stage of 1/3
process) turbine)
Tstor o Qcom
(the temperature of CASV) 20°C (the exhaust air rate of the compressor) 0.46kg/s
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ATC—t
(the gap between the average

1 1 o Qiur
inlet air temperature apd the 40°C (the exharust air rate of the turbine)
average exhaust air

temperature)

2.41kg/s

14
{ropi U
(the pol cgﬁi;ree);sc())rl;em of the 14 (the polytropic exponent of the turbine) 14

Tinc

(the inlet aire temperature of o Vitor 3
each stage except the first stage 86.35°C (the volume of the CASV) 100m
of compressor)

tur
pout,Nt

(the exhaust air pressure of the | 0.11MPa
last stage of turbine)

Tab.1 Parameters of Practical RCAES System
3.2 Efficiency Evaluation of RCAES system under Basic Parameters

According to formulas (2) and (11), the compression process can be divided into two
periods of which the first period takes 3.65h and the second period takes 1.36h, thus, the
operation time of the whole compression process is 5.01h, in which the air pressure of the
CASYV increases from 3MPa to 10MPa. The operation time of the expansion process is
1.14h, in which the air pressure of the CASV decreases from 10 MPa to 3MPa. And it is
determined via calculation that the exhaust air pressure of the last stage of expansion
process pgll‘;,,\,t ~ 0.11MPa. Figure 5 shows the compression power/energy over Psior
in the compression process, i.e., Operation Characteristics of Compression in the RCAES

System, which is obtained via formulas (3)~(8) .

As shown in Figure 5, the working pressure of the CASV pgor increases over the
compression power PW_ and the compression work WX nonlinearly, and the
maximum electric power and electric energy charged into the RCAES system is
277.95KW and 1407.55KWh separately in the compression process according to
formulas (3)~(9). According to formulas (10)~(13), it is determined that the electric
power discharged by the RCAES system remains 705.10KW and the maximum
expansion work discharged is 567.92KWh. The system efficiency then can be calculated

as 40.35% according to formula (14).

3.3 The Impact of Compression Ratio
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In the formulation of this part, all parameters excluding the compression ratio A of
the RCAES system are given as the basic parameters given in Table 1, and A may satisfy

the following condition according to formula (17).

Ne [pl Nes [pl
25119~ |Bstor < g < |Bstor
pin,l pin,l

Thus, A is fixed as the following given values successively:

~ 3.1623

2.6,2.7,28,29,3.0,3.1

The electric energy charged in the compression process (W2 = W...(pL..)/
Neom) and discharged in the expansion process (W% = Wiy (920, )M ewr) over different
A are given in Figure 6, and they both are monotonely increasing along with increasing of
A. The curves in Figure 6 are obtained according to formulas (3)~(13), (15) and (16). The

Emax

RCAES system’s efficiency ngcaps over different values of 4, i.e., the ratio of E[}Y

and E[2%° is given in Figure 7 according formula (14-2).

As shown in Figure 7, the RCAES system’s efficiency increases approximately
linearly over A partly because of the narrow feasible region of A under the given design

scheme, although the nonlinearity is indicated by formula (14-2).

As the compression ratio A increases more thermal energy is released, resultantly,
raising the temperature of High-Temperature TES. Accordingly, the inlet air temperature
of the turbine is raised, implying that more electric energy will be discharged in the
expansion process. The simulation result shows that there is more electric energy
discharged than that charged with a larger 4, so that the efficiency of the RCAES system

is increased.
3.4 The Impact of EAPT

In the formulation of this part, all parameters excluding the EAPT (p,;) are given as
the basic parameters in Table 1. Although p,, may be given an arbitrary value in the
range of 0.1MPa~10Mpa theoretically, p,,; 1s fixed as the following given values

successively in this formulation:
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2.5Mpa, 3MPa, 3.5MPa, --- ,6.5Mpa, TMpa

The simulation result is shown in Figure 8, in which EZ%° decreases approximately

linearly over p,, while E;** decreases nonlinearly over p,,;. As the change rate of

ES* is smaller than EZL%C, the system’s efficiency increases nonlinearly as shown in
Figure 9 which is simulated according to formula (14-3), indicating that a larger value of
DPvar causes less energy loss of the system in accordance with the simulation result in

Figure 9.

As analyzed in previous parts, the energy charged into the RCAES system are stored
in the TES as high-temperature water on one hand and stored in the CASV as
high-pressure air on the other hand. For the latter, more energy will be stored with higher
pressure given the volume of the CASV. However, the high-pressure air becomes
constant temperature and isopiestic after throttling, resulting in the decrement of the
capability to work of air per unit mass. Furthermore, more energy loss will be caused by
larger difference of the pressure after throttling according to the simulation result. Thus,
increasing the value of p,, will decrease the energy loss during throttling, thereby

raising the efficiency of the whole RCAES system.
3.5 The Impact of the MWP of CASV

In the simulation of this part, all parameters excluding the MWP of CASV are given
as the basic parameters in Table 1. According to formula (19), pl,, may satisfy the

following condition:

8.1MPa = p{lT ANes < pgror < PEIT AN = 40.5MPa

in,1

Thus, pl,, is fixed as the following given values successively in analysis of the

impact of pl,,:
10MPa, 15MPa,---,35Mpa, 40MPa

Figure 10 shows that the electric energy charged in the compression process and
discharged in the expansion process both increase approximately linearly over pl,.

resulting in the system’s efficiency decreasing nonlinearly over pl.,, as shown in Figure
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11.

Fixing pya, the capability to work of the high-pressure air will diminish after
throttling, leading to efficiency reduction of the RCAES system. The simulation result
also shows that the loss is larger with a higher MWP of the CASV.

According to all simulation results through 3.1 ~3.5, a higher compression ratio, a
higher EAPT and a lower MWP of the CASV in certain range can help improve the
efficiency of the RCAES system.

However, the system efficiency is only one of the key indicators of the RCAES
system, other key indicators, e.g., the maximum electric power, operation hours, the
maximum capacity and construction costs may also be considered in practical engineering.
The evaluation method proposed in the embodiments of the present invention can still be

used as a foundation to accessing the operation performance.

The RCAES system is widely concerned in recent years, while research on its
efficiency is very limited. Based on the electric-mechanical-thermal energy conversion
process of the RCAES system and the basic thermodynamics assumptions, an efficiency
evaluation method is proposed in the embodiments of the present invention which is
validated by the typical design scheme of the RCAES system. Furthermore, the impacts
of key parameters including the compression ratio, the EAPT, the MWP of the CASV
may be analyzed in the embodiments of the present invention. The simulation results
reveal variation tendency of the system efficiency over a certain range of these

parameters.

The above description just shows several examples of the present disclosure in order
to present the principle and implementation of the present application, and is in no way
intended to limit the scope of the present application. Any modifications, equivalents,
improvements and the like made within the spirit and principle of the present application

should be encompassed in the scope of the present application.
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What is claimed is:

1. An efficiency evaluation method of an RCAES (Regenerative Compressed Air
Energy Storage) system which comprises parts of compression, thermal energy storage,
compressed air storage vessel (CASV) and expansion; the method comprising:

calculating electric energy charged by an electric power system in a compression
process;

calculating electric energy discharged to the electric power system in an expansion
process; and

calculating a ratio of the electric energy discharged in the expansion process to that
charged in the compression process, and taking the ratio as an efficiency of the whole
RCAES system;

wherein gas in operation is ideal gas, air mass flow rates in the compression and
expansion processes are known and constant in operation, an isothermal model is adopted
for the CASV of which the temperature is the same with ambient circumstances, and the

temperature and pressure of compressed air after throttling become constant.

2. The method of claim 1, wherein a process of calculating the electric energy
charged by the electric power system in the compression process comprises:

calculating compression work of stages except the last stage of a compressor;

calculating compression work of the last stage of the compressor; and

calculating the electric energy charged in the compression process according to the
compression work of all the stages of the compressor;

wherein the stages except the last stage of the compressor are steady stages of the

compressor while the last stage of the compressor is an unsteady stage of the compressor.

3. The method of claim 2, wherein the compression work of the stages except the last

stage of the compressor is calculated according to formula (1):

y—1

Vstor slor_ gor (17_1)
Wy, = Lot ;Storzzyt_lg [T + (Nes — DTine] (1)

the compression work of the last stage of the compressor is calculated according to

formula (2):
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2y-1 2y-1
psltor Y pgtor Y 1 0 (2)
WNC =0 |\ —zom —\ —com — (pstor - pstor)
pin,Nc pin,Nc
herein, @, = TichstorVZANcspiCr?,T, _ TincVstorY.

Tstor(2y—-1)(y—-1) 2= Tstor (¥ —1)

the electric energy charged in the compression process is calculated according to

formula (3):

E _ WNCS+WNC
com —

G)

wherein meanings of parameter symbols in the above formulas are listed in a table as

Ncom

below:
Parameter Meaning Parameter Meaning
Symbol Symbol

Wy, the compression power of the 14 the polytropic exponent of the
stages except the last stage of compressor
the compressor

Wiy, the compression power of the T the inlet air temperature of the
last stage of the compressor first stage of the compressor

E.om the electric energy charged in Tine the inlet air temperature of
the compression process each stage other than the first

stage of the compressor

Neom the  efficiency  of  the N, the stage number of the
compression process penultimate stage

Vstor the volume of the CASV Pinn, the inlet air pressure of the last

stage of the compressor

DLor the maximum working Geom the exhaust air rate of the
pressure of the CASV compressor

Dor the initial working pressure of Tstor the temperature of the CASV
the CASV

A the compression ratio of each

stage of the compressor

4. The method of claim 1, wherein a process of calculating the electric energy

discharged to the electric power system in the expansion process comprises:

calculating expansion work of the expansion process; and

calculating the electric energy discharged to the electric power system according to

the expansion work.

5. The method of claim 4, wherein the expansion work of the expansion process is

calculated according to formula (4):
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Wtur — NeTintWVstor (Pstor —Pdtor) (1 _ ¢uT—1) (4)
Tstor(H—1)

the electric energy discharged is calculated according to formula (5):

Eeir = W Neur ()

wherein meanings of parameter symbols in the above formulas are listed in a table as

below:
Parameter Meaning Parameter Meaning
Symbol Symbol
Wi the expansion work of the ¢ the expansion ratio of each
expansion process stage of turbine
Eeyr the electric energy discharged Tint the inlet air temperature of
to the electric power system each stage of turbine
Newr the efficiency of the expansion N, the number of stages of turbine
process
Vstor the volume of the CASV u the polytropic exponent of the
turbine
DLor the maximum working Tstor the temperature of the CASV
pressure of the CASV
Dor the initial working pressure of
the CASV

6. The method of claim 1, further comprising:

determining an expression of a relation among the electric energy charged in the
compression process, the pressure of the CASV and the compression ratio of each stage
of a compressor;

determining an expression of a relation among the electric energy discharged in the
expansion process, the pressure of the CASV and the maximum working pressure of the
CASYV;

determining an expression of a relation between the efficiency of the whole RCAES
system and any of the compression ratio of each stage of the compressor, the exhaust air
pressure of a throttle and the maximum working pressure of the CASV; and

analyzing variation of the efficiency of the whole RCAES system under different
values of the compression ratio of each stage of the compressor, the exhaust air pressure
of a throttle or the maximum working pressure of the CASV according to the expression
of the relation between the efficiency of the whole RCAES system and any of the
compression ratio of each stage of the compressor, the exhaust air pressure of a throttle

and the maximum working pressure of the CASV.
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7. The method of claim 6, wherein the expression of the relation among the electric
energy charged in the compression process, the pressure of the CASV and the

compression ratio of each stage of the compressor is formula (6):

WN s @stor) *Wn . (Dstor)

Ecom(pstor) = (6)
Ncom
2y—1 2y—1
5 herei W, ( ) _ Pstor \ V' Pstor | ¥ _ ( _ 0 )
erein, N¢ Pstor) = 1 com com a2\ Pstor Pstor /s
inN¢ PinNe

. = TichstorylecspiCriT
1= »
Tstor(2Y—1)(y-1)

_ TincVYstory
, =
Tstor(¥—1)

2

r-1
VstorY(Pstor—Pgtor)(l Y —1) [rrcom _ '
Tstor(¥—1) [Tin,l + (NCS 1)Tinc] >

VVNCS (pstor) =

the expression of the relation among the electric energy discharged in the expansion
process, the pressure of the CASV and the maximum working pressure of the CASV is
10  formula (7):

Etyr (pstor) = Weur (pstor)ntur (7)

NtTintﬂVstor(psltor_pstor) (1 _ ¢%1)’

herein, Wtur(pstor) = Tstor(t—1)

wherein meanings of parameter symbols in the above formulas are listed in a table as

below:
Parameter Meaning Parameter Meaning
Symbol Symbol
Wy, the compression work of the 14 the polytropic exponent of the
stages except the last stage of the compressor
compressor
Wiy, the compression work of the last T the inlet air temperature of
stage of the compressor the first stage of the
compressor
E.om the electric energy charged in the Tine the inlet air temperature of
compression process each stage except the first
stage of the compressor
Neom the efficiency of  the N, the stage number of the
compression process penultimate stage
Vstor the volume of the CASV Pinn, the inlet air pressure of the
last stage of the compressor
Pstor plior the pressure of the CASV, Gcom the exhaust air rate of the
the maximum working pressure compressor
of the CASV is denoted as pl,,
Dor the 1initial working pressure of Tstor the temperature of the CASV
the CASV which is equal to the
exhaust air pressure of a throttle
Pvai
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A the compression ratio of each ¢ the expansion ratio of each

stage of the compressor stage of turbine

Wewr the expansion work of the Tine the inlet air temperature of
expansion process each stage of turbine

Eeur the electric energy discharged in N, the number of stages
the expansion process turbine

Newr the efficiency of the expansion u the polytropic exponent of the
process turbine

8. The method of claim 7, wherein the expression of the relation between the
efficiency of the whole RCAES system 7zc4ps and the compression ratio of each stage
of the compressor is formula (8):

!
€121

3 A) = 8
Nrcags(4) CaZat CaZa—Cas (8)
K -1 [ com ]
: Ne(Tincd ¥V +ATc_pu — Y|Ting +Wes—DTine
herein, ¢; = 1—p * ) ¢, = ,

2 c0m y—1
TincY “Pina _ TineY

€3 = y-1Dy-1)’ C4 = r-1 Zy = Dstor — Pstor » Z2 = <’17 - 1) (Pdtor — Psror)

2y-1 2y-1
1 0
7. = ANes < Dstor > 4 _< Dstor > 4
3 =
ANespi T ANespi T

air temperature and the average exhaust air temperature, and pj;7 is the inlet air

, AT._; 1is the gap between the average inlet

10 pressure of the compressor.

9. The method of claim 8, wherein when analyzing the variation of the efficiency of
the whole RCAES system under different values of the compression ratio of each stage of
the compressor, the method further comprises configuring a range of the value of the

15  compression ratio to make the value of the compression ratio satisty the following

constraint:

10. The method of claim 7, wherein the expression of the relation between the
efficiency of the whole RCAES system 1pc4zs and the exhaust air pressure of the throttle
20 is formula (9):

17
€17y

©)

Nrcaes(Pygp) = CaZs + CaZ3 — Cazs
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u-1

—1
herein. ¢! = Neined ¥ 4+0Tegu |y (e [Doar | © ) o AT Nes =D inel
! (=1 PR » €2 e ’
t

Y—1

Zy = psltor - pgtor , Ly = <AT - 1) (psltor - pgtor) p

. ,2,C0Mm
_ Tine¥"Pina _ TineY

= @G- % T -

2y—1 2y—1

7. = ANes Pstor LA PStor 4
3 = ANespeom ANcspcom

, AT._; is the gap between the average inlet air

in,1 in,1

temperature and the average exhaust air temperature, and péﬁ?}Ntis the exhaust air

pressure of the last stage of turbine, and pf)T* is the inlet air pressure of the compressor.

11. The method of claim 7, wherein the expression of the relation between the
efficiency of the whole RCAES system 7zc45s and the maximum working pressure of the

CAVS is formula (10):

NRcAES (psltor) =t (10)

CpZp+C3Z3—CaZq

u—1 com 2.,,0m
. N¢Ti = YT 1 +(Nes—1)T; TincY“Di
hereln, ¢, = tlintt <1 _ ¢ I ), c, = [ in,1 cs mC] _ tlinc in,1

(u-1) (y-1) T T 2y-ni-1’

_ Tincy a1 0 — = 1 0
€y = m' Z1 = Pstor — Pstor» =47 -1 (pstor - pstor)'

ANespEZTT ANespEZTT

2y—-1 2y—-1
N, Pstor 4 PStor 4 com ; : :
Z3 = AVes || 22— —\ = , Ping is the inlet air pressure of the
compressor.

12. The method of claim 11, wherein when analyzing the variation of the efficiency
of the whole RCAES system under different values of the maximum working pressure of
the CASYV, the method further comprises configuring a range of the value of the
maximum working pressure to make the value of the maximum working pressure satisfy
the following constraint:

Pina AN < Pseor < Piy AN

in,1

13. An efficiency evaluation system of an RCAES (Regenerative Compressed Air
Energy Storage) system which comprises parts of compression, thermal energy storage,
compressed air storage vessel (CASV) and expansion; the system comprising:

a first module, for calculating electric energy charged by an electric power system in
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a compression process;

a second module, for calculating electric energy discharged to the electric power
system in an expansion process; and

a third module, for calculating a ratio of the electric energy discharged in the

5  expansion process to that charged in the compression process, and taking the ratio as an

efficiency of the whole RCAES system;

wherein gas in operation is ideal gas, air mass flow rates in the compression and
expansion processes are known and constant in operation, an isothermal model is adopted
for the CASV of which the temperature is the same with ambient circumstances, and the

10 temperature and pressure of compressed air after throttling become constant.

14. The system of claim 13, wherein the first module comprises:

a first sub-module, for calculating compression work of stages except the last stage
of a compressor;

15 a second sub-module, for calculating compression work of the last stage of the

compressor; and

a third sub-module, for calculating the electric energy charged in the compression
process according to the compression work of all the stages of the compressor;

wherein the stages except the last stage of the compressor are steady stages of the

20  compressor while the last stage of the compressor is an unsteady stage of the compressor.

15. The system of claim 14, wherein the first sub-module calculates the compression

work of the stages except the last stage of the compressor according to formula (1):

y-1
Wy, = S e bhos DT + (Nes = Vi (m
25 the second sub-module calculates the compression work of the last stage of the
compressor according to formula (2):
1 BT 0 S
= |(Z2) T (B T - i b @)
Pinn, Pinn,
TichstorVZANcspiCr?,T _ TincVstorY .

herein, a; =

’

Tstor 2y-1)(y—1) 2= Tstor(Y—1)
the third sub-module calculates the electric energy charged in the compression

process according to formula (3):
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G)

wherein meanings of parameter symbols in the above formulas are listed in a table as

below:
Parameter Meaning Parameter Meaning
Symbol Symbol

Wy, the compression power of 14 the polytropic exponent of the
the stages except the last compressor
stage of the compressor

Wiy, the compression power of T51 the inlet air temperature of the
the last stage of the first stage of the compressor
compressor

Ecom the electric energy charged Tine the inlet air temperature of
in the compression process each stage other than the first

stage of the compressor

Neom the efficiency of the N, the stage number of the
compression process penultimate stage

Vstor the volume of the CASV Pian, the inlet air pressure of the last

stage of the compressor

DLor the maximum  working Geom the exhaust air rate of the
pressure of the CASV compressor

Dor the initial working pressure Tstor the temperature of the CASV
of the CASV

A the compression ratio of

each stage of  the
compressor

16. The system of claim 13, wherein the second module comprises:

a first sub-module, for calculating expansion work of the expansion process; and
a second sub-module, for calculating the electric energy discharged to the electric

power system according to the expansion work.

17. The system of claim 16, wherein the first sub-module calculates the expansion

work of the expansion process according to formula (4):

Wtur — NeTinetVstor (Pstor —Pstor) (1 _ ¢uT—1) (4)
Tstor(H—1)

the second sub-module calculates the electric energy discharged according to

formula (5):
Err = WerNewr Q)

wherein meanings of parameter symbols in the above formulas are listed in a table as

below:
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Parameter Meaning Parameter Meaning
Symbol Symbol

Wewr the expansion work of the ¢ the expansion ratio of each
expansion process stage of turbine

Eeur the electric energy Tine the inlet air temperature of
discharged to the electric each stage of turbine
power system

Newr the efficiency of the N, the number of stages of
expansion process turbine

Vstor the volume of the CASV u the polytropic exponent of

the turbine

DLor the maximum working Tstor the temperature of the
pressure of the CASV CASV

Dor the initial working
pressure of the CASV

18. The system of claim 13, further comprising:

a fourth module, for determining an expression of a relation among the electric
energy charged in the compression process, the pressure of the CASV and the
compression ratio of each stage of a compressor;

a fifth module, for determining an expression of a relation among the electric energy
discharged in the expansion process, the pressure of the CASV and the maximum
working pressure of the CASV;

a sixth module, for determining an expression of a relation between the efficiency of
the whole RCAES system and any of the compression ratio of each stage of the
compressor, the exhaust air pressure of a throttle and the maximum working pressure of
the CASV; and

a seventh module, for analyzing variation of the efficiency of the whole RCAES
system under different values of the compression ratio of each stage of the compressor,
the exhaust air pressure of a throttle or the maximum working pressure of the CASV
according to the expression of the relation between the efficiency of the whole RCAES
system and any of the compression ratio of each stage of the compressor, the exhaust air

pressure of a throttle and the maximum working pressure of the CASV.
19. The system of claim 18, wherein the fourth module determines that the

expression of the relation among the electric energy charged in the compression process,

the pressure of the CASV and the compression ratio of each stage of the compressor is
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formula (6):

WN s @stor) *Wn . (Dstor)

Ncom

Ecom (pstor) = (6)

2y—1 2y—1

h . W, ( )_ Pstor 14 _ Pgtor 4
erein, N¢ Pstor) = 1 com com

inN¢ Pin,N

] —a; (pstor - pgtor)’

2 3N¢g.,com
_ TincVYstor¥“ A" Spiny — TincVstorY

a; = =
1 Tstor2y—1)(y—-1) ’ 2 Tstor(¥—1)

2

y-1
VstorY(Pstor—Pgtor)(l Y —1) [rrcom _ '
Tstor(¥—1) [Tin,l + (NCS 1)Tinc] >

5 VVNCS (pstor) =

the fifth module determines that the expression of the relation among the electric
energy discharged in the expansion process, the pressure of the CASV and the maximum

working pressure of the CASV is formula (7):
Erur (pstor) = W (pstor)ntur (7

NtTintﬂVstor(psltor_pstor) (1 _ ¢%1)’

10 herein, Wtur (pstor) = Tstor(u—1)

wherein meanings of parameter symbols in the above formulas are listed in a table as

below:
Parameter Meaning Parameter Meaning
Symbol Symbol
Wy, the compression work of the 14 the polytropic exponent of the
stages except the last stage compressor
of the compressor
Wiy, the compression work of the ToT the inlet air temperature of the
last stage of the compressor first stage of the compressor
Ecom the electric energy charged Tine the inlet air temperature of each
in the compression process stage except the first stage of the
compressor
Neom the efficiency of the N, the stage number of the
compression process penultimate stage
Vstor the volume of the CASV Pinn, the inlet air pressure of the last
stage of the compressor
Pstor plo, the pressure of the Gcom the exhaust air rate of the
CASYV, the  maximum compressor
working pressure of the
CASV is denoted as pl,,,
Dor the initial working pressure Tetor the temperature of the CASV
of the CASV which is equal
to the exhaust air pressure
of a throttle p,
A the compression ratio of ¢ the expansion ratio of each stage
each stage of  the of turbine
compressor
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Wewr the expansion work of the Tine the inlet air temperature of each
expansion process stage of turbine

Eeyr the electric energy N, the number of stages of turbine
discharged in the expansion
process

Newr the efficiency of the u the polytropic exponent of the
expansion process turbine

20. The system of claim 19, wherein the sixth module determines that the expression
of the relation between the efficiency of the whole RCAES system 7gcqps and the

compression ratio of each stage of the compressor is formula (8):

5 Nrcaps(A) = —n (3)

CpZp+C3Z3—CaZq

y-1

h . 1 _ Ne(Tined ¥V +ATc_p = _ y[Tiilc,qn'l'(NCS_l)TinC]
erein, ¢, = 1-¢# ) c,= :
(u-1) (y-1)
-1
_ Tincyzpicr?,rln _ TincY Y

C3

T r-Dy-1’ T -1 Zy = Dstor — Pstor » Z2 = <’17 - 1) (Pdtor — Psror)

2y-1 2y-1
1 0
7. = ANes <—p5t°r > veo_ <M> 14
3 =
ANespTTt ANespTTt

air temperature and the average exhaust air temperature, and p

, AT._; 1is the gap between the average inlet

com

in1 1s the inlet air

10 pressure of the compressor.

21. The system of claim 20, wherein when analyzing the variation of the efficiency
of the whole RCAES system under different values of the compression ratio of each stage
of the compressor, the system further comprises an eighth module for configuring a range

15  of'the value of the compression ratio to make the value of the compression ratio satisfy

the following constraint:

22. The system of claim 19, wherein the sixth module determines the expression of
the relation between the efficiency of the whole RCAES system nzc4ps and the exhaust
20  air pressure of the throttle is formula (9):

17
€17y

©)

Nrcaes(Pygp) = CaZs + CaZ3 — Cazs
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u—1
-1 —
. 1 _ Ne(Tined ¥V +AT_p Nt | Pyai # _ TS+ (Nes= DT ine] |
herein, ¢ = 1- —— , Cp = ;
(p-1) Pout,N¢ (r-1)
-1
_ Tincyzpicr?,rln _ TineY =

C3

T r-Dy-1’ T -1 2 = pslfOT - pgfor » L2 = </17 - 1) (psltor - pgtor) 5

2y—1 2y—1

7. = ANes Pstor LA PStor 4
3 = ANespeom ANcspcom

, AT._; is the gap between the average inlet air

in,1 in,1

temperature and the average exhaust air temperature, and péﬁ?}Ntis the exhaust air

com
in,1

5  pressure of the last stage of turbine, and p is the inlet air pressure of the compressor.
23. The system of claim 19, wherein the sixth module determines that the expression
of the relation between the efficiency of the whole RCAES system npcaps and the

maximum working pressure of the CAVS is formula (10):

10 Nrcaps (Pleor) = ———2— (10)

CpZp+C3Z3—CaZq

-1
. _ NgTinep = _ Y[Tisﬂn"'(Ncs_l)Tinc] _ Tincyzpicr?,rln
herein, ¢, =—"—|1—-¢ # |, ¢, = , €3 = ———=—,
(u-1) (y-1) (2y-1(-1)

_ Tincy a1 0 — = 1 0
€y = m' Z1 = Pstor — Pstor» =47 -1 (pstor - pstor)'

ANespEZTT ANespEZTT

2y—-1 2y—-1

N, Pstor 4 PStor 4 com ; : :
Z3 = AVes || 22— —\ = , Ping is the inlet air pressure of the
compressor.

15
24. The system of claim 23, wherein when analyzing the variation of the efficiency

of the whole RCAES system under different values of the maximum working pressure of
the CASYV, the system further comprises an eighth module for configuring a range of the
value of the maximum working pressure to make the value of the maximum working

20  pressure satisty the following constraint:

com )N, 1 com )N,
pin,l Alves < Pstor < pin,l Ale

25. A non-transitory machine-readable storage medium, storing instructions to cause

a machine to execute the method of any of claims 1-12.
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