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A B S T R A C T

Compressed air energy storage is one of two existing grid-scale energy storage technologies. It can be efficiently
used in dry and warm climates, where providing both electricity and potable water is indispensable. A novel
integration of compressed air energy storage and multi-effect desalination system is proposed to reduce energy
dissipation, exergy destruction and provide power and potable water. Compression heat in the charging period is
conveyed to the desalination unit; during discharging, the remaining energy in the turbine exhaust is reassigned
to the desalination unit after passing through the recuperator. Round trip efficiency is thereby improved while
providing peaking power and pure water. Besides, the effect of the maximum to minimum pressure ratio of the
compressed air vessel on efficiency and the operational period of the system is studied for a particular set of
circumstances. Results indicate that 38 kg/s potable water is produced during charging, whereas 80MW elec-
tricity and 62.5 kg/s distilled water are concurrently generated during peak demand periods. As a result, 69.95%
round trip efficiency and 9.47 performance ratio are obtained for the proposed hybrid system.

1. Introduction

Energy and water management are crucial societal concerns re-
sulting from population growth in recent decades [1]. Globally, more
than a billion people suffer from unreliable power and water [2]. Pre-
dictions suggest increases of 33% and 55% in power and water de-
mands respectively from 2014 to 2050 [3]. Currently, fossil fuels pro-
vide 86% of the total global energy generation, with predicted harsh
consequences of global warming and other impacts (particulates, Ozone
depletion, etc.) [4]. Climate change combined with water and energy
scarcity have great potential for social disruptions in the future. To
manage these concerns, various actions such as renewable energy de-
velopment, desalination system deployment, increased energy effi-
ciency, and fleet electrification must take place. Provisions for such
actions are explicitly recognized in environmental protocols promul-
gated in Montréal, Kyoto, and Paris in recent years [5].

Renewable energy sources displacing fossil fuel use can reduce the
rate of global warming and ozone depletion from greenhouse gas effects
[6]. However, their irregular and variable power generation is a major

drawback to their use in grids that need peak shaving, load leveling,
and responses to sharp demand changes [7]. Large-scale energy storage
systems (ESS) appear indispensable to accommodate more and more
renewable energy sources [8]. ESS improves the economic feasibility of
renewable energy provision [9], so developing ESS technologies can
reduce the environmental effects of fossil fuels, improve grid and en-
ergy efficiency, and provide the potential for the adoption of more re-
newable energy [10].

Compressed air energy storage (CAES) is one of two available grid-
scale energy storage systems [11]. CAES is superior to pumped hydro
energy storage (PHES) because of its relatively longer life time, much
lower environmental impact, shorter construction time, higher relia-
bility and lower installation costs [12]. PHES sites are generally geo-
graphically constrained, as they must be appropriate for the construc-
tion of dams to pool large volumes of water [13]. A lower round-trip
efficiency of CAES (50–70%) in comparison to PHES (85–90%) is
considered a drawback; this arises because of significant heat losses in
compressors and natural gas turbine exhaust [14]. Thus, various types
of auxiliary systems such as heat storage, organic rankine cycle (ORC)
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engines, ejectors, refrigeration and Kalina cycles may be combined with
CAES to enhance its performance. For example, Sadreddini et al. [15]
investigated a novel cogeneration system including CAES, ORC and
ejector subsystems, able to provide power, cooling and heating capa-
cities, simultaneously. Zhao et al. [16] coupled CAES with the Kalina
cycle, recovering energy from the recuperator by the Kalina cycle to
achieve higher efficiencies. Jannelli et al. [17] introduced a hybrid
system containing photovoltaic power, CAES and thermal energy sto-
rage (TES) systems for a storage system efficiency (SSE) of 57%. A novel
hybridization of CAES with an absorption-recompression refrigeration
cycle was introduced by Razmi et al. [8]. They used high temperature
thermal energy storage (HTES) concept instead of the conventional
combustion chambers in CAES unit and analyzed their proposed hybrid
system from the energy, exergy and economic points of view, con-
cluding that their environmentally-friendly cycle had a payback period
of around 5.5 years and can assist in demand peak shaving of retail
buildings. They developed their concept by introducing an efficient
cogeneration system with the aim of simultaneous production of power
and cooling capacity in peak demand periods [9].

Seawater desalination is an attractive idea for addressing the water
supply shortages [18]. Water evaporation and membrane desalination
methods are two major methods; reverse osmosis (RO) is the most well-
known example of membrane desalination and requires low energy
supply [19]. Nevertheless, it has a high maintenance cost and produces
water containing remnant bromides and chlorides [20]. Multi-effect
desalination (MED), multistage flash (MSF) and multi-effect desalina-
tion with thermal vapor compression (MED-TVC) are thermal methods
that can use non-potable water with various characteristics such as
excessive salinity [21]. Thermally driven systems such as MED and
MSF, perhaps combined with RO are pioneering novel desalination
technologies [22]. MED remains an excellent selection for large-scale
desalination because of advantages such as lower operating

temperature, capital cost, and capability for scaling-up, in comparison
with MSF for example. In this regard, several researches have been
undertaken to examine a combination of MED with various renewable
energy and auxiliary systems. Khalilzade et al. [23] investigated a hy-
brid cycle combining MED and wind turbines, wherein drinkable water
is provided by recovering the dissipated heat of the wind turbines in an
area with average wind velocity of 11m/s as the MED heating source.
Mokhtari et al. [24] proposed an integrated system containing a gas
turbine, MED, and RO for brackish water desalination. Elsayed et al.
[25] performed the exergoeconomic evaluation of a MED-TVC system
and concluded that the evaporators are responsible for 52% of the
overall exergy destruction. Askari et al. [26] investigated a solar ran-
kine cycle (SRC) combined with thermal sources from natural gas and
solar linear Fresnel (LF) technology. They used an MED system to
produce distilled water by using 70 °C water vapor coming from the
SRC turbine outlet. Moradi et al. [27] analyzed a cogeneration system
including Stirling engine, fuel cell, and MED units for simultaneous
production of water and electricity. Their results showed that appre-
ciable amounts of freshwater can be coproduced using waste heat re-
covery in the hybrid system. Xue et al. [28] integrated a low-tem-
perature MED system with a coal-fired power plant with the aim of peak
shaving and improving its efficiency and power dispatchability. Ghor-
bani et al. [29] developed and scrutinized a trigeneration system based
on MED, an absorption chiller and a molten carbonate fuel cell from the
energy and exergy points of view and for the scale of systems they
chose, demonstrated they could provide 72MW electricity, 32MW
cooling capacity and 119 ton/h freshwater, simultaneously.

Water and energy are two inextricably linked and existential re-
sources, and hybridization of CAES and desalination systems can be a
promising idea for the simultaneous management of water and energy
issues. This combination has not been previously studied. Unlike the
PHES, CAES can be used in different geological locations such as dry

Nomenclature

Cp Specific heat of air at constant pressure [kJ/kg.K]
Cr com, Compression ratio of the air compressors
Cv Specific heat of air at constant volume [kJ/kg.K]
E Effectiveness [%]
hx Specific enthalpy at point x [kJ/kg]
K Ratio of specific heats (C /C )P V
M Mass size of HTES [ton]
ṁin Inlet mass flow rate of the CAES [kg/s]
ṁout Outlet mass flow rate of the CAES [kg/s]
ṁx Mass flow rate at point x [kg/s]
Px Pressure at point x [bar]
Pr CAESMaximum to minimum pressure ratio of
PR Performance ratio
Q ̇x Heat transfer rate at point x [kW]
R Universal specific gas constant of air [kJ/kg.K]
RTE Round trip efficiency [%]
sx Specific entropy at point x [kJ/kg.K]
Tx Temperature at point x [K]
t Time [hr]
VCAES Volume of the CAES [m ]3

Ẇx Power consumption at point x [kW]
X Salinity [%]
ηx xIsentropic efficiency at point
ρ Density [kg/m ]3

Subscripts

0 Dead condition
Aftc Aftercooler

BR Brine
CAES Compressed air energy storage
c Cooling
ch Charging
CM Condensate mixer
com Compression train
com1 First stage air compressor
com2 Second stage air compressor
CO Condensate
Con Steam condenser
D Demister
Des Desalination
dis Distilled water
diss Dissipation heat
dsch Discharging
E Evaporator
F Flash
HTES High temperature thermal energy storage
Intc Intercooler
M Steam mixer
MED Multi effect desalination
op Operating temperature
P Preheater
Rec Recuperator
Reg Pressure regulating valve
s Isentropic
ST Steam
SW Sea water
SWR Sea water rejected
Tur Turbine
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and warm environments, where both power and potable water are
crucial. A novel integrated configuration of CAES and MED is presented
in this research to address both power and water needs. The proposed
system is designed to provide drinkable water in both the charging and
discharging modes. To this end, heat losses in turbine and compressor
exhausts are recovered in the MED unit for producing distilled water
during peak and off-peak periods, respectively. The HTES component
has been employed instead of conventional combustion chambers in the
CAES power output unit to reduce fossil fuel consumption, thereby
reducing CO2 emissions, which impact global warming and ozone de-
pletion. Furthermore, a significant RTE improvement from waste heat
recovery is achieved, comparing favorably with the work of others in
different processes (e.g. Razmi et al. [8]). Hence, achieving peak
shaving capabilities from CAES with high overall efficiency, low en-
vironmental effects and the simultaneous production of pure water
appear to be advantageous of this proposed CAES-MED system. Ex-
ploring the effect of maximum to minimum pressure ratio of the CAES
tank as a significant factor on RTE, the volume of the CAES tank and the
operating period of the system is another investigation in this study that
appear not to has been previously addressed.

2. System description

Fig. 1 is a schematic diagram of the CAES-MED system, which in-
cludes two main units: compressed air energy storage and multi-effect
desalination units.

The CAES unit includes a compression train, a CAES vessel, a
pressure regulating valve, a recuperator and a HTES. Two air com-
pressors with identical compression ratios are used to decrease the
power consumption of the compression train. During off-peak periods,
excess and cheap electricity drives the air compressors and generates
heat in HTES via joule-resistance heating. A refractory concrete with
implanted electrical cartridge heaters and steel pipes is preferred as the
HTES solid material [9]. Since the compression process generates a
large amount of heat, an intercooler and aftercooler are used to capture
the released heat. To prevent heat dissipation and exergy destruction,
the captured heat is directly carried to the desalination unit for

producing potable water. So, not only is waste heat recovered, but
decreasing the inlet air temperature of the second compressor and the
CAES vessel respectively reduces their power consumption and design
volume.

During discharge, the air in the CAES vessel is regulated to a con-
stant pressure and then preheated in the recuperator and the HTES
before power generation. The HTES component is used instead of
conventional combustion chambers to reduce environmental impacts.
Finally, the turbine is driven by the hot compressed air and power
provided in peak demand periods. Although a subtotal of the high en-
ergy density in the air exiting the turbine is taken by the recuperator, it
still has high heating value, and the remaining heat is used as the heat
source for the MED unit to improve overall system efficiency. Thus,
both power and potable water are simultaneously produced in peak
power demand periods.

The proposed MED unit consists of 14 stages in which the desali-
nation process in all stages have the same procedure except stages 1 and
14. The main MED components include evaporator, demister, flash
chamber, steam mixer and condensate mixer. The entire heat needs for
the MED unit are provided at the first stage. Feed water enters the first
stage at the saturation temperature (Fig. 2) and after receiving the re-
quired heat in the evaporator section, a portion of the water evaporates
and the rest accumulates at the bottom to be reused as the feed water
for the next stage. The evaporated water passes through the demister
section, which filters salt residues from the vapor. In the preheating
unit, the vapor is partially condensed to preheat the feed water entering
cell 1. The remaining vapor acts as the heat source for the next stage,
and the condensed vapor goes into the distilled water reservoirs.

The disposition of the middle stages (stages 2–13) is shown in Fig. 3.
The remnant undistilled water of the previous cell is used as the feed
water for the next stage. Pressure drops in each stage lead to partial
evaporation of the water before feeding to the evaporator section. Fi-
nally, the remaining water vapor of the previous stage is condensed in
the evaporator section.

In the last stage (Fig. 4), the desalination process streams from all
stages are gathered and introduced to the heat exchanger. A higher
amount of water is required to condense the water vapor, so extra water

Fig. 1. The schematic diagram of the proposed hybrid CAES-MED system.
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is used in the preheater section of the last stage and then returned to the
source (e.g. the sea or the well). Finally, the distilled water stream is
produced and the remained non-potable underflow is disposed.

3. Mathematic modeling

The following assumptions are made to simplify the analysis of the
CAES and MED units of the proposed hybrid system [9]:

(1) Air is considered as an ideal gas;

Fig. 2. First stage of the desalination unit.

Fig. 3. Stages 2–13 of the desalination unit.
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(2) Kinetic and potential energies are ignored;
(3) The isentropic efficiencies of the compressors and turbine are set to

be constant;
(4) All of the components operate in steady-state condition;
(5) The charging period is 3 times the discharging period, which leads

to a 3 times higher mass flow rate during discharging;
(6) Seawater salinity is constant.

3.1. Compressed air energy storage unit

The energy balancing equations for the different components of the
proposed CASE unit are expressed here.

3.1.1. Compressors
Cheap excess power is consumed by the compressors during off-

peak periods. Two air compressors with identical compression ratios
are selected for providing the required pressure of the CAES tank with
minimum electricity consumption. The isentropic efficiency of the
compressors are defined by [30]:

=
−

−
η

h h
h hcom

out s in

out in

,

(1)

The power consumption of each compressor is obtained by:

= ⎡⎣ − ⎤⎦
−W m C T

η
Ċ ̇ ( ) 1com in

P in

com
r com,

K
K

1

(2)

The overall power consumption of the compression train can be
expressed as:

= +W W Ẇ ̇ ̇com com com1 2 (3)

3.1.2. Heat exchangers
The governing energy balancing equations for the intercooler,

aftercooler and MED boiler during charging, and recuperator and MED
boiler during discharging are respectively expressed as:

− = −m h h m h ḣ ( ) ̇ ( )c in13 12 2 3 (4)

− = −m h h m h ḣ ( ) ̇ ( )c in14 13 4 5 (5)

= − ′Q m h ḣ ̇ ( )Des ch c, 14 14 (6)

− = −h h h h8 7 10 11 (7)

= − ′Q m h ḣ ̇ ( )Des dsch out, 11 11 (8)

3.1.3. Compressed air storage tank
The operational periods of the hybrid system during peak and off-

peak times are a function of their mass flow rates and densities, which
can be calculated by [8]:

=
−

t
ρ ρ V

m
( )

3600 ̇ch
CAES

in

5 7

(9)

=
−

t
ρ ρ V

m
( )

3600 ̇dsch
CAES

out

5 7

(10)

3.1.4. Pressure-regulating valve
The compressed air in the CAES tank is released during the peak

demand period to run the air turbine. Governing energy balancing
equation for the pressure regulating valve is as follows [31]:

=h h6 7 (11)

3.1.5. High temperature thermal energy storage
The required heating energy and mass size of the HTES material for

attaining a constant design turbine entry temperature are calculated as
follows [8]:

= −Q m h ḣ ̇ ( )HTES out 9 8 (12)

=
−

M Q t
C T T

̇ .
( )HTES

HTES Dch

HTES HTES HTESmax, min, (13)

Fig. 4. Stage 14 of the desalination unit.
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3.1.6. Turbine
The heated air enters the turbine to generate power during peak

demand periods. The isentropic efficiency of the turbine and the gen-
erated power are calculated by:

= −
−

η h h
h hTur

in out

in out s, (14)

⎜ ⎟=
⎡

⎣
⎢
⎢

− ⎛
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−

W m C η T P
P

̇ ̇ . . . 1Tur out P Tur 9
10

9

K
K

1

(15)

3.2. Multi-effect desalination unit

As explained in Section 2, there are three different configurations
for the stages of the MED unit: first stage, middle stages, and the final
stage. The mass, salt, and energy balancing equations for all stages are
presented in the following subsections:

3.2.1. Mass balancing equations
The mass balancing equations for different stages and their com-

ponents are indicated in Table 1. Since there are different components
in various stages, different equations are needed for simulation of each
stage.

3.2.2. Salt mass balancing equations
The salt balancing equations are also different for each MED stage in

Table 2. The salt mass concentration and mass flow rate are the two key
factors for evaluating the salt mass balancing equations.

3.2.3. Energy balancing equations
Moreover, the governing energy balancing equations for the various

stages of the MED unit are specified in Table 3.
The key design values of the proposed hybrid CAES-MED system

during the calculation process are listed in Table 4.

3.3. Performance assessment

The proposed hybrid CAES-MED system involves two energy inputs
to the system during off-peak periods: Power for the compression train
and HTES. Power and distilled water are the outputs of the system;
power is generated in peak demand periods, whereas distilled water is
produced in both the charging and discharging modes. As the charging
and discharging times are not identical nor simultaneous, a conven-
tional performance equation derived from the first law of thermo-
dynamics cannot be used. Consequently, the efficiency of the combined
CAES-MED system is defined by the round trip efficiency (RTE) [8]:

=
− + − +

+
RTE

t Q Q t Q Q t W
t W W

. ( ̇ ̇ ) . ( ̇ ̇ ) . ̇

( ̇ ̇ )
ch Des ch Diss ch dsch Des dsch Diss dsch dsch Tur

ch Com HTES

, , , ,

(16)

Also, the efficiency of the MED unit is calculated by the performance

ratio (PR) as follows [32]:

=
×

=
×

PR
m

Q
m

Q
̇ 2300

̇
̇ 2300

̇
dis ch

Des ch

dis dsch

Des dsch

,

,

,

, (17)

4. Validation

Apparently, the proposed hybrid CAES-MED system has not been
studied in the literature, so each of the CAES and MED units is in-
dividually validated, and the results are shown in Table 5 [8,32]. These
results are almost equal to results in related publications with minor
differences, therefore, the simulation results are considered to be reli-
able.

5. Results and discussion

In this section, the simulation results of the CAES-MED system are
presented based on the design conditions, listed in Table 4.

5.1. Thermodynamic analysis

The results of the thermodynamic simulation for the streams of the
combined CAES-MED system are indicated in Table 6.

By employing the calculated data of Table 6 in the governing
equations presented in section 3, the efficiency results of the hybrid
CAES-MED system are calculated and listed in Table 7. As seen,
24051 kW and 30863 kW power are respectively consumed in the
compressors and the HTES for compressing the ambient air and storing
heat during the off-peak period. During the compression process,
9433 kW and 10875 kW of heat power are recovered by the intercooler
and aftercooler, which is directly transferred to the MED unit. However,
only 9239 kW of the recovered heat is efficiently recycled by the MED
unit, which leads to the production of 38.06 kg/s distilled water in the
charging mode for 7.785 hrs. During discharging, 80054 kW electrical
energy is generated in 2.595 hrs by the expansion of pressurized air
through the turbine. Moreover, 15179 kW of the hot flue gas in the
turbine exhaust is recovered by the MED unit after passing through the
recuperator. As a result, 62.53 kg/s potable water is produced during
discharging. The results indicate that 1638 ton HTES material (re-
fractory concrete) is required for storing 30,863 kW heating power. By

Table 1
Mass balancing equations for different stages of desalination unit.

First stage Middle stages Final stage

=m ṁ ̇SWP BRF1 1 = +−m m ṁ ̇ ̇BRE n BRF n STF n( 1) ( ) ( ) = +m m ṁ ̇ ̇BRE BRF STF13 14 14

= +m m ṁ ̇ ̇BRF STE out BRE1 1, 1 = +m m ṁ ̇ ̇BRF n STE n out BRE n( ) ( ), ( ) = +m m ṁ ̇ ̇BRF STE out BRE14 14, 14

=m ṁ ̇STE out STD1, 1 = +−m m ṁ ̇ ̇STM n COE n STE n( 1) ( ) ( ) = +m m ṁ ̇ ̇STM COE STE13 14 14

= +m m ṁ ̇ ̇STD STP COP1 1 1 = +m m ṁ ̇ ̇STE n out STF n STD n( ), ( ) ( ) = +m m ṁ ̇ ̇STE out STF STD14, 14 14

=m ṁ ̇SWP SWP1 2 = +m m ṁ ̇ ̇STD n STP n COP n( ) ( ) ( ) =m ṁ ̇STM COCon14

=m ṁ ̇STP STM1 1 =+m ṁ ̇SWP n SWP n( 1) ( ) = +m m ṁ ̇ ̇SW SWCon SWR

= + +m m m ṁ ̇ ̇ ̇STM n STP n STE n STCM n( ) ( ) ( ) ( ) = + +m m m ṁ ̇ ̇ ̇STM STE STCM STD14 14 14 14

+ + = +− −m m m m ṁ ̇ ̇ ̇ ̇COP n COCM n COE n STCM n COCM n( 1) ( 1) ( ) ( ) ( ) + + = +m m m m ṁ ̇ ̇ ̇ ̇COP COCM COE STCM COCM13 13 14 14 14

Table 2
Salt mass balancing equations for different stages of desalination unit.

First stage =m X m Ẋ . ̇ .SWP SWP BRF BRF1 1 1 1
=m X m Ẋ . ̇ .BRF BRF BRE BRE1 1 1 1

Middle stages =− −m X m Ẋ . ̇ .BRE n BRE n BRF n BRF n( 1) ( 1) ( ) ( )

=m X m Ẋ . ̇ .BRF n BRF n BRE n BRE n( ) ( ) ( ) ( )

Final stage =m X m Ẋ . ̇ .BRE BRE BRF BRF13 13 14 14
=m X m Ẋ . ̇ .BRF BRF BRE BRE14 14 14 14
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employing a 14-stage MED unit, the PR reaches to 9.476. Also, the RTE
of the proposed system reaches to 69.95%, a 13.24% RTE improvement
in comparison with the work of Razmi et al. [8].

5.2. Parametric analysis

Parametric analysis is carried out to scrutinize the effects of the
critical parameters on the system performance [33]. In this regard, the
variables are kept constant for evaluating the alteration of a specific
parameter.

Fig. 5 shows the effect of stage number of MED unit on PR and the
distillation rate of water. The water distillation rate is augmented by
increasing the number of stages. As the evaporated water at the last
stage still has enough heat power, it can be used as the heat source of a
further stage to produce somewhat more distilled water. The PR is
improved by increasing the distillation rate of water in a constant heat
power condition as a result of the stage number increment, but the
investment cost of the MED unit increases with the number of stages.
Note also that more brine water is distilled during the discharging
period because of higher exhaust air temperature in comparison to the
charging period.

The effect of the first stage operating temperature of the MED unit
on PR and desalination input power is shown in Fig. 6. With increasing
the operating temperature of the first stage, the provided heat power is
decreased for both charging and discharging periods. This is because of
the reduction of the temperature discrepancy between the aftercooler in
charging mode and the recuperator exhausts in discharging mode with
the first stage of MED. The distillation rate of water is augmented with
increasing the operating temperature in a constant heat energy case as
more inlet water gets the required heat energy for evaporation. As a
result, heat energy reduction leads to a decrement of the distillation
rate, but the temperature increment compensates a portion of this re-
duction, and consequently, the PR is improved.

Fig. 7 demonstrates the effect of the water salinity on PR and the
distillation rate of water in the discharging period. Increasing the
salinity in the case of constant input power and operating water tem-
perature leads to the production of less distilled water and thus a PR
reduction. This is because of the fact that the reduction of water salinity
results in the raising of the saturation temperature and a change Cp,
specific heat capacity of water. In this article, low to moderate salinities
(0.02–0.2) are studied with saturation temperature increments of about
0.6–0.8 °C, which negligibly changes the Cp of the water.

The effect of the inlet air pressure of the CAES tank on RTE and the
discharging period is presented in Fig. 8. RTE is improved with in-
creasing the inlet pressure; however, the slopes of the curves flatten in
higher pressures. Higher inlet pressures for the CAES tank leads to
smaller volume tanks or to a need for special materials with high burst

Table 3
Energy balancing equations for various components in different stages of desalination unit.

First stage =m h m ḣ . ̇ .SWP SWP BRF BRF1 1 1 1

+ = +Q m h m h m ḣ ̇ . ̇ . ̇ .Des BRF BRF STE out STE out BRE BRE1 1 1, 1, 1 1

=m h m ḣ . ̇ .STE out STE out STD STD1, 1, 1 1

+ = + +m h m h m h m h m ḣ . ̇ . ̇ . ̇ . ̇ .STD STD SWP SWP STP STP COP COP SWP SWP1 1 2 2 1 1 1 1 1 1
=m h m ḣ . ̇ .STP STP STM STM1 1 1 1

Middle stages = +− −m h m h m ḣ . ̇ . ̇ .BRE n BRE n BRF n BRF n STF n STF n( 1) ( 1) ( ) ( ) ( ) ( )

+ = + + +− −m h m h m h m h m h m ḣ . ̇ . ̇ . ̇ . ̇ . ̇ .BRF n BRF n STM n STM n STE n out STE n out BRE n BRE n COE n COE n STE n STE n( ) ( ) ( 1) ( 1) ( ), ( ), ( ) ( ) ( ) ( ) ( ) ( )

+ =m h m h m ḣ . ̇ . ̇ .STE n out STE n out STF n STF n STD n STD n( ), ( ), ( ) ( ) ( ) ( )

+ = + ++ +m h m h m h m h m ḣ . ̇ . ̇ . ̇ . ̇ .STD n STD n SWP n SWP n STP n STP n COP n COP n SWP n SWP n( ) ( ) ( 1) ( 1) ( ) ( ) ( ) ( ) ( ) ( )

+ + =m h m h m h m ḣ . ̇ . ̇ . ̇ .STP n STP n STE n STE n STCM n STCM n STM n STM n( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

+ + = +− − − −m h m h m h m h m ḣ . ̇ . ̇ . ̇ . ̇ .COP n COP n COCM n COCM n COE n COE n STCM n STCM n COCM n COCM n( 1) ( 1) ( 1) ( 1) ( ) ( ) ( ) ( ) ( ) ( )

Final stage = +m h m h m ḣ . ̇ . ̇ .BRE BRE BRF BRF STF STF13 13 14 14 14 14
+ = + + +m h m h m h m h m h m ḣ . ̇ . ̇ . ̇ . ̇ . ̇ .BRF BRF STM STM STE out STE out BRE BRE COE COE STE STE14 14 13 13 14, 14, 14 14 14 14 14 14

+ =m h m h m ḣ . ̇ . ̇ .STE out STE out STF STF STD STD14, 14, 14 14 14 14

+ = + +m h m h m h m h m ḣ . ̇ . ̇ . ̇ . ̇ .STM STM SW SW COCon COCon SWCon SWCon SWR SWR14 14
+ + =m h m h m h m ḣ . ̇ . ̇ . ̇ .STE STE STCM STCM STD STD STM STM14 14 14 14 14 14 14 14
+ + = +m h m h m h m h m ḣ . ̇ . ̇ . ̇ . ̇ .COP COP COCM COCM COE COE STCM STCM COCM COCM13 13 13 13 14 14 14 14 14 14

Table 4
Key design values of the hybrid CAES-MED system.

Parameter Unit Value

Air gas constant kJ/kg.K 0.287
Ambient pressure bar 1.01
Ambient temperature °C 25
CAES vessel volume m3 60,000
Heat exchanger effectiveness % 80
Inlet mass flow rate of CAES vessel kg/s 50
Inlet temperature of turbine °C 900
Intercooler and aftercooler effectiveness % 80
Isentropic efficiency of air compressors % 88
Isentropic efficiency of turbine % 88
Maximum pressure of CAES vessel bar 40
Maximum temperature of HTES °C 1200
Minimum pressure of CAES vessel bar 13.33
Minimum temperature of HTES °C 600
Operating temperature of MED unit °C 70
Outlet mass flow rate of CAES vessel kg/s 150
Pinch temperature °C 10
Recovery heated air mass flow rate kg/s 200
Recuperator effectiveness % 80
Sea water salinity % 0.035
Specific heat capacity of HTES kJ/kg.K 0.88
Specific heat of air at constant pressure kJ/kg.K 1
Specific heat of air at constant volume kJ/kg.K 0.718
Stage number of MED unit – 14

Table 5
Validation of the simulation results of the present study with Refs. [8,32].

Parameter Present work Reference Error (%)

CAES First compressor temperature (K) 482.67 479.80 0.59
Second compressor temperature
(K)

539.83 536.00 0.71

Turbine outlet temperature (K) 778.41 781.90 0.45
Round trip efficiency (%) 56.24 56.71 0.83
Output power (kW) 528.82 533.40 0.86

MED Distilled water rate (kg/s) 0.8175 0.8311 1.63
Brine water salinity 0.0550 0.0559 1.61
Operating pressure of cell 1 (bar) 0.2870 0.2650 7.66
Performance ratio 9.4012 9.5576 1.63
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resistance, which increases the capital investment. So, an inlet pressure
between 40 and 60 bar is considered more practical for surface vessels,
based on vessel materials, economic aspects, and RTE. If higher pres-
sures can be obtained at a fixed storage volume for the CAES vessel,
more air can be stored at higher pressures and the operating period is
linearly increased for a specific CAES volume. In addition, in this study,
the impact of the ratio of maximum to minimum (inlet to outlet)
pressures on RTE and operating period is investigated. The RTE is im-
proved in lower pressure ratios; however, the operating period of the
system is reduced based on Eqs. ((9) and (10)). Hence, the effect of

pressure ratio as a critical parameter for the operating period should be
considered and a reasonable ratio based on the desired conditions must
be sought.

Fig. 9 represents the impact of the inlet pressure of the CAES tank on
distillation rate of water and charging and discharging times based on

Table 6
Thermodynamic simulation results for the streams of the hybrid CAES-MED system.

State Fluid T [°C] P [bar] h [kJ/kg] ṁ [kg/s] State Fluid T [°C] P [bar] h [kJ/kg] ṁ [kg/s]

1 Air 25.00 1.010 298.6 50.0 13 Air 71.89 1.010 345.7 200.0
2 Air 256.3 6.356 533.8 50.0 14 Air 125.7 1.010 400.1 200.0
3 Air 71.27 6.356 345.1 50.0 15ch Water 42.40 1.010 167.9 102.6
4 Air 335.6 40.00 616.5 50.0 15dsch Water 42.40 1.010 167.9 168.6
5 Air 124.6 40.00 399.0 50.0 16ch Water 44.70 1.010 177.5 102.6
6 Air 124.6 40.00 399.0 150.0 16dsch Water 44.70 1.010 177.5 168.6
7 Air 124.6 13.33 399.0 150.0 17ch Water 70.00 0.312 2626 4.381
8 Air 347.7 13.33 629.2 150.0 17dsch Water 70.00 0.312 2626 7.190
9 Air 900.0 13.33 1246 150.0 18ch Water 70.00 0.312 293.0 98.27
10 Air 400.5 1.010 685.3 150.0 18dsch Water 70.00 0.312 293.0 161.4
11 Air 179.8 1.010 455.1 150.0 19ch Water 48.52 1.010 203.1 38.06
12 Air 25.00 1.010 298.6 200.0 19dsch Water 48.52 1.010 203.1 62.53

Table 7
Simulation results for the proposed hybrid CAES-MED system.

Parameter Process Unit Value Parameter Process Unit Value

ẆCom 1 Charging kW 11,924 Q ̇Des dsch, Discharging kW 15,179

ẆCom 2 Charging kW 12,127 Qḋiss dsch, Discharging kW 2732

ẆCom Charging kW 24,051 Q ̇Rec Discharging kW 34,534

ẆHTES Charging kW 30,863 Q ̇HTES Discharging kW 92,588

Q ̇Intc Charging kW 9433 ẆTur Discharging kW 80,054

Q ̇Aftc Charging kW 10,875 ṁSW dsch, Discharging kg/s 168.6

tch Charging hr 7.785 ṁdis dsch, Discharging kg/s 62.53

Q ̇Des ch, Charging kW 9239 tch Discharging hr 2.595

Qḋiss ch, Charging kW 1663 MHTES Total ton 1638

ṁSW ch, Charging kg/s 102.6 RTE Total % 69.95
ṁdis ch, Charging kg/s 38.06 PR Total – 9.476

Fig. 5. The effect of the stage number on performance ratio and distillation rate
of water.

Fig. 6. The effect of the first stage operating temperature on performance ratio
and desalination input power.

Fig. 7. The effect of the water salinity on performance ratio and distillation rate
of water.
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the design condition. With increasing the inlet pressure of the CAES
vessel, the compression ratio of compressors and correspondingly their
produced heat augmented. Hence, the recovered heat in intercooler and
aftercooler is amplified, which results in higher input heat power of the
MED unit and distillation rate of water. Increasing the CAES pressure
raises the inlet temperature of the vessel and consequently its outlet
temperature in the discharging period (T7). On the other hand, higher
pressure for the CAES vessel increases the turbine expansion ratio
which decreases the exhaust temperature of the turbine (T10). Inlet
temperature and input power of MED unit are directly related to the
recuperator inlet temperatures (T7 and T10). Hence, the distillation rate
of water is decreased at the beginning and then improved due to the
nonlinear variation of the temperatures with the pressure. Furthermore,
both charging and discharging times are extended at higher pressures.

The alteration of the RTE and distillation rate of water with respect
to the turbine inlet temperature is shown in Fig. 10. Since the MED unit
is located downstream of the turbine, any alterations in its working
temperature affects produced the distilled water of MED unit.

Increasing the inlet temperature of the turbine and consequently, its
outlet temperature leads to transferring of much higher input heat
power associates to MED unit and consequently producing distilled
water with a higher rate. Higher operating temperature for the MED
unit leads to a reduction of the temperature discrepancy between its
inlet and operating temperatures. The lower temperature gradient
means less input heat energy and subsequently lower distilled water
production. Thus, the RTE of the system is reduced with increasing the
operating temperature of the MED unit.

Fig. 11 shows how the inlet mass flow rate of the CAES vessel affects
the input heat power to the desalination unit and the distillation rates of
the water in both the charging and discharging periods. More heating
power is used in the MED unit at higher air mass flow rates (Eqs. ((6)
and (8))). Increasing the inlet mass flow rate of the CAES vessel directly
affects the discharging mass flow rate, whereas it does not linearly af-
fect the recovered heat at the intercooler and aftercooler in the charging
process. Therefore, the slope of distilled water production during dis-
charging is steeper than during charging. A higher inlet heating mass
flow rate at the MED unit leads to higher input heating power and
therefore larger distilled water production. Thus, the discharging curve
of the input heat power and distilled water is steeper than the charging
(Fig. 11).

Fig. 12 shows the effect of the operating temperature of the MED
unit on the RTE and the ratio of distilled water to the total inlet water
amount in the MED stages. The MED unit gets the heat only in the first
stage, and the produced steam in each previous stage is used as the heat
source for the next stage, and the input water in each stage is the warm
brine from the previous stage. In successive stages, more distilled water
is produced by using a constant heat energy input rate in stage one. The
distillation rate of water is reduced in subsequent stages because of the
reduction in the water heat content and feed rate. So, the ratio of dis-
tilled water amount to the total inlet water is increasing, but with a
flatting slope. Since the RTE is a function of the electrical energy gen-
erated from the turbine, the electrical energy consumed in the com-
pressors and HTES, and also the distilled water in the MED unit, it is
improved with higher stage numbers as a result of distilled water pro-
duction enhancement (but at higher capital cost). Fig. 12 shows that
RTE declines with a higher operating temperature. This is because of
the reduction of the temperature discrepancy between the outlet tem-
perature of the CAES flues and the operating temperature, which re-
duces the input heat power of the MED unit. The ratio of distilled water
amount to the total input water in the MED unit is increased at higher

Fig. 8. The effect of the inlet pressure of the CAES tank on round trip efficiency
and discharging time.

Fig. 9. The effect of the inlet pressure of CAES on the distillation rate of water
and operating period of the hybrid system.

Fig. 10. The effect of the inlet temperature of turbine on round trip efficiency
and distillation rate of water during discharging.
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operating temperatures, because only the feed water rate of the first
stage is a function of the heat source power and the ratio of distilled
water to the total input water amount is independent of heat source
power.

Fig. 13 represents the effect of the saline water temperature on the
distillation rate of water and brine water salinity. Water temperature is
increased in each stage by taking a fraction of the produced steam
energy in the preheater, so increasing the heat transfer rate leads to
augmentation of the water temperature and reduction of the steam
energy which is used in the evaporator of the next stage. In Fig. 13, the
distillation rate of water is shown at a constant operating temperature
and input heat source power. Increasing the water temperature leads to
lower heat exchange in each stage and steam holds much of the energy
as the heat power source for the next desalination stage, so more dis-
tilled water is produced and the expelled brine is more saline. Thus,
since alteration of the operating temperature affects the input heat
power, higher operating temperature leads to a lower input heat power,
distilled water production rate, and brine water salinity.

6. Concluding remarks and future works

In the present article, a novel integrated CAES-MED system was
presented and analyzed. The generated heat from the air compression
process and turbine exhaust of the CAES unit are recovered by using a
MED unit. In contrast to pumped hydro storage (the other feasible grid-
scale energy storage technology), a CAES system can be used in dif-
ferent geological surroundings and particularly in dry and hot regions,
where providing both potable water and electricity are indispensable.
Therefore, combining the processes not only leads to significant im-
provement of the RTE, but also provides simultaneous production of
electricity and water to meet the community needs. Parametric scrutiny
of the hybrid CAES-MED system was conducted to analyze the influence
of various significant parameters on the RTE, PR and the distillation
rate of water. The major conclusions for the hybrid CAES-MED system
are summarized:

(1) For the design case analyzed, 38 kg/s distilled water can be gen-
erated during the charging period, and 62.5 kg/s distilled water and
80MW electricity simultaneously provided during the peak demand
periods. Modifying the CAES system via adding desalination unit
led to a 13.24% RTE improvement in comparison to the work of
Razmi et al. [8]; the RTE of the new hybrid CAES-MED system
reaches to about 70%. Furthermore, the PR of the MED unit reached
about 9.5.

(2) Parametric analysis indicated that the inlet pressure of the CAES
vessel between 40 and 60 bar is the most reasonable range based on
the type of the CAES vessel material, economic aspects and RTE (the
variation of RTE is ~3% at higher pressures).

(3) Finally, the effect of the maximum to minimum pressure ratio of the
CAES tank as a significant factor on RTE and operating period of
system was explored. In most of the literature, the lower rate of
pressure ratio for CAES vessel is taken as a design condition, which
leads to RTE improvement. However, its negative effect on the
CAES vessel volume and the reduction of the system operational
time with the aim of peak shaving were neglected.

The novel combination of CAES with desalination systems is pro-
mising for the simultaneous production of electricity and potable water,
particularly in hot dry climates. The present work revealed a first step
towards developing such a hybridization. More work is needed to im-
prove this combination and develop the idea into practice. For example,
the combination of CAES with other desalination technologies such as

Fig. 11. The effect of inlet mass flow rate on desalination input heat power and
distillation rate of water.

Fig. 12. The effect of the stage number on round trip efficiency and the ratio of
distilled to total water.

Fig. 13. Effect of the water temperature on the distillation rate of water and
brine water salinity.
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reverse osmosis and also hybridization of liquid air energy storage
(LAES) and desalination systems can reduce the volume of the pres-
surized air tank. The use of multiple steel-cased vertical boreholes in an
array can also provide much more flexibility in addressing CAES sto-
rage volume and pressure issues [34]. In dry hot climates, the addition
of solar thermal energy (rather than photovoltaics) represents an op-
portunity for further investigation.
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