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a b s t r a c t

PV (Photovoltaic) plants are widely used to produce power in either large or small scales all around the
world. In addition, CAES (compressed air energy storage) system has attracted considerable attention as
one of the most efficient candidates for large scales energy storage applications in the recent years. In
this work, detailed energy and exergy analysis of a 100 MWp (megawatt peak) grid connected PV plant
equipped with a CAES system is carried out. The PV plant is assumed to be located in Brazil. The for-
mulations related to the first and the second laws of thermodynamic for all components as well as
detailed solar engineering formulations for both the PV farm and the solar heating unit are presented.
The performance of the power plant is comprehensively investigated for one entire year in real cir-
cumstances. The results revealed that the energy and exergy efficiencies of the CAES system are very
close and vary from 35% up to 65% during the year. Also, the annual average exergy and energy effi-
ciencies of the power plant are calculated to be 17.9% and 16.2%, respectively.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

PV (Photovoltaic) panels generate electric power directly
employing only solar energy, thus, PV is an absolute environmen-
tally friendly technology. Nowadays, PV panels are used in order to
produce power in a wide range from only few kilowatts up to
hundreds of megawatts. As the power producible by a single PV cell
is extremely trifle, depending on the amount of power that is
supposed to be produced, from a few to millions of PV cells are
connected together to make solar panels-solar modules [1]. Small
scale PV technologies are most suitable for the areas without access
to the electrical energy distribution grids for which the PV system is
installed on the houses roofs. Also, these systems are even, some-
times, used in grid connected areas for reducing electricity bills. In
large scale, on the other hand, PV farms are built to provide the
required power of cities or industrial parts [2]. The PV farms are
also built in a wide range from 1MWp up to hundreds of MWp. The
largest PV plant in theworld is located in Arizona and has a capacity
of 290 MWp [3].
bkoohsar).
The main problem with PV farms is the sharp ramps in their
power production which is clearly because of solar irradiation in-
tensity fluctuations. As power distribution grids always need to
make a balance between the power required and the power pro-
duced, the amount of power that the power plant sells to the grid
should be defined in advance based on a mutual contract between
the grid and the power plant. In case of any ramp in the power
delivered to the grid relative to the value defined in the contract,
the PV plant will be penalized financially. Therefore, the solar en-
ergy fluctuations must be predicted and offset to minimize these
fines. As accurate long term forecast of solar energy fluctuations is
not applicable yet, a second measure should be taken. In this
regards, the only effective measure seems to be the use of energy
storage systems [4]. Battery, flywheel, capacitor, PHES (pumped
hydroelectric energy storage), SMES (super conducting magnetic
energy storage), CES (cryogenic energy storage) and CAES (com-
pressed air energy storage) are the most efficient energy storage
systems proposed ever [5]. Among all these candidates, the CAES is
the most promising technology for large scale applications due to
being environmentally friendly and its lower capital cost [6].

The CAES technologywas proposed and extensively investigated
in the 1970s and it is still in development stage. The first CAES plant
was built for a gas turbine plant in Germany in 1978. This CAES
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Fig. 1. The proposed system schematic; C: compressor, CHE: cooling heat exchanger, HHE: heating heat exchanger, HST: hot storage tank, CST: cold storage tank, ASR: air storage
reservoir, T: turbine, SCS: solar collector series, SST: solar storage tank, AAA: auxiliary air heater, P: pump, G: generator.
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system is able to store 310,000 m3 compressed air with the pres-
sure of 44e70 bar and produces up to 290 MW power [7]. The next
CAES system was built in 1991 for McIntosh power plant with the
power production capacity of 110 MW for 26 h by storing up to
540,000 m3 compressed air at a pressure range of 45e74 bar [8].
Thereafter, although extensive studies were accomplished to
develop the CAES system design and efficiency, no more CAES
system came into operation practically.

Also, despite the extensive research carried out on the PV and
CAES technologies individually, no detailed thermodynamic
assessment on a PV farm accompanying with a CAES system in real
conditions has been reported yet. In one of themost recent works in
this area, the authors of this work presented a comprehensive
thermo-economic study on a large scale grid connected PV plant
equipped with a CAES system and an ancillary solar heating system
in Brazil. In this work, first, the best location for building the power
plant was selected based on the maximum receivable solar irradi-
ation throughout the country. Then, selecting the most efficient
tracking mode for the PV cells, sizing of all components in the CAES
system and finding the best power sales strategy for the power plant
were carried out by emphasizing on energy-economic consider-
ations [9]. In the current work, a comprehensive thermodynamic
analysis (both the first and the second laws of thermodynamic) on
the PV plant is presented. For this objective, the performance of the
power plant over an entire year (as a sample year of operation) is
assessed and detailed energy-exergy performance is presented. In
fact, the aim of the current study is to investigate the technical
performance of the CAES system in a PV plant in real circumstances.
This enables us to evaluate suitability of employing CAES energy
storage system for such a power plant. Also, the energy and exergy
audit on the understudy configuration could reveal the origins of
losses and energy/exergy destructions and this would open new
gates for further investigations and research in this area.

2. System configuration

Fig.1 illustrates the understudy system configuration. According
to the figure, the power plant comprises two main subsystems, i.e.
the PV farm and the CAES system. The PV farm including thousands
of connected PV cells is supposed to produce power. Depending on
the amount of power that is to be sold to the grid in every moment,
there may be extra produced power or electricity shortage in the
system. In case of the existence of any PE (extra power) in the
system, the CAES unit can hire it to produce compressed air. In this
case, as it can be seen, the compression part of the CAES system,
including a multiple-stage compressor (C) with CHE (inter-cooling
heat exchangers) and the HST (hot storage tank), is in operation
state. In this state, the multiple-stage compressor is used to pro-
duce compressed air employing the extra power produced by the
power plant during off peak periods. This air is stored in the ASR
(air storage reservoir). The cooling heat exchangers are also used as
intercoolers between the compressor stages. In this way, not only
the harvested heat from the hot air is stored and could be used
when required, but also the compressor efficiencies can increase
significantly. The compressed air remains in the cavern until pro-
ducing extra electricity is required. This is mainly by the time that
intensive solar ramps occur and as a result, the PV farm is not able
to cover the GD (grid demand). At this time, the compressed air is
reclaimed to be expanded through the multiple-stage turbine (T).
Before each step of expansion, the air stream should be heated up to
the required temperature. The heating process is done in three
stages. The first stage is employing SHE (solar heat exchangers)
supported by hot water provided by the flat plate collectors. The
heat harvested from the compressed air during compression pro-
cess is used in the next stage by employing the HHE (heating heat
exchangers). Finally, the warmed high pressure air is heated up to
the desired temperature by AAH (auxiliary air heaters). Note that
the cooled working fluid outgoing from the heating heat ex-
changers is then kept in the CST (cold storage tank).

At the end of the day, if there is still extra compressed air in the
air reservoir, specific amount of air remains in the reservoir to offset
the possible PV farm power slumps during the early daily hours of
the next day and the remaining portion is used to produce power at
peak power consumption hours (from 8 pm to 12 pm).

It should be mentioned that, as it was explained, the configu-
ration shown in Fig. 1 has been proposed and analyzed thermo-
economically in our previous study [9]. In that work, the payback
period of the system, with conservative economic consideration,
was found to be less than 9 years that is a very satisfactory result,
considering the normal efficient lifetime of PV systems which is
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over 20 years. Also, it was shown that, as the auxiliary air heater is
the only part of the system that burns fossil fuel, considering the
very low heating duty of this heater relative to the total capacity of
the power plant, the proposed system is totally environmentally
friendly. Table 1 shows the results of thermo-economic analysis and
sizing assessment on the understudy system accomplished in
Ref. [9]. Note that the power plant is supposed to be located in
Natal, which is one of the biggest cities in the north-east of Brazil
with latitude and longitude angles of 5.78� S, 35.20� W,
respectively.

It bears mentioning that the average energy conversion effi-
ciency of the ground mounted PV arrays is usually different than
the expected efficiency of an individual cell. In fact, there are many
sources of losses for the ground mounted PV arrays such as the
effects of wind, humidity, dust and birds, losses in cabling, inverters
and etc. According to [13], in this work, the average energy con-
version of the ground mounted PV array is considered to be 80% of
the average efficiency of an individual PV cell operating in optimal
conditions. Therefore, the PV farm average energy conversion ef-
ficiency is calculated to be 15.44%.

It is also noteworthy that the technical details of the PV cells and
the flat plate solar collectors employed in this work have been given
in appendices 1 and 2, respectively.
3. Performance investigation of the system

In this section, detailed formulation about energy and exergy
analysis of the system is presented. It is worth mentioning that the
following assumptions are made while analyzing the system:

a. The effect of ambient air humidity on the CAES system perfor-
mance is neglected as the CAES systems always take advantage
of dehumidifiers.

b. The air throughout the compression and expansion process in
the CAES system is considered as ideal gas. Considering the
maximum pressure and the temperature of air in the system,
this assumption is totally reasonable.

c. The compressors, expanders and heat exchangers in the CAES
system approach steady state very fast and the variations of
kinetic and potential energies through them are assumed to be
negligible.
Table 1
Technical and sizing information related to the PV Farm, the CAES system and

Characteristics

PV Cell Type
Individual PV cells average energy conversion efficiency
Tracking mode
PV farm average energy conversion efficiency
Total PV cell area
Power plant power sales strategy
CAES power production capacity
Air reservoir volume
Air reservoir maximum pressure
Thermal storage tanks volume
The heat exchangers working fluid
Number of compression/expansion stages
Compression/expansion pressure ratios
Number of collectors in the solar heating unit
Absorber plate area of each collector
Collector set slop angle
Solar storage tank volume
Solar heating unit working fluid
Auxiliary air heater capacity
Auxiliary air heater fuel type
Auxiliary air heater efficiency
d. The expanders, heat exchangers and storage tanks in the CAES
system are assumed to be totally insulated.

e. The temperature of compressed air within the air reservoir is
assumed to be equal to the ambient temperature. This
assumption is also totally reasonable as not only the heat ex-
changers between the compressors cool the compressed air
stream down to points much close to the ambient temperature,
but also the air within the reservoir, which is not isolated, has
usually enough time to approach the ambient temperature
when the expansion unit is in standby state.
3.1. Energy performance investigation

The general format of the first law of thermodynamic for a
control volume is:

dEC:V
dt

¼ _QC:V þ _WC:V þ
X

_mi

 
hi þ

Ve2i
2

þ gzi

!

�
X

_me

 
he þ Ve2e

2
þ gze

! (1)

where, _Q and _W refer to the amount of heat and work exchanged
between the control volume and the environment, respectively.
Also, _m, h, Ve and z represent the mass flow rate, enthalpy, velocity
and potential term of the flows incoming into/outgoing from the
control volume, respectively. EC.V, in this equation, is the total en-
ergy of the control volume including internal energy (U), KE (ki-
netic energy) and PE (potential energy). In addition, the subscripts i
and e represent the inlet and outlet conditions, respectively.

The mass conservation law for a control volume can be written
as:

mlþ1 ¼
�X

_mi �
X

_me

�l
D tþml (2)

where, m is the total mass of the control volume and the super-
script l counts the control volume operational time steps.

The first law efficiency showswhat portion of the inlet energy in
the system has been effectively employed to produce power output
by the control volume. Thus:
peripheral equipment.

Information

Monocrystalline silicon
19.3% [10]
NortheSouth axis parallel to the earth's axis rotation
15.44%
530000 m2

70% of the instantaneous-monthly averaged PV farm production
50 MW (60% of maximum extra power available)
20000 m3

120 barg
5500 m3

Industrial oil [11]
5 [12]
2.88 [12]
2500
1.51 m2

12�

250 m3

Water
1050 kW
Natural gas
50%
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x ¼ Useful energy output
Energy input

(3)
In the configuration shown in Fig. 1, five separate control vol-
umes could be specified, namely, the PV farm, the compression
unit, the air storage reservoir, the solar heating system and the
expansion unit.

In the first control volume (the PV farm), the first law efficiency
for the PV farm could be defined as the ratio of the produced power
by the PV farm (P0PV) to the incident solar irradiation on the farm
(IT,PV). Therefore:

xPV ¼ P0PV
IT;PV

(4)

There are various approaches to calculate the amount of inci-
dent solar energy. Based on isotropic model, the solar irradiation on
a horizontal surface with 1 m2 area outside the earth's atmosphere
(Io) and on the earth's surface (I) could be given by the following
equations:
Io ¼ 12� 3600
p

� Gsc

�
1þ 0:033$cos

360 n
365

� �
cos4$cosdðsinu2 � sinu1Þ þ

pðu2 � u1Þ
180

� sin4$sind
�

I ¼ Io � KT

(5)
where, 4, d, n, u and Gsc are local latitude angle, the inclination
angle of the sun, the day number in the year, the time angle and the
solar constant (1367 W/m2), respectively. KT is also the sky clear-
ness index for which Angstrom coefficients available in Ref. [14]
could be used. As it was explained before, the PV farm is sup-
posed to hire northesouth axis parallel to the earth's axis sun
tracker for which the incident solar irradiation on the cell surface
with 1 m2 area (IT,cell) could be calculated as [15e18]:

IT;cell ¼ IbRb þ Id

�
1þ cosb

2

�
þ I$rg

�
1� cosb

2

�
Rb ¼ cosq

cosqz
; q ¼ d; b ¼ tan�1

�
tanf
cosg

� (6)

where, Ib, Id, rg, b, q, qz and g are the beam and diffuse components
of solar radiation, sunlight reflection coefficient, the instantaneous
slop angle of the cell, the solar irradiation incident angle, the zenith
angle and the surface azimuth angle, respectively.

The second control volume (the compression unit) includes
three main components, namely, the compressor set, the CHEs and
the HST. In the compressor set, the first law of thermodynamic for
each compressor could be written as:

_QC þ _WC þ _maðhi � heÞC ¼ 0 (7)

Inwhich, _QC, _WC, _ma, hi and he are the compressor heat transfer
and work, the air mass flow rate, inlet and outlet enthalpies,
respectively. The total work of the compressor set ( _WC;t) is equal to
the extra PE (produced electricity) multiplied by the compressor set
overall efficiency (hC).

_WC;t ¼ PE � hC (8)

The employed compressors for such a CAES system are centrif-
ugal types and the efficiency of centrifugal air compressors can be
given by Ref. [19]:
hC ¼ 1�
�
0:04þ b� 1

150

�
(9)
where, b is the compression ratio of compressors. Having this
parameter and using simple thermodynamic correlations, the
actual work of each compressor (wC,act) and the compressor inlet
air temperature could be calculated. Subsequently, the total air
mass flow rate through the compressor set (ṁC,t) could be given as:

_mC;t ¼
_WC;tP
wC;act

(10)

The rate of heat transfer from the compressor body to the
environment could also be calculated as:

_QC ¼
�
hrad þ hconv

�
C
$AC$ðTC � ToÞ (11)

where, TC-s, hrad, hconv, AC and TC are the compressor surface
average temperature, the irradiative and convective heat lost co-
efficients, the compressor surface area and average temperature,
respectively. It is noteworthy that the average temperature of
compressor surface could be assumed to be equal to themean value
of the compressor inlet and outlet flow temperatures. In addition,
the compressor body can be considered as a horizontal cylinder for
which the free convection heat transfer coefficient could be
calculated by:

hconv ¼ 1:32

ffiffiffiffiffiffi
DT
dC

4

s
(12)

Inwhich, dC is the external diameter of the compressor. Besides,
radiative heat transfer coefficient is given by:

hrad ¼
ε$s$

�
T4C � T4o

�
ðTC � ToÞ (13)

where, ε is the emission factor of the compressor surface and s is
StephaneBoltzmann constant (5.67 � 10�8).

The second component in this control volume is the cooling heat
exchanger set. Considering the assumptions made for the heat
exchangers, the first law of thermodynamic for each heat
exchanger could be written as:

_maðhi � heÞa þ _mf ðhi � heÞf ¼ 0 (14)

Inwhich, the subscript f represents the working fluid in the heat
exchanger. Defining the heat exchanger ECHE (effectiveness of each
cooling heat exchanger) as:

ECHE ¼
UCHEACHE=Cmin

1þ UCHEACHE=Cmin

; Cmin ¼ _ma$cp;a (15)

The temperatures of air outgoing from each heat exchanger
(Te,a) and outlet working fluid (Te,f) could respectively be given by:



A. Arabkoohsar et al. / Energy 87 (2015) 520e539524
Te;a ¼ Ti;að1� ECHEÞ þ ECHE$Ti;f (16)

Te;f ¼
ECHE$ _ma$cp;a$

�
Ti;a � Ti;f

�
_mf$cf

þ Ti�f (17)

In the last three equations, AHE, UHE, cp,a and cf are the heat
transfer area, the overall heat transfer coefficient, the constant
pressure specific heat capacity of air and the working fluid specific
heat, respectively. The overall heat transfer coefficient of each
cooling heat exchanger (UCHE) is calculated by:

UCHE ¼
 
1
.
ha

þ 1
.
hf

!�1

(18)

where, ha and hf are convective heat transfer coefficients for air and
working fluid, respectively. One should note that the flow regime
for the working fluid is laminar while it is turbulent for the air
stream. Thus, the values of ha and hf can be computed by
employing the following two equations.

ha ¼ 0:023� Re0:8a � Pr0:4a � Ka=Di
(19)

hf ¼
�
4:63� Kf

�.
Dh

(20)

where, Rea, Pra, Ka, Kf, Di and Dh are Reynolds and Prandtl numbers
for the air stream, the thermal conductivity coefficients of air and
working fluid, the internal diameter for the inner tube and the
hydraulic diameter for the outer tube, respectively. Note that,
obviously, in the above formulation, the inlet temperatures of
compressors are required for calculating the specific work and heat
lost of each compressor. For calculating the compressors inlet
temperatures, the value of heat exchanger effectiveness is needed.
The heat exchanger effectiveness is also a functional of inlet air
temperature. As a result, iterative solution is required for imple-
menting the above formulation.

The last component in the second control volume is the hot
storage tank for which the first law of thermodynamic could be
written as follow:

ulþ1
HST ¼

ðm$uÞlHST þ Dt$
�P

_mf ;ihf ;i �
P

_mf ;ehf ;e

�l
mlþ1

HST

;

uHST ¼ cf$THST

(21)

where, uHST, mHST, THST and cf are the internal energy, the mass, the
temperature and the specific heat of working fluid within the hot
storage tank, respectively. Also, by implementing the mass con-
servation law for the hot storage tank, one has:

mlþ1
HST ¼ ml

HST þ
�X

_mi �
X

_me

�l
$Dt (22)

According to Fig. 1, the third control volume is the air storage
reservoir. Considering the assumptions made for the air storage
reservoir, the first law of thermodynamic for it could be written as
below:

ulþ1
ASR ¼ ðm$uÞlASR þ To$cp;a

	P
_ma;i �

P
_ma;e


l
$Dt

mlþ1
ASR

;

uASR ¼ cv;a$To

(23)

Besides, from the mass conservation law, one has:
mlþ1
ASR ¼ ml

ASR þ
�X

_ma;i �
X

_ma;e

�l
$Dt (24)

In which, mASR is the mass of air encapsulated in the reservoir.
Finally, the reservoir pressure (PASR) could be obtained by:

PASR ¼ mASR � R � To
VASR

(25)

The fourth control volume in the system is the solar heating unit
which includes the flat plate solar collector modules as well as the
solar storage tank. The energy balance on each flat plate solar
collector could be written as:

IT;fc � _Qta � _mwðhe � hiÞw
zfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflffl{_Qw

¼ 0 (26)

where, IT,fc is the receivable solar irradiation by fixed sloped surface
that could be calculated by Eq. (6) where the slop angle is constant
and equal to 12�. _Qta is the solar irradiation losses due to not
perfect emittance coefficient of the cover and absorption coefficient
of the absorber surface [20]. Also, _Qw is the amount of obtainable
heat by the working fluid (water) while passing through the col-
lector which could be computed as follow [20e22]:

_Qw ¼ Ap$FR$ S� UlðTw;i � To
i�h

(27)

where, Ap, FR, S, Ul, Tw,i and To are the collector absorber surface
area, the collector removal factor, the absorbed solar flux, the
overall loss coefficient of collector, the inlet water temperature and
ambient temperature, respectively.

It should be noted that numerical solution methods must be
employed for solving Eq. (27). Here, NewtoneRaphson method has
been employed by the authors [18].

By calculating the amount of obtained heat from each collector,
one could write the first law of thermodynamic for the solar storage
tank as below:

mSST$cw
dTSST
dt

¼ _Qw � _QL (28)

where, mSST and TSST are the mass and temperature of water in the
solar storage tank, respectively. _QL is also the amount heat load
supported from the solar storage tank to the solar heat exchangers
which could be given by:

_QL ¼ _mhwcw
	
TSST � Tw;e



(29)

where, ṁhw and Tw,e are the mass flow rate of hot water flowing
into the solar heat exchanger and the temperature of water coming
back to the solar storage tank, respectively. By implementing the
same formulation as what was presented for the hot heat ex-
changers, the temperature of water in the solar storage tank could
be calculated as:

Tlþ1
SST ¼

�
_Qw � _QL

�l
mSST$cw

þ TlSST (30)

The fifth control volume in the system is the expansion unit. This
control volume comprises the solar heat exchangers, the heating
heat exchangers, the expanders and the cold storage tank.

Considering the assumptions taken for the expanders, the first
law of thermodynamic for each expander could be written as
below:
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_WT þ _maðhi � heÞT ¼ 0 (31)
In which, _WT is the work done with each expander. Naturally,
the total work of the expander set ( _WT;t) should provide enough
power to offset the PV farm power slumps during the days and
produce extra power during peak consumption periods (if appli-
cable). Therefore:

_WT;t ¼
PR
hTG

(32)

where, PR and hTG are the amount of power required to be produced
and the turbo-generator set overall efficiency, respectively. Taking
the value of isentropic efficiency of expanders (hT,is) into account
and employing simple thermodynamic correlations, the actual
work of each turbine (wT,act) is obtained. The total air mass flow rate
through the turbine set (ṁT,t), then, can be calculated by:

_mT;t ¼
_WT;tP
wT;act

(33)

Note that the heating heat exchanger set, the solar heat
exchanger set and the cold storage tank are also related to this
control volume for which the same formulation could be employed.
In this stage also, iterative solution is required to complete the
solution process. It should be mentioned that the compressors and
expanders arrangement is an effective parameter on the amount
compressible air and the amount of producible power. Appendix 3
shows how the arrangement of these devices changes by variation
of the air storage reservoir pressure [12].

Finally, the last control volume is the ancillary air heater.
Considering the coils transmitting the air through the heater as the
control volume, the first law of thermodynamic is written as:

_Qh þ _maðhi � he ¼ 0



(34)

where, _Qh is the amount of auxiliary heat required to be provided
by the air heater. The amount of fuel ( _VfuÞ required to be burnt by
the heater to provide this heat is also computed as:

_Vfu ¼
_Qh

LHV$hh
(35)

Inwhich, LHV and hh are lower heating value of the fuel and the
heater thermal efficiency (50%), respectively [23,24].

In the end, it should be mentioned that during compression
process, the equations related to the second and the third control
volumes need to be solved simultaneously. In the expansion state,
on the other hand, the formulations related to the third, the fourth,
the fifth and the last control volumes should be solved at the same
time.

Regarding the formulation presented above, the total daily fist
law efficiency for the power plant (xPP, including both the CAES
system and the PV farm) and the CAES system individually (xCAES)
could respectively be defined as:

xCAES ¼ SPSP24
t¼6

�
IT;fc þ PE þ Pfu

� (36)

xPP ¼ PSP24
t¼6

�
IT;fc þ IT;PV þ P0fu

� (37)

In which, PS and SPS are the total daily power sold to the grid
and the total daily power produced by the CAES system, respec-
tively. P'fu is also the result of multiplying the fuel mass flow rate by
the fuel LHV. The variable t also refers to hourly time steps from 6
am to 12 pm.

3.2. Exergy performance investigation

In this section, the formulation related to the exergy analysis of
the system is presented. Based on the second law of thermody-
namic, the entropy balance for a control volume could bewritten as
[25]:

To
dSC:V
dt

� To
X

_misi þ To
X

_mese � To
Xm
j¼1

_Qj

Tj
� To _sC:V ¼ 0

(38)

where, S, _m, _Qj and _sC:V are the entropy, themass flow rate, the rate
of heat transfer and entropy generation in the control volume,
respectively.

The exergy of a fluid stream (J) is defined as the maximum
work output that can be obtained from the stream as the fluid state
changes reversibly from the given state to dead state. The dead
state is a state of system when it is in thermodynamic equilibrium
with its environment. Normally, the dead state is taken to be our
environment and for many cases it is taken as 298 K and
101.325 kPa where the velocity and elevation relative to the envi-
ronment are zero. Indicating the dead state with the subscript o, J
is defined as [17]:

J ¼ _m j ¼ _m
�
ðh� hoÞ � Toðs� soÞ þ V2

2
þ gz

�
(39)

Also, the irreversibility in the control volume is defined as the
difference between the amount of maximum producible work in a
reversible process and the amount of actual work.

_IC:V ¼ _Wrev;u � _Wact (40)

As it was explained before, the first law efficiency shows what
portion of the inlet energy in the system has been effectively
employed to produce power by the control volume. Clearly, inmany
cases this definition, by itself, cannot be a strong criterion to judge
the system performance. In such cases, the second law efficiency
can be helpful to evaluate the system performancemore accurately.
In fact, the first law efficiency shows how well energy is used
comparing with an ideal process and the second law efficiency (ε)
indicates how well availability is used [26,27].

ε ¼ useful availability output
availability input

¼ 1� availability distruction and losses
availability input

(41)

Similar to the energy analysis section, the first control volume in
the system is the PV farm for which the exergy analysis is pre-
sented. The second law efficiency for the PV farm is defined as the
ratio of the amount of useful exergy gained, i.e. the net power
produced (PPV), to the solar exergy received (JPV).

εPV ¼ PPV
JPV

(42)

The amount of solar exergy received by 1m2 area of a PV cell, on
the other hand, could be calculated as [28]:

Jcell ¼ IT;cell$

"
1� 4

3

�
To
Tsun

�
þ 1
3

�
To
Tsun

�4
#

(43)
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In which, Tsun is the effective temperature of the sun (4350 K).
Naturally, for calculating the total exergy of the whole farm, the
total area of the PV cells should be multiplied by the value given by
the above equation. The irreversibility of the PV farm could then be
calculated by:

_IPV ¼ JPV � P0PV (44)

In the second control volume, for the compressor set, consid-
ering the assumptions taken for the compressors, the entropy
balance on each compressor could be written as:

_sC ¼ _maðse � siÞC �
_QC

TC;s
(45)

where, _sC, _QC and TC,s are the rate of entropy generation through
the compressor, the rate of heat transfer from the compressor to the
IHST ¼
�X

_me½ðhe � hoÞ � Toðse � soÞ� �
X

_mi½ðhe � hoÞ � Toðse � soÞ�
�
HST

$D tþ ðm2u2 �m1u1ÞHST (52)
environment and the compressor surface average temperature,
respectively. In addition, the amount of irreversibility in the
compressor is also given by:

_IC ¼ To

 
_maðse � siÞ �

_QC

TC

!
C

(46)

Finally, defining the second law efficiency for a compressor as
the ratio of exergy increase in the fluid through the compressor to
the actual work of compressor, the compressor second law effi-
ciency could be calculated as [27]:

εC ¼ 1�
To

 
se � si �

_QC
TC

!
C

ðhe � hiÞC � _QC
(47)

For the heat exchangers, on the other hand, regarding the as-
sumptions taken, from the second law of thermodynamic, one has:
IASR ¼ ð _me½ðhe � hoÞ � Toðse � soÞ� � _mi½ðhi � hoÞ � Toðsi � soÞ�ÞASR þ ðm2u2 �m1u1ÞASR (55)
_sCHE ¼ _maðse � siÞCHE;a þ _mf ðse � siÞCHE;f (48)

where, subscripts CHE,a and CHE,f refer to the air and working fluid
streams through the cooling heat exchangers, respectively. Finally,
the amount of irreversibility in each heat exchanger can be calcu-
lated by:

_ICHE ¼ � _ma½ðhe � hiÞ � Toðse � siÞ�CHE;a
� _mf ½ðhe � hiÞ � Toðse � siÞ�CHE;f (49)

Defining the second law efficiency for a heat exchanger as the
ratio of exergy increase in the cold fluid to exergy increase in the
hot fluid, one has:
εCHE ¼
_mf ½ðhe � hiÞ � Toðse � siÞ�CHE;f (50)

_ma½ðhi � heÞ � Toðsi � seÞ�CHE;a

Note that, in a heat exchanger, there are mainly two reasons for
wasting availability. The first one is due to heat exchange across a
finite difference temperature and the second one is due to fluid
friction.

The third component in the second control volume is the hot
storage tank. The entropy balance on the storage tank may be
written as:

S2 � S1 ¼
�X

_misi �
X

_mese þ _s
�
HST

$Dt (51)

Irreversibility in a thermal energy storage system by doing an
exergy balance on the storage tank is given by:
The second law efficiency for the hot storage tank can only be
defined for a period of performance including a full charging step as
well as a complete discharging step and it is written as below [27]:

εHST ¼ DJDischarging

DJCharging

!
HST

¼ ½DH� ToDS�Discharging
½DH� ToDS�Charging

!
HST

(53)

In other words, the second law efficiency measures the energy
quality degradation due to both the difference in charging and
discharging temperatures and thermal losses. It is a measure of the
conservation of exergy through the storage, i.e. the ability to
generate the same amount of power from the hot storage tank as
from the original energy used to charge the system.

For the third control volume (the air storage reservoir), the
entropy balance results to:

S2 � S1 ¼
�X

_misi �
X

_mese þ _s
�
ASR

$Dt (54)

The irreversibility of the reservoir could be given by:
The second law efficiency of the reservoir should also be defined
for a period of performance including a full charging step as well as
a complete discharging step.

εASR ¼ DJDischarging

DJCharging

!
ASR

¼ ½DH� ToDS�Discharging
½DH� ToDS�Charging

!
ASR

(56)

The next control volume is the solar heating unit. In this control
volume, for the solar collector module, the second law efficiency is
defined as the ratio of the net exergy obtained from the collector by
the working fluid (Jw) to the received solar exergy by the collector
(Jfc) [29].

εfc ¼
Jw

Jfc
(57)
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The amount of solar exergy received by the flat plate solar col-
lector could be calculated by Ref. [17]:

Jfc ¼ ho$IT;fc$Ap$

�
1�

�
To
Tsun

��
; ho ¼ S

IT;fc
(58)

where,ho is the optical efficiency of the collector. The rate of net
exergy gained by water while passing through the collector could
also be given by:

Jw ¼ _mw½ðhe � hiÞ � Toðse � siÞ�w (59)
JCP ¼
X

_nj

"�
h
_

� h
_

o

�
j
� To

�
s
_ � s

_
o

�
j
þ
�
yjj

_ch þ R
_

$To$yj$Ln
�
yj
��#

CP

(68)
Finally, the irreversibility of the collector module is calculated
by:

_Ifc ¼ Jfc �Jw (60)

For calculating the storage tank entropy balance, exergy effi-
ciency and irreversibility, the same correlations as the formulation
presented for the cold storage tank in the second control volume
could be employed.

The fifth control volume is the expansion unit in the CAES sys-
tem in which the first component to be analyzed is the expanders
set. The entropy balance on each expander could be presented as:

_sT ¼ _maðse � siÞT (61)

The amount of irreversibility in each turbine stage is also ob-
tained by:

_IT ¼ _maToðse � siÞT (62)

The second law efficiency of each expander is defined as the
ratio of the actual work of the turbine to the amount of decrease in
the availability of air while passing through that:

εT ¼ 1

1þ Toðse�siÞT
cp;aveðTi�TeÞT

(63)

For exergy analysis on the other components in this control
volume such as the solar heat exchangers, the heating heat ex-
changers and the cold storage tank the same formulation as pre-
vious sections could be presented.

The last control volume is the auxiliary air heater for which the
second law of thermodynamic could be written as:

_sh ¼ _maðse � siÞh (64)

Naturally, the heater inlet exergy (Jh,i) is the summation of the
inlet air exergy and the chemical exergy along with the fuel [17].

Jh;i ¼ Jfu þ _ma½ðhi � hoÞ � Toðsi � soÞ�a;

Jfu ¼ _nfu

��
h
_

� h
_

o

�
� To

�
s
_ � s

_
o

�
þ j

_ ch
�
fu

(65)

Note that the fuel used by the heater is assumed to be pure
methane. Jh,e in Eq. (65) is also the summation of exergy along
with the outgoing combustion productions from the exhaust (JCP)
and the heated air outgoing from the heater. Therefore:

Jh;e ¼ JCP þ _ma½ðhe � hoÞ � Toðse � soÞ�a (66)
It is worth mentioning the prior study of the authors shows the
combustion procedure in such an air heater is usually done with
approximately 300% theoretical air [17]. As the fuel is pure
methane, therefore, the combustion production for 1 mol of the
fuel is a mixture of different gases as [30]:

CH4 þ 6ðO2 þ 3:76N2Þ/ðCO2Þ þ 2ðH2OÞg þ 22:56ðN2Þ þ 4ðO2Þ
(67)

Therefore, the combustion production exergy could be calcu-
lated by:
In the last few equations, bjch
,cR; _n and y are the chemical exergy,

universal constant of gases (8.314 kJ/kmol K), the molar flow rate
and fraction of the fuel and combustion productions, respectively.ch ;bs; bhoandbso are also the molar enthalpy and entropy of the
combustion productions at exhaust and reference conditions,
respectively. The EES software could be used to solve the values of
all these parameters. The value of chemical exergy and molar en-
tropy and enthalpy in reference conditions related to the afore-
mentioned elements are given in appendix 4.

Taking the results of the above formulation into account, one
could calculate the amount of irreversibility in the heater by:

_Ih ¼ Jh;i �Jh;e (69)

The second law efficiency of the heater is also calculated as:

εh ¼ _ma½ðhe � hiÞ � Toðse � siÞ�a
Jh;i

(70)

Finally, the total daily second law efficiency of the PV farm (εPV),
the total daily second law efficiency of the power plant (εPP) and the
total daily second law efficiency of CAES unit (εCAES) could be
calculated by the following equations, respectively:

εPV ¼ PPVP24
t¼6 JPV

(71)

εCAES ¼ SPSP24
t¼6

�
Jfc þ PE þJfu

� (72)

εPP ¼ PSP24
t¼6

�
Jfc þJPV þJfu

� (73)

where, PPV is the total daily power that is sold directly to the grid
by the PV farm. Here also, t shows the hourly time steps from 6 am
to 12 pm.

4. Results and discussion

In this section, the results of the simulation accomplished on the
power plant are presented. The primary information required in
this regard includes the local sky clearness and the environment
temperature as well as the amount solar irradiation practically
available over a whole sample year.



Fig. 2. Total monthly sunny hours and average ambient temperature in Natal in 2012.

Fig. 3. Actual solar energy radiated on a horizontal surface with 1 m2 area in natal in 2012.

Fig. 4. Instantaneously-monthly averaged theoretical solar irradiation on a PV cell and a flat plate collector with 1 m2 area.
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Fig. 5. Instantaneously-monthly averaged actual producible power by the PV farm.
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Fig. 2 gives information about monthly averaged temperature
and total monthly sunny hours in the case study location (Natal
city) in 2012. According to the figure, the sunniest month of the
year is November by almost 280 h while less sunshine is obtainable
in April and June by almost 175 h. On the other hand, January and
February are the warmest and July and August are the coldest
months of the year.

Fig. 3 shows the amount of solar energy irradiated practically on
a horizontal surface with 1 m2 area in Natal in 2012. This data have
been recorded in a station located in Natal with 1 min gaps for all
days of the year.

As it was mentioned, the previous study indicated that the best
tracking mode for the PV cells is northesouth axis parallel to the
earth's axis rotation with continuous adjustment and the best slop
angle for the flat plat solar collectors in the solar heating unit is 12�.
Therefore, the amount of receivable solar energy by the PV cells and
flat plate collectors is also an important factor during the simula-
tion process. Fig. 4 shows the monthly averaged theoretically re-
ceivable solar irradiation by a tracking PV cell and a sloped flat plate
collector both with 1 m2 area.

According to the figure, in both cases the maximum solar radi-
ation is received in March whereas June receives the minimum
amount of solar energy. It is also noticeable that although the
tracker plate almost always receives much more radiation than the
sloped surface, the amount of solar energy receivable by the sloped
surface exceeds the energy received by the tracker in June and May
at noon.

Having the amount of actual solar radiation on a horizontal
surface and theoretically receivable solar irradiations by the
tracking PV cell and the sloped flat plate collector, one could easily
calculate how much solar energy is in practice available for the PV
farm and the solar heating unit over the year. Fig. 5 gives infor-
mation about the monthly-instantaneously averaged actual pro-
ducible power by the PV farm. It is reminded that the PV farm takes
advantage of 530000 m2 northesouth axis parallel to the earth's
axis tracker PV cells with overall efficiency of 15.44%. As the figure
shows, the least electricity is produced in June whereas October
and November produce the maximum amount of electricity. The
other noticeable point is that the amount of producible power
during mornings, especially in the first six months, is less than the
amount of producible power in afternoons which means the sky is
cloudier in the morning than afternoons in Natal.

According to the simulation results presented in Refs. [9], the
best energy-economic performance of the power plant is achiev-
able while selling power to the grid based on 70% of the values
obtained by averaging over the graphs in Fig. 5 and the CAES system
capacity is chosen 60% of the maximum extra power produced by
the PV farm during the year (0.6 � 84 MW z 50 MW). Therefore,
hereafter, the results of simulation accomplished on a PV plant with
100 MWp capacity, equipped with a CAES unit with 50 MW ca-
pacity, with a time dependent power sales strategy with 70% of
average producible power in each month are presented. Note that
the simulation is done for all days of the year; however, for the sake
of simplicity in showing the results, the detailed results for a few
sample days are presented. These days are so selected that one
could observe the performance of the power plant in all possible
cases from very cloudy sky (very poor performance of the plant) to
very clear sky (very strong performance of the power plant).

Fig. 6 shows the extra power produced by the PV farm that could
be used by the CAES system inMarch 23rd, April 30th andMay 24th.
Clearly, January 30th is one of the best; April 21st is a moderate and
May 23rd is one of the worst days of the year in terms of available
solar energy. According to the figure, the maximum extra power to
be employed by the compressors is 50 MW. It should be noted that
although there may be higher values of extra power available up to
84 MW in some points, the CAES system capacity is restricted to
50 MW because according to [9], higher values of extra power
produced are not worth to be harvested.

Fig. 7 also shows the amount of power shortage in the power
plant relative to the grid demand based on the chosen character-
istics (the CAES unit capacity) and power sales strategy for the
system during the three sample days. This energy shortage, in fact,



Fig. 6. The CAES system compressor set work for three sample days (MW).

Fig. 7. Power shortage in the system that the CAES unit should offset during the three sample days (MW).

Fig. 8. Produced power by the CAES unit (MW).
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Fig. 9. Air reservoir pressure variation during the three sample days.
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should be offset by the CAES system, if possible. Expectedly, the
energy shortage in May 24th is so much so that even the CAES
system may not be able to offset it. In a sharp contrast, the energy
shortage during March 23rd is very trifle. The power shortage in
April 30th is always in moderate levels.

Fig. 8 shows the amount of power produced by the CAES system
in each moment during the three sample days. As can be seen the
maximum producible power is 50 MW which is produced during
nightly hours in March 23rd. What is clear here is that the CAES
system might produce higher amounts of power in this day as the
PV farm provided more energy for being used to produce com-
pressed air, however, the economic assessment carried out in
Ref. [9] limited the CAES maximum capacity at 50 MW because it
was proved that the higher values of extra power available are not
worth to be harvested as higher capacities of the CAES system
resulted to higher values of initial investment. The nightly pro-
duced power in April 30th andMay 24th are also 35MWand 0MW,
respectively. Note that these results are totally compatible with the
information readable from the previous figure.

Fig. 9 shows the variation of the air storage reservoir pressure
during the three sample days (the reservoir volume is 20000 m3).
Fig. 10. Overall performance of the whole
Finally, Fig. 10 shows the overall performance of the power
plant including the amount of power directly sold to the grid, the
amount of power ramp offset by the CAES system, the amount of
power ramps that could not be offset during the day and the
amount of nightly power sold to the grid. In this figure set, the
yellow area shows the power delivered to the grid directly by the
PV farm, the blue area shows the extra power produced by the PV
farm to be used by the CAES system, the green area shows the
power ramps compensated by the CAES unit when the solar en-
ergy fluctuations cause the PV farm to not be able to cover the grid
demand, the red area represents the PV farm power production
slumps that even the CAES system has not been able to offset and
the power plant is financially penalized for them and finally, the
black area shows the amount of nightly produced power by the
CAES system. Overall, the summation of green and black areas
show the power produced by the CAES system during the sample
days and clearly, the amount of nightly produced power by the
CAES system (black area) is more during the very sunny days
while the power ramp compensation by the CAES system (green
area) can be more during the days with moderate levels of
sunshine.
power plant in the three sample days.



Fig. 11. Total daily solar exergy and energy received by the PV farm.

Fig. 12. Total daily exergy efficiency of the PV farm.
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Hereafter, the overall energy and exergy performance of the
power plant for all days of the year is investigated. Fig. 11 shows the
total daily solar energy and exergy received by the PV farm. As it
was explained before, taking all the losses and uncertainties in the
system into account, with conservative considerations, the energy
conversion efficiency of the PV farm is 15.44%; however, the exergy
efficiency of the PV farm could be calculated by the correlations
presented.

Fig. 12 gives information about the values of total daily exergy
efficiency of the PV farm over the whole year. According to the
figure, the daily exergy efficiency of the PV farm could rise up to 21%
and fall down to 9% in different days. Also, the annual average
exergy efficiency of the PV farm is calculated to be 13.8%.

Fig. 13 shows the amount of solar exergy and energy received by
the collector module in the CAES system, including 2500 flat plate
collectors with the slop angle of 12�, and the useful obtained energy
and exergy received by water as the working fluid of the solar
heating unit.

Employing the data given in this figure, one could easily calcu-
late the total daily exergy and energy efficiencies of the solar
heating system. Fig. 14 shows the values of these parameters for all
days over the year. As can be seen, the value of exergy efficiency is
extremely low and varies between almost 0 up to only 9%. The total
annual average exergy efficiency of the solar heating unit is also
6.2% which means the rate of exergy destruction in solar heating
system is very high. On the other hand, the energy efficiency of the
solar system is usually at a reasonable level and varies from 0.3 up
to 0.6.

In addition, there is also an auxiliary air heater which burns
natural gas to provide the extra heat required in air expansion
process. By analyzing the energy and exergy performance of the air
heater, one could, finally, calculate the overall exergy and energy
efficiency of the CAES system. Fig. 15 shows howmuch fuel (natural
gas) is used in each day by the air heater. Evidently, by taking the
values of natural gas LHV and the air heater thermal efficiency into
account, one could calculate the total daily heating duty of the air
heater, clearly resulting to the same trend as the above graph.

Fig. 16 also illustrates the total daily exergy received by the air
through the air heater, the exergy exhausted from the air heater
chimney and the exergy of fuel burnt during the whole day.



Fig. 13. Total daily exergy/energy received by the collector module and obtained by water in solar heating unit.

Fig. 14. Total daily exergy/energy efficiency of the solar heating unit.

Fig. 15. Total daily fuel consumption of the air heater.
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Fig. 16. Total daily fuel/exhaust and useful gained exergy through the air heater.

Fig. 17. Total daily energy performance of the CAES unit.
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Naturally, the total daily energy efficiency of the heater is 50% and
considering the information given in Fig. 15, the total daily exergy
efficiency of the heater is obtained to be equal to 42.2%.

Fig.17 gives information about total daily energy performance of
the CAES system such as the total daily energy produced by the
CAES system and the total daily power received by/available for the
compressor set in the CAES system. As can be seen, the amount of
power received by the CAES system is close to the value of the
available extra power and this means that selecting the capacity of
the CAES system (60% of the maximum available extra power) has
been so accurately selected that not only it maximizes the eco-
nomic benefits of the plant, but also it minimizes the total annual
power losses in the power plant. The total daily power produced by
the CAES system varies from only 50 GJ/day (14 MWh) up to almost
650 GJ/day (181 MWh). Clearly, the more extra power is produced
by the PV farm, the more the CAES system can produce power
during the day and peak electricity consumption periods. That's
why the graphs have the same trends. It is re-mentioned again that
selecting higher capacities for the CAES unit would increase the
amount of total daily power produced by the CAES unit consider-
ably, however, the previous study of the authors [9], showed that
the higher capacities of the CAES system would not be as
economically efficient as a CAES system with 50 MW capacity.

Fig. 18 shows the total daily exergy and energy efficiency of the
CAES system including the compression set, the expansion set, the
air heater and the solar heating unit. As can be seen, the values of
energy and exergy efficiency of the CAES system are very close,
with trifle superiority of exergy efficiency varying from 35% up to
65%. Note that the values of energy and exergy efficiencies would be
higher if the CAES system actual energy input, which is limited to
50 MW, was considered in the calculations; however, in order to
present an accurate value for energy storage efficiency and the



Fig. 18. Total daily exergy and energy efficiency of the CAES system.

Fig. 19. Total daily available/required heat in the CAES system over the year.

Fig. 20. Total daily power sold/offset/un-recovered and nightly produced in the power plant.
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Fig. 21. Total daily energy and exergy efficiencies of the power plant.
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effect of restricting the CAES maximum capacity, the total extra
power produced by the PV farmwas taken into account as the CAES
system energy input.

Fig. 19 shows the total daily heat required for preheating the air
stream before expansion, the total daily heat provided by the
working fluid (the heat collected in the compression process), the
total daily heating duty of the ancillary heater and the total daily
heat that is supposed to be provided by the solar heating system.
According to the figure, most of the required heat could be supplied
by the hot working fluid produced during compression process. The
solar heating unit provides considerable amount of heat during the
day and the auxiliary heater is only responsible to provide a minor
portion of the total daily required heat.

In the end, the performance of the whole power plant, including
all of the above individually analyzed systems, is investigated.
Fig. 20 reveals howmuch power is totally sold by the power plant in
each day, how much power ramps could (not) finally be offset and
howmuch power is produced at peak consumption periods of each
day. According to the figure, the amount of unrecoverable ramps in
the power plant is always very small and there are only a few days
in which the unrecoverable ramps rise sharply. Also, the graphs
show that up to almost 400 MWh power ramp during a single day
has been offset by the CAES system. The maximum nightly pro-
duced power should clearly be 200 MWh (50 MWh for 4 h). As can
be seen, this state is possible in many days during the year. During
daily hours also, up to 720MWh power could be given to the grid in
the last months of the year while this value could fall down to only
10 MWh in a few cases in the middle days of the year.

Fig. 21 shows the total daily energy and exergy efficiencies of the
whole power plant. According to the figure, overall, the power plant
exergy efficiency is more than its energy efficiency in all days of the
year. The exergy efficiencies up to 21% are achievable in the plant
while it doesn't fall below 13% in any day over the entire year. On
the other hand, the energy efficiency of the plant varies from 12% in
the first days of March to almost 19% in the middle days of May and
June. The annual average exergy and energy efficiency of the power
plant with all its peripheral equipment are 17.9% and 16.2%,
respectively.

5. Conclusion

The authors have already investigated the feasibility of con-
structing a PV farm equipped with a CAES system with capacity of
100 MWp in the most appropriate location in Brazil. They had also
defined the most efficient power sales strategy for the power plant
and the optimal size of different components in the CAES system
relying thermo-economic consideration. It was shown that such a
system, even with conservative economic considerations, would
result to a payback period of less than 9 years. In the current work, a
comprehensive energy and exergy analysis on the power plant was
accomplished and the results of the simulationwere presented and
discussed extensively. The results show that the exergy and energy
efficiencies of the power plant could only rise up to 21% and 19%,
respectively. These values even could fall down to 13% and 12%,
respectively. Therefore, comparing the efficiency of the proposed
configuration with the conventional power plants (vapor power
plants, gas turbine plants, combined cycle plants and etc with ef-
ficiencies in range of 25%e45%), one finds the obtained efficiency
from the proposed system lower than the conventional power
plants. However, the great advantage of the investigated system is
that the energy source in a PV farm is the free and endless solar
energy, while the conventional power plants burn huge amount of
fossil fuels every day and it causes their operational costs much
more. This makes the investigated power plant superior to the
conventional power plants. Also, comparing the proposed system
with other renewable energy source power plants like PV farms,
concentrating solar power plants and wind farms while using
batteries or other energy storage systems, one would find the
proposed configuration much more preferable due to the many
advantages of the CAES system relative to the other energy storage
systems. In addition, the exergy and energy audits accomplished on
the system showed that its performance could be improved
significantly if PV cells with higher energy conversions are pro-
duced. The results revealed that significant amount of exergy is
destructed in PV cells and flat plate solar collectors. Also, a lot of
exergy and energy are wasted from the exhaust of the auxiliary air
heater. Moreover, although a CAES system with the characteristics
given in this work could present a satisfactory performance in both
terms of energy and exergy efficiencies, advancements in its design
could minimize the exergy destructions and energy wastes. Also,
lower capital cost would enable the designers to choose CAES
systems with higher capacities for such a PV farm which means
higher portions of the extra power produced by the PV farm could
be harvested and this leads to even much more energy and exergy
efficiencies. Overall, according to the results of this study, con-
structing large scale grid connected PV plants equipped with CAES
systems in countries with high solar energy potential is highly
recommended.
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Appendixes

Appendix 1. Details of the PV cell utilized in this work.
Characteristics Information

Dimensions 156 mm � 156 mm ± 0.5 mm
Diagonal 200 mm ± 1 mm
Thickness 180 mm ± 30 mm/200 mm ± 30 mm (Wafer thickness)
Front Silver bus bars; blue/purple/brown, silicon nitride antireflection coating
Back Silver bus bars; Full-surface aluminum BSF
Average conversion efficiency (%) 19.3
Rated power (Wp) 4.59e4.64
Max. power current, Imp (A) 8.52
Max. power voltage, Vmp (V) 0.540
Short circuit current, Isc (A) 9.04
Open circuit voltage, Voc (V) 0.638
Appendix 2. The properties of employed solar collectors.
Characteristic Information

Collector length 200 cm
Collector wide 95 cm
Collector thickness 9.5 cm
Cover matter Glass
Cover thickness 4 mm
Absorber plate thickness 0.5 mm
Tubes inner diameter 10 mm
Tubes outer diameter 12 mm
Tubes space 150 mm
Plate area 1.51 m2

Plate matter Copper
Appendix 3. Compressors and expanders arrangements in different
operational conditions.
Pressure range (bar) Compressors arrangement Turbines arrangement

Pca < 2.9

2.9 < Pca < 8.3

8.3 < Pca < 24

24 < Pca < 69

Pca > 69
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Appendix 4. The properties of employed solar collectors.
CH4 CO2 H2O N2 O2

Chemical exergy (MJ/kmol) 831 14.1 8.6 0.64 3.95
Molar enthalpy in reference condition (MJ/kmol) �74.87 �393.5 �241.8 0 0
Molar entropy in reference condition (MJ/kmol) 0.186 0.213 0.188 0.191 0.205
References

[1] Khadidjaa B, Drisa K, Boubekerb A, Noureddinec S. Optimisation of a solar
tracker system for photovoltaic power plants in Saharian region, example of
ouargla. Energy Procedia 2014;50:610e8.

[2] García-Gracia M, El Halabi N, Khodr HM, Sanz JF. Improvement of large scale
solar installation model for ground current analysis. Appl Energy November
2010;87(11):3467e74.

[3] http://energy.gov/articles/agua-caliente-worlds-largest-solar-photovoltaic-
plant-helps-advance-americas-solar.

[4] Botterud A. Chapter 11eForecasting renewable energy for grid operations.
Renew Energy Integr 2014:137e47.

[5] Breeze Paul. Chapter 10-Power system energy storage technologies, power
generation technologies. 2nd ed. 2014. p. 195e221.

[6] Gadhamshetty V, Gude VG, Nirmalakhandan N. Thermal energy storage sys-
tem for energy conservation and water desalination in power plants. Energy
2014;66:938e49.

[7] Raju M, Khaitan Siddhartha K. Modelling and simulation of compressed air
storage in caverns: a case study of the Huntorf plant. Appl Energy January
2012;89(1):474e81.

[8] http://www.powersouth.com/mcintosh_power_plant/compressed_air_
energy.

[9] Arabkoohsar A, Machado L, Farzaneh-Gord M, Koury R. N.N. Thermo-
economic analysis and sizing of a CAES unit equipped with an ancillary so-
lar heating system for a PV farm, Renewable Energy 83, 491e509.

[10] http://www.transsen.com.br/en/produtos.
[11] http://www.paratherm.com/heat-transfer-fluids/lowtemp/paratherm-cr/.
[12] Grazzini Giuseppe, Milazzo Adriano. Thermodynamic analysis of CAES/TES

systems for renewable energy plants. Renew Energy 2008;33:1998e2006.
[13] Fthenakis V, Frischknecht R, Raugei M, Kim HC, Alsema E, Held M, et al.

Methodology guidelines on life cycle assessment of photovoltaic electricity.
2nd ed. 2011.

[14] http://www.cpc.noaa.gov/products/JAWF_Monitoring/Brazil/index.shtml.
[15] Kalogirou A Soteris. solar thermal collectors and applications. Prog Energy

Combust Sci 2004;30:231e95.
[16] Farzaneh-Gord M, Arabkoohsar A, Deymi Dashtebayaz M, Farzaneh-Kord V.

Feasibility of accompanying uncontrolled Linear Heater with Solar System in
Natural Gas Pressure Drop Stations. Energy 2012;41:420e8.

[17] Arabkoohsar A, Farzaneh-Gord M, Deymi-Dashtebayaz M, Machado L,
Koury RNN. Energy and exergy analysis of natural Gas pressure reduction
points equipped with solar heat and controllable heaters. Renew Energy
December 2014;72:258e70.

[18] Farzaneh-Gord M, Arabkoohsar A, Rezaei M, Deymi Dashtebayaz M. Feasibility
of employing solar energy in natural gas pressure drop stations. J Energy Inst
2011;84(3):165e73.

[19] Boyce MP. 6- centrifugal compressors, gas turbine engineering handbook. 4th
ed. 2012. p. 253e301.

[20] Duffie JA, Beckman WA. Solar engineering of thermal processes. 2nd ed. New
York: Willy; 1991.

[21] Zekai S. Solar energy fundamentals and modelling techniques. 3rd ed. , Lon-
don: Springer; 2008. p. 180.

[22] A Arabkoohsar, M Farzaneh-Gord, M Deymi Dashtebayaz, L Machado, R N.N
Koury, A new design for natural Gas pressure reduction points by employing a
turbo expander and a solar heating set, Renew Energy 81, 239e250.

[23] Farzaneh-Gord M, Ghezelbash R, Arabkoohsar A, Pilevari L, Machado L,
Koury RNN. Employing Geothermal Heat Exchanger in Natural Gas Pressure
Drop Station in Order to Decrease Fuel Consumption. Energy 2015;83(1):
164e76.

[24] Deymi Dashtebayaz M, Farzaneh-Gord M, Arabkoohsar A, Khoshnevis AB,
Akeififar H. Improving Khangiran gas turbine efficiency by two standard and
one novel inlet air cooling method. J Braz Soc Mech Sci Eng 2014;36(3):
571e82.

[25] Kargaran M, Arabkoohsar A, Hagighat-Hosini SJ, Farzaneh-Kord V, Farzaneh-
Gord M. The second law analysis of natural gas behaviour within a vortex
tube. Therm Sci 2013;17(4):1079e92.

[26] Kenneth Wark J, Richards Donald E. Thermodynamics. 6th ed. Tom Casson;
1999.

[27] Wang Jiang-Jiang, Yang Kun, Xu Zi-Long, Fu Chao. Energy and exergy analyses
of an integrated CCHP system with biomass air gasification. Appl Energy 15
March 2015;142:317e27.

[28] Tiwari A, Dubey S, Sandhu GS, Sodha MS, Anwar SI. Exergy analysis of inte-
grated photovoltaic thermal solar water heater under constant flow rate and
constant collection temperature modes. Appl Energy December 2009;86(12):
2592e7.

[29] Pathak MJM, Sanders PG, Pearce JM. Optimizing limited solar roof access by
exergy analysis of solar thermal, photovoltaic, and hybrid photovoltaic ther-
mal systems. Appl Energy 1 May 2014;120:115e24.

[30] Farzaneh-Gord M, Parvizi S, Arabkoohsar A, Machado L, Koury RNN. Potential
use of capillary tube thermal mass flow meters to measure residential natural
gas consumption. J Nat Gas Sci Eng 2015;22:540e50.

Nomenclature

A: area (m2)
cp: specific thermal capacity (kJ/kg oC)
D and d: diameter (m)
E: heat exchanger effectiveness
FR: collector removal factor
F0: collector efficiency factor
Gsc: solar constant (W/m2)
H: enthalpy (kJ)
h: specific enthalpy (kJ/kg)bh: specific molar enthalpy (kJ/kmol)
h: convective heat transfer coefficient (W/m2 K)
I: solar irradiation on a horizontal surface on the earth (W/m2 hr)
_I: rate of exergy destruction (kW)
KT: sky clarity percentage -
K: thermal conductivity (W/moC)
LHV: lowering heating value (kJ/kg)
m: mass (kg)
ṁ: mass flow rate (kg/s)
n: day number
_n: mole flow rate (mol/s)
P: pressure (kPa)
P0: power/Energy (MW)
PE: extra power available for the CAES system (MW)
PR: energy shortage in the system (MW)
PPV: total daily power sold by the PV farm (MWh)
Pr: Prandtl number -
PS: total daily power sold (MWh)
_Q: heat transfer rate (kW)
R: universal constant of gases (kJ/kg.K)
Re: Reynolds number -
SPS: total daily power produced by the CAES (MWh)
S: absorbed solar flux (kW/hr)
S: entropy (kJ/K)bs: specific molar entropy (kJ/kmol K)
s: specific entropy (kJ/kg K)
t: time (s)
T: temperature (�C or K)
u: specific internal energy (kJ/kg)
U: overall heat transfer coefficient (W/m2 C)
V: volume (m3)
_V: volume flow rate (m3/s)
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Ve: velocity (m/s)
W: distance between the collector pipes (m)
w: specific work (kJ)
_W: total work rate (kW)
y: molar fraction

Greek Symbols

4: latitude angle
d: Inclination angle
u: hourly angle
b: slop angle and compression ratio
b0: expansion ratio
r: reflection solar irradiation coefficient
q: incident angle
qz: zenith angle
g: surface azimuth angle
h: thermal efficiency
l: time step
x: energy efficiency
_s: entropy generation rate (kJ/kg.K)
J: exergy (kJ)
j: specific exergy (kJ/kg)
ε: second law efficiency

Subscripts/Superscripts

ASR: air storage reservoir
a: air
act: actual
b: beam radiation
C: compressor
CHE: cooling heat exchanger
CST: sold storage tank
c: collector
cell: PV cell
ch: chemical
conv: convective
d: diffuse
e: outlet
f: working fluid
fc: flat plate collectors
fu: fuel
g: ground reflection
HST: hot storage tank
HHE: heating heat exchanger
h: heater
hw: hot water
i: inlet
is: isentropic
L: load
l: total
o: reference condition/Ambient
PP: power plant
PV: PV farm
p: plate
rad: irradiative
rev: reversible
SST: solar storage tank
STH: hot storage tank
T: turbine
TG: turbo-generator
u: maximum
w: water
ta: emittance-absorption factor
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