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Abstract

In the present study, a novel solar-based integrated compressed air energy storage system is
developed and analyzed. The integrated system includes a multi-stage air compression unit,
thermal oil loop, multi-stage gas turbine unit, high-temperature molten salt-based solar power
tower unit, liquefied air power cycle, thermoelectric generator, and liquefied natural gas (LNG)
regasification unit. A eutectic mixture of carbonate salt is used for thermal energy storage in the
solar subsystem. Energy and exergy analyses are performed to evaluate the performance of the
proposed system. A parametric study is also conducted to assess the effects of important
parameters on system performance. The system stores 55.3 MW power during charging mode and
discharges 99.7 MW. Energy and exergy efficiencies of the integrated system are 55.3% and
46.4%, respectively. The results show that the highest contributor to the overall exergy destruction
rate of the system is the combustion chamber unit.

Keywords: Compressed air energy storage; Solar energy; Liquefied air power cycle; Exergy
analysis; LNG regasification; Thermal energy storage

1. Introduction

With the exhaustion of fossil fuel resources and aggravation of global energy demand, the
utilization of renewable energies to achieve sustainability has become an important subject of
research and development in the modern era [1]. One of the main challenges associated with
renewable energies is their intermittent nature [2]. To deal with this obstacle and to manage the
outgrowing problems of high energy demand, it is necessary to use energy storage systems which
store energy when it is not needed and use it later when the demand is high [3].

Energy may be stored in the form of mechanical, chemical, or thermal energy [4]. Compressed
air energy storage (CAES), as a mechanical energy storage method, is one of the most promising
methods to resolve the intermittent issues of renewable energies [5]. This method possesses
various advantages including technology maturity, availability of equipment, low investment cost,
and high energy storage capacity [6,7].

CAES systems store energy through a series of air compressors to pressurize and store
atmospheric air in underground reservoirs such as salt caverns or high-pressure tanks above



ground. When energy is required, the pressurized air flows through a series of expansion units in
order to generate power [8]. To increase the system efficiency, it is convenient to use the heat
generated in the compression process to heat up the air before entering the expanders [8]. Liu et
al. [9] investigated the CAES system through an advanced exergetic analysis. Their results
indicated that the round-trip and exergy efficiencies of the cycle were 47.4% and 41.2%,
respectively. Advanced exergetic analysis showed that 34.6 MW of the total exergy destruction of
the system is not related to the irreversibilities, and therefore, it is avoidable. More specifically,
intercooler, aftercooler, and combustion chamber accounts for around 58% of the avoidable exergy
destruction in the system [9]. In a comparative study, Krawczyk et al. [10] investigated two
compressed air energy storage systems including a conventional diabatic CAES and a liquefied air
energy storage (LAES). The round-trip efficiency of the CAES and LAES systems were reported
as 39.77 and 55.2%, respectively [10]. Peng et al. [11] proposed and analyzed an adiabatic CAES
system coupled with a packed bed thermal energy storage system and overall efficiency of 56.74%
was reported for their design [11]. In another comparative study, Liu and Wang [12] investigated
two different adiabatic CAES systems for energy storage. One of which was a conventional CAES
system and the other was a modified version of CAES that used a pneumatic motor, heat
accumulator, and preheater. The results indicated that the modified version had a round trip
efficiency of 66.9% which is 13% higher than that of the conventional CAES system [12].
Coupling of the CAES system with the Kalina cycle was proposed by Zhao et al. [13]. Kalina cycle
is used to recover the waste heat of the CAES system and a round trip efficiency of 47.64% was
reported [13]. In another study, Szablowski et al. [14] investigated an adiabatic CAES system in
terms of energetic and exergetic perspectives. The round-trip efficiency of their proposed cycle
was 50% [14]. A transient thermodynamic model for an underwater CAES system was developed
and investigated by Carriveau et al. [15]. The results indicated that the heat exchangers are the
main contributors to the exergy destruction of the system with a value of 29% while considering
steady-state condition. On the other hand, under transient condition, the highest exergy destruction
contributors are air compressors with a value of 40% of the total exergy destruction of the system
[15].

For increasing the performance of gas turbines (GT) or CAES systems, one convenient way is to
use natural gas to achieve higher temperature for the inlet of the gas turbines [16]. As the outlet
temperature of the gas turbine is high, they can be coupled with a bottoming cycle to increase the
performance of the system [16]. A commonly used combined power cycle utilizes a steam Rankine
cycle coupled with the gas turbine units for this mean [17]. Natural gas is mostly liquefied in order
to be transported more efficiently in large distances. When it is needed again, it is regasified using
cryogenic pumps, heat exchangers, and expanders. The cold waste heat of this process can be used
as a heat sink of many power generation processes to yield additional power and increase the cycle
performance [18]. Several working fluids are suitable for this purpose [19]. As an example of the
compressed gas energy storage, the feasibility of compressed carbon dioxide energy storage
(CCES) integrated with low-temperature thermal energy storage has been studied in the literature
[20] in which the results show the feasibility of the cycle to be used in cogeneration systems. For
the assessment of compressed air energy storage systems, the heat transfer mechanism and heat
losses from the storage tank or cavern should be considered. An experimental and theoretical study
has been conducted for a high-pressure compressed air tank storage system in which the
experimental data was used to assess the wall and air temperatures in the pressurized storage tank



of 100 bar. The results showed that the tank wall should be taken into account in the thermal
analysis of CAES systems [21]. In another study, a compressed air energy storage is integrated
with a biomass-driven power plant with thermal energy storage subsystems. Similar to the previous
reference, the effect of heat loss in the cavern and the temperature of the soil around the cavern on
the performance of the underground cavern and thermal analyses are investigated [22].

Air, as a free and non-toxic working fluid, is a great choice for this mean. Air with a composition
of 75.57% nitrogen, 23.16% oxygen, and 1.27%, has a critical temperature of about -140 °C while
the temperature of LNG at atmospheric pressure is about -160 °C. Such temperature difference is
enough to liquefy air in the cryogenic condenser of a liquefied air power cycle. The technology of
such power systems is similar to those used in the LAES systems [23].

Various studies investigated the coupling of renewable energies with CAES systems. Energy
and exergy analyses of an ocean-based CAES system were presented by Patil and Ro [24]. The
energy and exergy efficiencies were found to be 50 and 55%, respectively [24]. A novel integrated
wind-solar based CAES system was investigated by Ji et al. [25]. The round trip and exergy
efficiencies of the proposed system were 61.2% and 65.4%, respectively [25]. Mohammadi and
Mehrpooya [26] investigated the coupling of a solar dish with the CAES system. The system
consumed 152 kW during charging mode for compression of the air and by using the solar heat to
increase the temperature of the gas turbine inlet, produced 228 kW during discharging mode [26].
Yang et al. [27] proposed an integration of a solar CAES system with combined heating, cooling,
and power system for a hotel building in south China. The integrated system considered in their
study included solar collector assembly, gas turbine cycle, absorption chiller, heat recovery steam
generator unit, and CAES system. Solar collectors were utilized to increase the temperature of the
air before entering the gas turbine unit to improve cycle efficiency. It was concluded that their
proposed system enhanced the efficiency of previous systems by 1.01% [27]. Mahmoud et al. [28]
reviewed the integration of various types of mechanical energy storage systems including
flywheel, CAES, and pumped-hydro with solar and wind energy. They concluded that CAES
systems due to their rapid startup time, low cost, stability, and flexibility are a good choice for
integration with wind or solar energy [28].

In this study, a novel integrated CAES system including a solar power tower system using high
temperature (LiNaK)2COs carbonate molten salt, combined power cycle, liquefied air power cycle,
thermoelectric generator (TEG), and an LNG regasification unit is proposed. While the utilization
of high-temperature molten salt to aid the CAES system has not been studied before but that was
never joint with a liquefied air power cycle to improve the overall performance of the integrated
system. Through energy and exergy analysis the performance of the proposed system evaluated.
Also, a parametric study is carried out to investigate the effects of varying major design parameters
on system performance. The results presented in this paper enable types, locations, and magnitudes
of losses to be determined to reduce sources of inefficiency in energy conversion systems.

2. Methodology

As mentioned earlier, energy and exergy approaches are used for the thermodynamic analysis
in this study [30]. MATLAB software integrated with REFPROP 9 library is utilized to develop a
thermodynamic model used for the integrated system. The conservations of mass and energy for
the steady-state condition are presented respectively as follows:
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Exergy rate balance at steady-state is expressed by:
Exw — Exq = Z(meXf)i - Z(rhexf)e — Exp (3)

where Exyy and ExQ are rates of exergy transfer accompanying heat transfer and work,
respectively, and ex; is the total flow exergy:
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where expy, €Xch, €Xkg, and expy denote physical, chemical, kinetic, and potential exergies.

3. Proposed System Description

Schematic of the diabatic solar-assisted CAES system is presented in Fig. 1. The integrated
system comprises an air compression unit, thermal oil loop, solar power tower with thermal energy
storage, gas turbine with a combustor, thermoelectric generator, liquefied air power cycle, and
LNG regasification unit.

During charging mode, the air is pressurized by a double-stage air compressor to store the
energy. Thermal oil leaving the cold tank is used in the intercooler and aftercooler units to recover
the heat produced during the compression process. The recovered heat is then used during the
discharging mode to increase the cycle performance. Compressed air is stored in the salt cavern at
near ambient temperature. The heated thermal oil is stored in the hot tank. During discharging
mode, the air flowing out of the cavern is firstly heated up in heater 1 by the thermal oil, and then
in heater 2 by the high-temperature molten salt before entering the first stage of the gas turbine
unit to generate power. High-temperature molten salt is a eutectic mixture of LioCO3(32.1%)-
Na2,C03(33.4%)-K.C03(34.5%) and used as the heat transfer fluid in the solar power tower system
and also for thermal energy storage [29]. After the first expansion process, the air enters the
combustion chamber unit where natural gas is used to increase the temperature of the air before
the next expansion process. For the base case, exhaust gases with a temperature of 1100 °C enter
the second stage of the gas turbine unit to produce power. Exhaust gases of the second stage pass
through the heater 3 to provide the required heat of the liquefied air power cycle. As the
temperature of the flue gas leaving the heater 3 is still high, a thermo-electric generator is utilized
to recover the remaining waste heat of the flue gas before discharging it to the environment at 150
°C.



In the liquefied air power cycle, air is pressurized by the pump and enters two sequential heat
exchangers where it is superheated before entering the turbine to generate power. The expanded
air exits the turbine at a lower temperature (455 °C for the base case) and enters the recuperator
where rejects heat to the pressurized cold air. The air at the exit of the recuperator, state 37 is a
very low temperature of -109.6 °C. At the same time, LNG exiting the tank is pressurized by the
LNG pump for the regasification process. The temperature of the liquefied air power cycle
condenser is a function of LNG temperature at the outlet of the pump. For the LNG regasification
process, the natural gas must be heated up before entering the expander to increase the power yield
of the regasification process. Therefore, LNG then goes through heater 4 to be heated up by the
thermal oil. It then enters heater 5 which produces cooling before entering the natural gas expander.
The natural gas leaves the system to be transported by pipeline.
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Figure 1 Schematic of the solar-assisted CAES system.

Input parameters for the base case of this study are presented in Table 1 [23, 30-33].

Table 1 Input parameters for the base case of this study.

Parameter Value
Mass flow rate of air entering the system (kg/s) 100
Pressure ratio of each compression/expansion stage 6
Pinch point (°C) 10
Area of a single mirror (m?) 100
Number of mirrors 400

Maximum solar irradiance (W/m?) 976



Optical efficiency (%) 75

Wind velocity (m/s) 5
Molten salt type (LiNaK).CO3
Inlet temperature of molten salt (°C) 400
Outlet temperature of molten salt (°C) 700
Outlet temperature of combustor (°C) 1100
TEG figure of merit 0.8
Liquefied air power cycle turbine inlet pressure (kPa) 15000
Pressure of LNG tank (kPa) 130
Pressure of LNG pump outlet (kPa) 10000
Temperature of liquefied air power cycle condenser (°C) Tso
+ pinch point

NG turbine outlet pressure (kPa) 7000
Isentropic efficiency of air compressors (%) 0.8
Isentropic efficiency of gas turbines (%) 0.86
Isentropic efficiency of liquefied air power cycle and NG turbines (%) 0.8
Isentropic efficiency of liquefied air power cycle and LNG pumps (%) 0.75

4. Analysis

Apart from the common mass, energy, and exergy balance equations a series of other equations
are solved to complete the thermodynamic modeling of this study. The emitted heat from the sun
is evaluated as follows [31]:

Qs =AxnxI (7
Here, A, n, and | represent the aperture area, number of mirrors, and irradiance, respectively. A

portion of the heat from the sun is reflected by the mirrors while the remaining heat is wasted due
to the optical efficiency of the mirrors [31]:

Qn = Q. (8)

where 1, is the optical efficiency of the heliostat mirrors.
The rate of absorbed heat by the high-temperature molten salt is evaluated by calculating the
heat losses associated with the receiver tower:

Qa = Qh - Ql,total = Qh - c.2l,cond - Ql,conv - Ql,e - Ql,r (9)

where Q) totals Q1conds Qlconvs Que» @nd Qy - denote total heat loss of the receiver, conduction heat
loss, convection heat loss, emission heat loss, and radiation heat loss, respectively.

Considering charging and discharging modes, each system component is studied using the first
and second laws of thermodynamics.

The reaction that takes place in the combustion chamber is given by [17]:
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Energy balance on the combustion chamber is expressed as follows:
r.lAirFlAir + r.lFuelLHVFuelMFuel = r.'lProduct}_lProduct + (1 - T~|CC)LHVFuelMFue1 (11)

where LHVFel represents a lower heating value of the fuel.
The power consumed during charging, and also, the power produced during discharging mode
are evaluated as follows:

V.vcharge = V.VAC,l + V.VAC,Z (12)
Wiaischarge = Waer,1 + War,2 + Wreg + Woarct + Wnet — Woarcp — Winep (13)

where subscript AC, GT, TEG, NG, LAPC, t, and p denote air compressor, gas turbine,

thermoelectric generator, natural gas, liquefied air power cycle, turbine, and pump, respectively.
Cooling load produced during discharge is given as follows:

Q¢ = mys(hys —hyy) (14)

Energy and exergy efficiencies of the integrated system are presented as follows:

n = V.vdischarge + QC (15)
1= : : :

Weharge 1 Mzg(hys — h38)_+ Qs + m,(LHV

— EXd,total (16)
nn=1-

Wcharge + r'r138(eXf,38 - eXf,43) + EXS + rhloexf,lo
Normalized carbon dioxide emission is determined by:

_ o, (17)

Whet

Here, m¢o, is the mass flow rate of carbon dioxide which is determined from the following
equation:

_ A X g X Mo, (18)
Mco, = M.
air

where Mo, and M,;, denote the molar mass of carbon dioxide and air, respectively. Also, Ais the
ratio of fuel to air on a molar basis [17]:
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Energy and exergy balance equations for each component present in the proposed energy
storage system are presented in Table 2.

Table 2 Energy and exergy balance equations for each component of the integrated system

Component Energy balance equation Exergy balance equation
Air compressor | Wac, = hph, — righy Expaci = myex; — mpex; + Wyey
Air compressor Il | Wy, = myh, — m3hs Expacy, = Mgexs — myex, + Wy,
Intercooler m,h, + mygh;g = mghs + myehy, Exp,c = myex, + mygex g — mzex;
i — 1y0€Xp0
Aftercooler myh, + m;gh,g = mghg + my 1 hyy Expac = myex, + mygex;9 — Msexs
i — Iy eXp;
Heater | mehg + my3hy; = myh, + myzhy, Expp1 = MeeXg + MyzeXy3 — Myex;
i — My,eXy,
Heater 11 m,h; + mzohzo = mghg + ms;hsy Expy, = myex, + mzpexzy — Mgexg
i i — M3 €Xag _
Gas turbine | Wer,, = ighg — mghy Exp g1 = MgeXg — Mgexg — Wgr
Gas turbine |1 Wer, = g hy; — mgyhy, Expgr, = miex; — mhyex, — Wer,
Combustion mghg + ;o LHVE,e Exp,cc = MoeXg + MygeXyo — My €Xy;
chamber =my,hy
+ (1 _ nCC)LHVFuel _
Heater 111 myhy; + mguhs, = myghyz + myshss Exppz = My€X1; + M3s€X3,4 — My3€X3
- _ — MzseXss _
LAPC turbine Wiapce = Mgshys — mizghsg EXp rapce = M3s€X35 — M36€X36 — Wiapc
Recuperator Myzhss + Mzehse = mashsy + Mmy7hs; EXpRrec = M33€X33 + M3s€Xzs — M3s€Xa4
i — M37€X3;
Condenser M3, hs; + mzghsg = ms,hs, + myghy, Exp ¢ = mz;exzy + MzgeXzg — M3,eXz,
— My0€X40
LAPC pump WLAPC,p = My3hs; — my,h;, EXD,LAPC,p = M3,eX3, — Mz3eX33 + WLAPC,p
LNG pump WLNG,p = M3oh3e — M3ghsg EXD,LNG,p = Mi3g€X3g — M39€X39 + WLNG,p
Heater IV Myehye + Myohy = My7hyy + 1y by, EXpua = Mpe€Xp6 + Myo€Xyg — Milyr€Xy,
— Iy €Xyg
Heater V My hyy + myghy, = myohy, + myshys EXpus = M41€X41 + Mys€Xyy — MypeXy,
i i — Iy5eXys _
Natural gas turbine | Wig = hyphsp — thyshys EXp NGt = MypeXyp — My3eXs3 — Wiee
Heliostat mirrors | Qg = Qi + Quopt Expum = Exg — Exy,
Solar tower Qh = Qa + Ql,cond + Ql,conv + Ql,e + Ql,r EXD,ST = E.Xh + MygeXyg — My9€Xyo
TEG WTEG = myzhy3 + myshys —my,hyy EXD,TEG = My3€X;3 + My5€Xy5 — M14€Xqy
— Iyghye — myeexye — Wrgg

5. Results and Discussion

The results of the energy and exergy analyses of the integrated system proposed in this study
are presented in Table 3. Using Egs. 15 and 16, the energy and exergy efficiencies are found as
55.3% and 46.4%, respectively. Additionally, it is observed that for producing 99.7 MW of
electricity during discharge at full load, 2.2 kg/s of fuel is required. The charging power required



for the compressors is 44.5 MW. The terms of Egs. 12 and 13 are calculated by using the energy
balance equations listed in Table 2. By applying the balance equations on the two air compressor,
power required for the charging mode of plant is calculated. Also, the cooling load produced during
discharging mode is calculated by Eqg. 14. Moreover, by using the exergy balance equations listed
in Table 2, the overall exergy destruction rate of the plant is found as 129.4 MW. In the next section
of results and discussion, detailed results of the exergy analysis will be presented.

After determining the unknown species coefficients of the combustion process (see Eg. 10) and
the molar based fuel to air ratio (see Eq. 19), the mass of produced carbon dioxide is calculated
using Eqg. 18. Finally, by knowing the net power generation of the plant, the normalized carbon
dioxide emissions are calculated as 210.1 kg CO2/MWh (see Eq. 17). Thermodynamic properties
including temperature, pressure, enthalpy, and entropy for the various streams of the system are
presented in Table 4. As mentioned earlier, for evaluating the thermophysical properties,
REFPROP 9 library is utilized in this study. Also, energy balance equations listed in Table 2 are
used to find unknown properties such as mass flow rate, enthalpy, temperature, or pressure. For
instance, the enthalpy and temperature of state 8, are calculated from the energy balance equation
for heater 2.

Table 3 The results of the thermodynamic analysis of the developed model in this study.

Parameter Value
Energy efficiency (%) 55.3
Exergy efficiency (%) 46.4
Power consumption during charging (MW) 44.5
Power generation during discharging (MW) 99.7
Cooling power produced during discharging (MW) 52.9
Overall exergy destruction rate (MW) 129.4
Consumed fuel (kg) 2.2
Normalized carbon dioxide emissions (kg CO.,/MWh) 210.1
Table 4 Thermodynamic properties of various streams in the proposed solar-assisted CAES
system.
Stream Fluid State of Pressure Temperature Enthalpy Entropy
number matter  (kPa) (°C) (kJ/kg) (kJ/kg.K)
1 Air Gas 101.3 25.2 298.4 6.9
2 Air Gas 506.5 240.3 517 6.9
3 Air Gas 506.5 35.2 307.7 6.4
4 Air Gas 2532.5 257.6 534.3 6.5
5 Air Gas 2532.5 35.2 303.4 6
6 Air Gas 2532.5 35.2 303.4 6
7 Air Gas 2532.5 227 502.4 6.5
8 Air Gas 2532.5 448.4 737.4 6.8
9 Air Gas 506.5 227.8 504 6.9
10 Methane Gas 101.3 25.2 910 6.7
11 Flue gas Gas 506.5 1100 1484.1 8
12 Flue gas Gas 101.3 714.6 1032.6 8.1
13 Flue gas Gas 101.3 368.3 651.1 7.6

14 Flue gas Gas 101.3 150 424.7 7.2



15 Water Liquid 101.3 25.2 104.9 0.4

16 Water Liquid 101.3 30.2 125.8 0.4
17 Therminol 66 Liquid 101.3 25.2 52.8 0.2
18 Therminol 66 Liquid 101.3 25.2 52.8 0.2
19 Therminol 66 Liquid 101.3 25.2 52.8 0.2
20 Therminol 66 Liquid 101.3 228.3 479.5 1.3
21 Therminol 66 Liquid 101.3 245.6 515.8 1.3
22 Therminol 66 Liquid 101.3 237 497.8 1.3
23 Therminol 66 Liquid 101.3 237 497.8 1.3
24 Therminol 66 Liquid 101.3 47.2 99 0.3
25 Therminol 66 Liquid 101.3 237 497.8 1.3
26 Therminol 66 Liquid 101.3 141.3 296.7 0.9
27 Therminol 66 Liquid 101.3 26.2 54.9 0.2
28 Carbonate salt Liquid 101.3 400 644 1.5
29 Carbonate salt Liquid 101.3 700 1127 2

30 Carbonate salt Liquid 101.3 700 1127 2

31 Carbonate salt Liquid 101.3 400 644 1.5
32 Air Liquid 3401 -143.2 -0.6 4.1
33 Air Gas 15000 -119.6 30.7 4.2
34 Air Gas 15000 356.3 639.6 6.2
35 Air Gas 15000 704.6 1030.2 6.7
36 Air Gas 3401 455.5 745.4 6.8
37 Air Gas 3401 -109.6 136.5 51
38 Natural gas Liquid 130 -158.2 10.9 0.1
39 Natural gas Gas 10000 -153.2 42.4 0.2
40 Natural gas Gas 10000 -121.6 153.7 1

41 Natural gas Gas 10000 -75 348.3 2.1
42 Natural gas Gas 10000 15.2 778.8 3.9
43 Natural gas Gas 7000 -7.9 745.5 4

44 R134a Gas 101.3 25.2 424.5 1.9
45 R134a Liquid 101.3 -60 123.2 0.7

The power consumption/generation of various components in the integrated system is shown in
Fig. 2. The first and second stages of the air compressor unit consume 21.9 and 22.7 MW of
electricity, respectively. The power produced by the first and second stages of the gas turbine are
23.3 and 46.1 MW, respectively. The difference is due to the inlet temperatures. Inlet temperatures
of the first and second stages are 448.4 and 1,100 °C, respectively. The turbine of the liquefied air
power cycle also produces 28.41 MW of electricity which is quite significant, mainly due to the
high heat addition and low heat rejection temperatures of this cycle. The power generated by the
TEG for the waste heat recovery process is calculated as 6.6 MW. Moreover, the electric power
consumed by the LNG and liquefied air power cycle pumps are 3.9 MW and 3.1 MW, respectively.
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Figure 2 Power consumption/generation of various components in the integrated system.

Grid power storage and power generation of the energy storage system proposed in this study
are shown in Fig. 3. From about 2 to 9 A.M., the demand profile of the selected location, which is
the Bandar Abbas city located in southern Iran, is below the hourly average power demand.
Therefore, the charging time of the plant for the grid power storage is set as 8 hours from 2 to 9
A.M. on full load. The power demand exceeds the average hourly demand from around 12 P.M.,
and reaches its peak at 3 P.M. Afterward, the demand reduces till 8 P.M., and increases again to
reach its next local peak at 10 P.M. Therefore, the discharging phase of the CAES plant is set from
12 to 7 P.M. and from 9 to 11 P.M. The plant operates four hours on its half-maximum load and
five hours at its maximum load.
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Figure 3 Grid power storage and power generation of the plant.

Exergy destruction rates of various components in the integrated system are presented in Fig.
4. As can be seen, the highest contributors to the overall exergy destruction rate of the system are
the combustion chamber, heater 4, solar tower, recuperator, and heliostats with a value of 46.3,
20.6, 11.2, 10.2, and 8.7 MW, respectively. The high exergy destruction rate in the combustion
chamber unit is due to the significant loss of available chemical exergy of the fuel during the
combustion process. The significant exergy destruction rate of heater 4 is because of the high-
temperature difference between the hot and cold streams of thermal oil and natural gas flowing
through this heat exchanger. The exergy destruction of the solar tower unit is higher compared to
heliostats because of the utilization of high-temperature salt. If a lower temperature salt is utilized,
the exergy destruction of the solar tower unit will reduce.
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Figure 4 Exergy destruction rates of various components in the integrated system.

The effects of the gas turbines/compressors pressure ratios on the system performance are
presented in Fig. 5. By increasing the pressure ratio of each stage of the compression/expansion
process from 3 to 8, the energy efficiency reduces from 56.5% to 53.6%, while the exergy
destruction rate increases from 126.6 to 136.8 MW. As the pressure ratio increases, more heat is
stored by the thermal oil and hence, the exergy destruction in heater 1 is increased. However, due
to the higher temperature of the air at state 7, the exergy destruction of heater 2 reduces. On the
other hand, the outlet temperature of the air at state 9 reduces as the pressure ratio increases. It will
result in more fuel consumption to achieve the fixed gas turbine inlet temperature at state 11. An
increase in fuel consumption causes an aggravation of the exergy destruction rate of the integrated
system.
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Figure 5 Effects of pressure ratio of each compression/expansion stage on the system
performance.

The influences of increasing the heliostat numbers on fuel consumption and power generation
of the system are presented in Fig. 6. When the heliostat numbers are increased from 300 to 850,
the generated power increases from 99.8 to 109.5 MW, while the fuel consumption rate is reduced
from 2.3 to 1.7 kg/s, respectively. This is because when the number of heliostats increases, the
temperature of the air leaving heater 2 is increased drastically (from 391 to 695), and hence, the
outlet temperature of the first stage gas turbine and its generated power are increased. Therefore,
the fuel consumption rate in the combustion chamber is decreased.
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Figure 6 Influence of heliostat numbers on the integrated system performance.

The influence of the combustor outlet temperature on the system performance is presented in
Fig. 7. When the combustion chamber outlet temperature increases from 1,000 to 1,400, the power



generated by the integrated system increases from 93.5 to 127.1 MW, and energy efficiency
increases from 55.1% to 55.6%. As the combustor outlet temperature increases, the power output
of the GT cycle increases. This causes an increase in the outlet temperature of the gas turbine
which in turn results in an increase in power generation of the liquefied air power cycle and TEG
unit. To be more specific, with the same amount of increase in the GTIT, the power generated by
the TEG, liquefied air power cycle, and GT cycle are increased from 4.5, 22.9, and 65.9 MW to
14, 32.5, and 80.3 MW, respectively.
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Figure 7 Influence of combustor outlet temperature on integrated system performance.

The influences of liquefied air power cycle turbine inlet pressure on the exergy destruction rate
and generated power of the integrated system are shown in Fig. 8. As the inlet pressure of the
liquefied air power cycle turbine increases from 5,000 to 18,000, the generated power increases
from 92 to 102.6 MW, while the exergy destruction of the system is reduced from 168.5 to 127
MW, respectively. As the turbine inlet pressure increases, more heat is required in the liquefied air
power cycle, and therefore, the temperature of flue gas leaving heater 3 is decreased. This translates
into a more efficient consumption of the exergy content of the flue gas before discharging it to the
atmosphere.
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Figure 8 Influence of liquefied air power cycle turbine inlet pressure on integrated system
performance.

The effects of LNG pump outlet pressure on the power generation and normalized CO:
emissions of the cycle are presented in Fig. 9. The system is optimized at the LNG pump outlet
pressure of 12,000 kPa. The optimum results of power generation and normalized CO, emissions
are 102 MW and 209 kg CO2/MWh, respectively. The liquefied air power cycle condenser
temperature is dependent on the temperature of natural gas at the outlet of the LNG pump. The
best performance of the liquefied air power cycle, and hence the integrated system is achieved at
the LNG pump outlet pressure of 12000 kPa.
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Figure 9 Effects of LNG pump outlet pressure on the integrated system performance.



6. Comparison with past studies

The energy and exergy efficiencies of the proposed solar-assisted CAES system are compared
with those presented previously in Table 5. Past studies selected for comparison include a
trigeneration CAES plant with absorption chiller and parabolic trough collectors [34], an advanced
CAES system integrated with organic Rankine cycle/Kalina cycle for the waste heat recovery
purposes [35], and a hybrid CAES system which uses both wind and solar energies [36]. It is
shown that the integrated system proposed in this study has a better performance in terms of energy
and exergy.

Table 5 A comparison between the present CAES system and past studies.

Study Energy efficiency (%) Exergy Efficiency (%)
Present study 54.9 46.9

Wang et al. [34] 53.1 45.4

Soltani et al. [35] 50.7-51.2 44.2-44.6

Chen et al. [36] 46.5 -

7. Conclusions

A novel solar-assisted diabatic compressed air energy storage system integrated with a liquefied
air power cycle and a liquefied natural gas regasification system is designed and analyzed in this
paper. The system comprises an air compression unit, thermal oil loop, gas turbine, solar power
tower with thermal energy storage, liquefied natural gas regasification unit, thermoelectric
generator, and liquefied air power cycle. The performance of the energy storage system is
investigated using energy and exergy analyses. A parametric study is carried out to examine the
effects of varying major design parameters on the overall system performance. Major findings are
presented as follows:

e The energy and exergy efficiencies of the integrated system are 55.3% and 46.4%,
respectively.

e 445 MW of power is consumed during charging mode and 99.7 MW of power is generated
during the discharging mode. This indicates that the energy storage system proposed here
uses less than half of the power it produces during the discharging mode with the aid of
solar energy and cold waste heat of liquefied natural gas.

e Excess air is used in the combustion process to reduce fuel consumption and improve the
performance of the energy storage system. It is observed that 2.2 kg/s of fuel is required
during the discharging mode of the system.

e The normalized carbon dioxide emissions of the system are 210.1 kg CO./MWh. The
current system is three times less harmful to the environment compared to the carbon
impact of Iranian national grid.

e The highest contributors to the overall exergy destruction rate of the system are the
combustion chamber, heater 4, solar tower, recuperator, and heliostats. Therefore, to
improve environmental sustainability, these components require further investigation in
future research.



e Increasing the pressure ratio of the compressors will reduce the performance of the plant,
while increasing the combustion chamber outlet temperature will improve it. Also, the
normalized carbon dioxide emissions of the plant are minimized at LNG pump outlet
pressure of 12 MPa. Increasing the number of heliostat mirrors from 300 to 850 will
increase the power generation of the plant 99.8 to 109.5 MW.
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