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Abstract – Today all engineering efforts are focused on the optimum utilization of available energy sources.
The energy price is a critical subject regarding the present global conditions over the world. The strong
penalties of CO2 generation have forced the designers to develop systems having the least pollution.
Almost two thirds of electrical output energy of a conventional gas turbine (GT) is consumed by its
compressor section, which is the main motivation for the development of Compressed Air Energy Storage
(CAES) power plants. The main objective of this paper is to obtain the optimum parameters through
which the CAES GT cycle can be designed effectively. The cost-benefit function as a target function has
been maximized using the Genetic Algorithm. The Thermoflex software has been used for the CAES
cycle modeling and design calculation. Meanwhile the sensitivity analysis results have shown that the net
annual benefit and the discharge time duration of CAES plant decrease by increasing the fuel price. In
addition, the optimal recuperator effectiveness increases with increasing the fuel price until it reaches its
maximum value. Therefore, one can conclude that the future design modifications of the system as well as
the variation in operation strategy of the existing plant will be based on the varying fuel price.
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1 Introduction

The concept of “energy storage” has been always an
important issue to the human mind due to the limitation
of the primary energy resources. The population growth
and its resulting rise in energy demand along with the
various types of energy demand resulted in developing
the expeditious energy storage technologies and compe-
tent employment. One of the mechanical energy storage
techniques takes advantage of the energy in the com-
pressed air stored in a large reservoir underground or
aboveground. This approach leads to the development
of power plants called the compressed air energy stor-
age (CAES) [1]. The CAES technology can even be more
attractive when it is integrated with the renewable tech-
nologies such as solar (PV), wind, biomass and so forth.
The first CAES power plant with 290 MW capacities has
started its operation in 1979 in Huntorf, Germany and
the next one with the capacity of 2 × 110 MW has been
operating since 1991 in Alabama, US. Since then, sev-
eral other power plants were constructed in Japan, Israel,
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Italy, Taiwan, and South Africa and some are being con-
structed in China, Malaysia, etc. The first hybrid power
plant (CAES integrated wind) with 268 MW capacities
was constructed and installed in Iowa, US where the wind
farm production was 75–150 MW and called the Iowa en-
ergy stored park (IESP). The Norton project with the ca-
pacity of 2700 MW (9×300 MW) in Ohio, US is now under
development and another 540 MW (4 × 135 MW) CAES
power plant in Texas, US is under the construction [2, 3].

The CAES technology, in fact, is a modification of
basic gas turbine (GT) technology in a way that the low-
cost electricity is utilized for compressed air storage in an
underground hole. Then, during the peak demand hours,
the air is heated and expanded in a GT and the power
is being generated. Similar to the technology of gas tur-
bines, CAES is a reliable and available approach. So far,
two power plants were constructed and installed; one in
Germany with the capacity of 390 MW for wind turbine
and the second in the USA of 110 MW turbine capacity.
Owing to the limitation for the potential of the pumped
hydro energy storage CAES, the technical description dis-
cussed in the early literature was confined to the load lev-
eling and fuel saving utilization in combination with the
coal-fired or nuclear power plants [4–9].
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Fig. 1. (a) The schematic diagram of a CAES plant. (b) CAES thermodynamic cycle.

Bagdanavicius and Jenkins [10] carried out an anal-
ysis for the utilization potential of the waste heat gen-
erated within the compression stage in a CAES for two
different systems: one for a CAES system and another
for CAES with sensible thermal energy storage (TES) in
connection with a district heating network. The analysis
was performed based on the exergy and exergo-economics
and it was obtained that the CAES with TES may be a
valuable tool to balance the overall energy demand and
energy supply.

The clutch system can be utilized in a CAES
power plant to decouple the compressor and the tur-
bine (expander) sections. In the off-peak mode, the mo-
tor/generator drives the compressor where the inexpen-
sive off-peak energy is received from the electric grid. In
this mode, the motor/generator acts as a motor and a
clutch is used for the engagement to the compressor shaft.
Underground large reservoirs such as salt cavern, aquifer
and rock cavern are usually used as the storage medium
for the compressed air. During the on-peak period, the
compressed stored air leaves the reservoir to be used as
the combustion air in a multistage modified gas turbine
(turbo expander) and generates the peak electricity de-
mand. In this mode, the motor/generator assembly works
as a generator and the produced power from the turbine
rotor is delivered completely to the generator terminals.
So, the approach differs completely from the operation
of conventional gas turbine. Through this technology, the
electricity may be stored as compressed air, the efficiency
of the gas turbine may be increased, and the emission
may be reduced.

Designing a thermodynamic cycle for a CAES power
plant to work in the optimum condition is one of the key
points in the way of its development. In this paper, the
thermodynamic design parameters for these power plants
are introduced, but at first the governing equations for a
cycle in a CAES power plant are considered. Such tech-
nical parameters along with the economical parameters

are used to propose an optimization target function for
the process. In fact, this target function represents a cost-
benefit function and the genetic algorithm (GA) is utilized
to optimize it through utilization of the optimization tool
(GA) of MATLAB software. Therefore, the optimum val-
ues of design parameters can be achieved which are usable
in the process of design and modeling. The modeling step
was accomplished by the Thermoflex software. The para-
metric sensitivity of the obtained parameters will assist
the designer for modifications in the future design and
help the operator to alter the operational parameters in
the various conditions.

2 The governing equations

Because the CAES cycle is essentially a Brayton cy-
cle, the governing equations may be derived utilizing the
basic relations in the thermodynamic engineering. The
CAES cycle differs from the Brayton cycle in the pro-
cesses of compression in the compressor section and ex-
pansion in the expander section, because they do not take
place at the same time. Hence, the interaction of these two
sections must be taken into account using the conserva-
tion laws such as the conservation of mass and energy.
The schematic diagram of a CAES system and its ther-
modynamic cycle are illustrated on the T -s diagram in
Figure 1 [11].

The cycle of a CAES power plant includes the pro-
cesses as follows (Fig. 1):

1-2′: Compression processes in the compressor train, in-
cluding (n−1) intercooling stages and one after cool-
ing stage (the nth stage) 2′-3.

2′-3: After cooling process as mentioned before.
3-4: Isobar (approximately) preheating process in the

recuperator.
4-5: Isobar (approximately) combustion process in the

combustor.
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5-6′: Expansion processes, including (m − 1) reheating
stages.

6′-7: Isobar heat transfer process in the recuperator.
7-1: Isobar heat transfer process released through the ex-

haust to the ambient.

All the aforementioned processes from state 1 to state 3
take place when the power plant is operating in the
“charging mode”. In other words, the left clutch is en-
gaged, and the motor/generator assembly acts as a mo-
tor to receive the power from the grid, drive the com-
pressor, and charge the reservoir with compressed air.
Next, the power plant operates in its discharging mode
within the period of peak demand. In this mode, the
right clutch is engaged and the motor/generator assem-
bly works as a generator. All the aforementioned processes
from state 3 to state 7 and the exhaust process 7-1 take
place in the discharging mode, net output power is gen-
erated and delivered to the grid by the generator. Equip-
ment was employed to keep the initial required amount
of the compressed air in the reservoir to maintain the
pressure almost constant within the processes of charging
and discharging. It should be noted that the state indices
appearing in the parentheses stand for the intercooling
or reheating stages within the process of compression and
expansion, respectively. The thermal efficiency of a CAES
is defined in a different way from the conventional form
because it is actually a hybrid system which compresses
the air and also generates electricity by consuming the
fuel. The thermal efficiency for a CAES power plant is
expressed as follows [11]:

ηth =
wt

wc

ηext
+ qf

(1)

In Equation (1), wt and wc denote the specific work of
the expansion and compression processes, respectively, qf

stands for the specific heat during the combustion process
in the combustor and reheaters, and ηext denotes the ex-
ternal thermal efficiency for the base load, power required
for the compressor train, power plant such as coal-fired
plant or wind farm. Therefore, the term wc

ηext
represents

the required energy at the alternative base load plant to
provide the compression work, wc in the CAES power
plant. The storage effectiveness is defined as the ratio of
the expansion to the compression work as:

β =
wt

wc
(2)

The terminal isentropic temperature ratio, R, is defined
as Equation (3) to formulate the optimum location for
the reheaters and intercoolers [11]:

R =
T2

T1
=

(
p2

p1

)(k − 1)/
k

= r
(k − 1)/

k
p (3)

Therefore, for the compression and expansion processes,
the optimum values for the specific works and for the

combustor and reheaters, the specific heat of combustion,
are formulated by:

wc =
cpT1

ηcηelm
n

(
σcR

1
n − 1

)
,

wt = cpT1ηtηelmrmtm

(
1 − σt

R
1
m

)
(4)

qf = cpT1rmt

(σh

R
− εRC

(
1 + ηt

(σh

R
− 1

))

− rst

rmt
(1 − εRC) + m

(
1 − σt

R
1
m

))
(5)

In Equations (4) and (5), rst = T3/T1 stands for the stor-
age temperature ratio, rmt = T5/T1 denotes the maxi-
mum temperature ratio, and ηt and ηc refer to the turbine
and compressor efficiencies, respectively. In Equation (4),
ηelm represents the electromechanical efficiency to take
the electrical and the mechanical losses into account. It
can be shown that using the isentropic efficiencies instead
of polytropic efficiencies, leads to only 5% error in the spe-
cific work estimation over a wide range of pressure ratio
(1 < rp < 280). Hence, in order to simplify the analysis,
the isentropic efficiencies may be used for the compres-
sion and expansion processes. The other parameters in
Equations (4) and (5) are the number of intercoolers de-
noted by (n− 1) and the number of reheaters denoted by
(m − 1). The parameter σ represents the pressure losses
where σt refers to the global pressure losses factor (includ-
ing pressure losses in valve, piping, reservoir, combustor
and reheaters). The pressure losses in the intercoolers
and recuperator are denoted by σc and σh, respectively.
Moreover, εRC denotes the recuperator effectiveness. In
the current research, the values for cp and all the afore-
mentioned pressure losses are assumed to be constant. In
this fashion, the energy storage effectiveness can be cal-
culated by employing the following equation:

β =
ηtηcηelmrmtm

(
1 − σt

R
1
m

)

n
(
σcR

1
n − 1

) (6)

The specific fuel consumption is a key parameter which
represents the mass of fuel to the produced power and it
can be estimated via following equation:

ṁf

Ẇt

=
Q̇f

HfẆt

=
qf

Hfwt

=
1

Hf

⎛
⎝1 +

σh

R

m
(
1 − σt

R
1
m

)

−εRC

(
1 + ηt

(
σh

R − 1
)) − (1 − εRC) rst

rmt

m
(
1 − σt

R
1
m

)
⎞
⎠ (7)

In Equation (7), Hf stands for the lower heating value
(kWh/kg). Introducing these relations in Equation (1)
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ηth =

ηtelmηcxlmm

(
1 − σt

R
1
m

)

1
rmt

(
n

(
σcR

1
n − 1

)
− ηcxlmrst (1 − εRC)

)
+ ηcxlm

(
σh
R

− εRC

(
1 + ηt

(
σh
R

− 1
))

+ m

(
1 − σt

R
1
m

)) (8)

results in an expression for evaluation of the thermal ef-
ficiency for a CAES power plant as following as [11]:

(See equation (8) above)

ηtelm = ηtηelm, ηcxlm = ηcηelmηext (8a)

It can be observed from Equation (8) that the only inde-
pendent technical parameters influencing the cycle per-
formance for a CAES are R, rmt, εRC , rst, n and m. The
parameter R in the above expression has a mutual role in
the numerator and denominator of the efficiency. Hence,
it is concluded that an optimum value such as R∗ ex-
ists in the range between Rmin and Rmax. The parameter
rmt affects only the denominator of the efficiency equa-
tion which means that the optimum value of rmt is ac-
complished when the denominator reaches its minimum
level. So, there must be a range for the optimum rmt as
rmt,min < r∗mt < rmt,max. Parameter R represents the
maximum pressure of the cycle so it is limited from the
upper bound owing to the current available technology
for the compressor and turbine manufacturing. Therefore,
Rmax is set to 3.5 which is corresponds to rp = 80. More-
over, the lower bound for R is chosen to be σh since it
is required that p5 > p6′. The maximum value for rmt is
determined by the technology limitation for turbine blade
inlet temperature. Hence, rmt,max is set to 4.91. Further-
more, it is important that the minimum temperature of
fluid passing through the turbine blades should not drop
the icing temperature. So, thermodynamics can be used
to show that rmt,min is dependent on the value of R [12].
It can be shown through the mathematical analysis of
derivative for the denominator expression that the opti-
mum value of rmt is the same as rmt,max [12]. Hence, the
following equations can be written:

(rmt,min = 1) < (r∗mt = rmt,max = 4.91)

(Rmin = σh) < R∗ < (Rmax = 3.5)
(8b)

3 The optimization process for optimum
design of caes cycle

Two key elements are necessary for any optimization
process: Target or objective function and constraints of
the optimization problem. The objective function, which
is selected for CAES cycle optimization, is a cost-benefit
function so that it involves all appropriate technical and
economical parameters. These parameters are the prob-
lem variables, which will be controlled due to the thermo-
dynamic of cycle as well as technological and economical
limitations. The technical parameters have been identi-
fied in previous sections and the economic parameters are
studied through next section [11].

Fig. 2. The curve of charging and discharging price corre-
sponding to a typical load demand curve.

3.1 The objective function of optimization

3.1.1 Total revenue function

The economics of a CAES plant depends on instan-
taneous price of electricity that depends on the load de-
mand curve. In order to obtain the marginal prices of
electricity, one should convert the load demand curve to
the corresponding prices curve. The detail of this conver-
sion method has been presented in reference [13]. Figure 2
shows a typical prices curve, which is obtained from an
available sample load demand curve [11].

This figure represents the price of electricity gener-
ated, Pd ($/kWh), in discharging duration (hd or Hd =
hd/8760) in a CAES plant. Therefore, the total revenue
from a CAES plant is Re = Pdhd. Figure 2 shows also the
price of electricity, Pc ($/kWh), which will be consumed
by the compressor train in off-peak periods in charging
duration (hc or Hc = hc/8760) in a CAES plant. The
charging price is included in CAES costs and will be dis-
cussed in following section. Here hd and hc represent time
duration in turn of hours (h) for discharging and charg-
ing mode, correspondingly. The parameters Hd and Hc

are normalized equivalent of hd and hc, correspondingly.

3.1.2 Total cost function

The function of CAES plant total costs has been con-
sisted from two main costs i.e. variable/running costs and
fixed/capital ones. Each one of these components consists
of its different components.

Ctot =Crunning+Ccapital=Shd +C1K +CFOM, ($/kW.yr)
(9)
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where K, S, CI and CFOM stand for the capital recovery
factor, running cost, capital cost and fixed operation and
maintenance cost, correspondingly.

3.1.2.1. Running costs

The running cost component, S, has three cost parts:

S = Cch + Cd + CVOM, ($/kWh) (10)

where Cch stands for the charging cost owing to off-peak
electricity consumption by the compressor train in charg-
ing mode and depends on Pc in Figure 2. Cd is the cost
of fuel consumption by combustor and reheaters in dis-
charging mode and CVOM stands for variable operation
and maintenance costs of a CAES plant, which is as-
sumed constant. It is important to note that all of running
costs are represented in $/kWh generated and thus S is
known as energy cost. As Pc is represented in $/kWh com-
pression in Figure 2, it should be converted to $/kWh
generated:

Cch = Pc
wc

wt
=

Pc

β
=

Pcn
(
σcR

1
n − 1

)

ηtηcηelmrmtm
(
1 − σtR

1
m

) (11)

It is obvious that the charging cost of a CAES plant is
dependent on the main technical parameters of the cy-
cle, i.e. rmt, R, m, n and Pc(hc). The other parameters
are considered to be constant. Discharging cost is related
to the cost of fuel, Pf ($/kg-fuel), and specific fuel con-
summation i.e. ṁf

Ẇt
(kg fuel/kWh generated). Having the

lower heating value of fuel, Hf (kWh/kg-fuel), Cd can be
estimated as following as:

Cd = Pf
ṁf

Ẇt

=
qfPf

Hfwt

=PHf

⎛
⎝1+

σh

R −εRC

(
1 + ηt

(
σh

R − 1
))−(1 − εRC) rst

rmt

m
(
1 − σtR

1
m

)
⎞
⎠
(12)

where PHf denotes the cost of heat from combustion as
PHf = Pf

Hf
($/kWh heat of generated).

3.1.2.2. Capital costs

Capital costs, CI , of a CAES plant is related to invest-
ment cost of different installed equipments in the plant.

CI = rwCc+Ct+rgCg+rwCin+Cre+CRC+Cr+Cs (13)

where Cc, Ct, Cg, Cin, Cre, CRC , Cr and Cs are the capi-
tal cost of compressor, turbine, generator, intercooler, re-
heaters, recuperator, reservoir and supplementary equip-
ments, correspondingly. Generally all capital costs of
CAES plant represented in $/kW installed corresponding
to turbine capacity. Hence, the conversion factors are used

to convert the installed cost of compressor train and gen-
erator to installed cost of turbine as: rw = Ẇc

Ẇt
, rg = Ẇg

Ẇt
.

The charging mode and discharging mode can be related
by the following equation, which is resulted from the con-
servation of mass through the CAES cycle. The number
of operating cycles per year is taken to be M .

ṁchc

M
=

ṁthd

M
⇒ rh =

hd

hc
=

Ẇcwc

Ẇtwt

and rw =
rh

β
⇒ rh = rwβ (14)

3.1.3 The net benefit

The net benefit, B, from the CAES plant generation
is estimated by subtracting the total costs from the total
revenue:

B = (Pd − S)hd − CIK − CFOM (15)

It should be noted that one can use the yield function as
Y = B/Ctot instead of the net benefit function and the
results will be the same.

3.2 Optimization of objective function

The objective function is net benefit (B). As it is ob-
served from the relations, the involved main parameters
are: rmt, R, rh, hd, εRC , m, n. These parameters are de-
cision variables of optimization problem which represent
the design space and should be optimized. Therefore, the
optimization problem is considered as following as:

Max B = f(rmt, R, rh, hd, εRC , m, n)

Subject to:
1 ≤ rmt ≤ 4.91

1 ≤ R ≤ 3.5

0 ≤ rh ≤ 100

0 ≤ Hd ≤ 1

0 ≤ εRC ≤ 1

1 ≤ m ≤ mmax

1 ≤ n ≤ nmax

Throughout this research, the MATLAB software has
been selected for optimization process due to its abil-
ity and interesting facilities. Genetic algorithm (GA) is
one of the powerful toolboxes of MATLAB for optimiza-
tion application [14]. The completed optimization prob-
lem has been fitted into a function form in MATLAB
software. The input cost data have been taken from an
available data set, which has been presented in refer-
ence [15]. The optimization result for the value of best
function after 70 times of iteration has been shown in
Figure 3. Therefore the maximum value of net annual

109-page 5



S.R. Shamshirgaran et al.: Mechanics & Industry 17, 109 (2016)

Fig. 3. The result of optimization process for best fitness.

benefit is obtained to be 343.3 $/kW.yr for the follow-
ing optimum values: r∗mt = 4.91, R∗ = 3.2, r∗h = 4.1,
H∗

d = 0.79, ε∗RC = 0.76, m∗ = 2, n∗ = 4.
The results mean that for a typical existing condi-

tion, CAES cycle designer selects a recuperator, for ex-
ample, which has an effectiveness of 0.76. The selection
of a compressor providing an isentropic terminal tem-
perature ratio of 3.2 is the best option. The other opti-
mum parameters are estimated based on the optimized
design parameters: r∗p = (R∗)

k
k−1 = 58.6, β = 2.2,

r∗w = r∗
h

β = 1.86, H∗
ch = H∗

d

r∗
h

= 0.19. It means that designer
should select a compressor with the capacity of 1.86 times
higher than the turbine capacity. The CAES plant in sup-
posed conditions should operate 6920 h per year in dis-
charging mode and 1664 h per year in charging mode. The
important point that should not be missed, is that the re-
sults of optimization process especially rh and hence rw

are very sensitive to the load demand curve and there-
fore to the marginal prices curve. In other words, it may
be a smaller compressor obtained rather than the turbine
in view of capacity value if the load demand becomes
different.

4 Modeling the caes cycle

Using the optimum design parameters obtained in pre-
vious section, the modeling of CAES cycle is possible. The
Thermoflex, which is a module of THERMOFLOW soft-
ware, has been chosen for this purpose. It is one of the
best existing softwares for modeling the process plants
especially for different types of power plants [16]. Fig-
ure 4 shows the CAES plant which has been modeled in
Thermoflex.

The specification of each component of the CAES cy-
cle is calculated based on the optimum design parame-
ters. Therefore the thermal efficiency of CAES cycle is

equal to 0.51. The optimal location of intercoolers is esti-
mated based on the overall pressure ratio of compressor
train (58.6) according to the method presented in refer-
ence [17]. The model has been run in Thermoflex and the
outputs have shown to be acceptable.

5 Verification of caes model

5.1 Technical evaluation

There are some technical indices for the performance
evaluation of CAES plants [3] which three of them are
the most important ones. The first index is the heat rate
which is in the range of 4200–4800 kJ/kWh for typical
plants and the more important point is that its value does
not vary significantly even at partial loads. The value of
heat rate for modeled cycle is 4647 kJ/kWh which is one
of the output results of Thermoflex. The model has been
run for partial loads from 10% to 100% of full load. The
heat rate has been found to be 4717 at 10% of full load.
Thus, the model works correctly because the change of cy-
cle heat rate is not significant. The second index is charg-
ing electricity ratio (CER) which is defined as CER =
kWh output/kWh input. The value of CER varies typi-
cally in the range of 1.2–2.8 [3] and CER value for CAES
model is 2.2 which is in the acceptable range. The third
index is energy ratio (ER) defined as the inverse of CER.
The energy ratio of the model is 0.45 which means that
in order to obtain 1 kWh energy from CAES plant it is
necessary to give 0.45 kWh energy to the plant cycle at
the mentioned conditions.

5.2 Economical evaluation

Generally, there are three indices for the economic
evaluation of a plant i.e. net present value (NPV ), in-
ternal rate of return (IRR) and capital payback period
(CPP) [18]. The value of these indices has been calculated
for the model based on the present worth of all revenue
and cost components, which are presented in Table 1.

It is assumed that the value of useful life of the plant
and annual discount rate have to be 30 and 12%, corre-
spondingly. Therefore, the value of capital recovery fac-
tor, K, would be equal to 0.124, NPV = 347.9 $/kW,
IRR = 27.5% and CPP = 5.05. As the value of NPV is
positive, thus the project will be a profitable one. The
value of IRR is higher than the annual discount rate.
Therefore, it indicates that the design is profitable. The
value of 5.05 year for CPP is accomplishment and con-
firms the economical feature of the design.

6 Sensitivity analysis

It is clear that the various fuels that can be used in
the combustion chamber and reheaters, have their spe-
cial price. On the other hand, the price of fuel may be
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Fig. 4. The modeled CAES plant in Thermoflex software.

Table 1. The present worth of all revenue and cost compo-
nents of the CAES plant.

Income/cost Value WM] Present worth [$/kW]

component

CI 530 530

CFOM 4.74 38.2

Cch 31.43 253.5

Cd 159.84 1289.03

CFOM 1.6 12.9

Re 343.6 2771

Fig. 5. The variation of net benefit of CAES plant based on
the heat price.

changed in the different times. Hence, the designer should
check the variation of technical parameters of CAES cy-
cle for the change of fuel price, Pf , or heat price, Phf . In
this way the future design modification or present nec-
essary changes in operation strategy will be clear. Fig-
ures 5 and 6 show the variation of net benefit of the plant,
recuperator effectiveness and discharging duration time
based on the heat price. According to Figure 5 the net
benefit from the CAES plant decreases as the heat/fuel

Fig. 6. The variation of recuperator effectiveness and dis-
charging duration based on the heat price.

price increases. Figure 6 represents that the designer have
to select a larger recuperator with increasing the fuel
price until it reaches to 0.08 $/kWhth. However, after this
value the effectiveness remains constant, therefore the de-
sign will not be so profitable. Furthermore, the aforemen-
tioned figure illustrates the optimized discharging dura-
tion time that has a descending trend when the fuel price
increases. It can be observed that after the fuel price of
0.08 $/kWhth, the value of Hd becomes constant.

7 Conclusions

The approach explained here for the design of a CAES
cycle is a global approach that can be employed for any
situation such as cost data and load demand curve. The
modeling of a CAES cycle in Thermoflex has many ad-
vantages because this software provides the possibility of
the complete evaluation of the CAES plant in design and
off-design mode, at full load and part load, etc. The re-
sults of optimization process will define the compressor
capacity and hence the required capacity of a wind farm,
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solar (PV) plant, nuclear or any possible fossil fuel or re-
newable power plant for providing the off-peak electricity
for compressor train.

Acknowledgements. Originally presented in 4th International
Conference on Sustainable Energy and Environment.
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