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Abstract: Adiabatic compressed air energy storage (A-CAES) is an effective balancing technique for
the integration of renewables and peak-shaving due to the large capacity, high efficiency, and low
carbon use. Increasing the inlet air temperature of turbine and reducing the compressor power
consumption are essential to improving the efficiency of A-CAES. This paper proposes a novel
solar–thermal-assisted A-CAES system (ST-CAES), which features a higher inhale temperature
of the turbine to improve the system efficiency. Solar–thermal energy, as an external thermal
source, can alleviate the inadequate temperature of the thermal energy storage (TES), which is
constrained by the temperature of the exhaust air of the compressor. Energy and exergy analyses
were performed to identify ST-CAES performance, and the influence of key parameters on efficiency
were studied. Furthermore, exergy efficiency and the destruction ratio of each component of ST-CAES
were investigated. The results demonstrate that electricity storage efficiency, round-trip efficiency,
and exergy efficiency can reach 70.2%, 61%, and 50%, respectively. Therefore, the proposed system
has promising prospects in cities with abundant solar resources owing to its high efficiency and the
ability to jointly supply multiple energy needs.

Keywords: A-CAES; ST-CAES; energy and exergy analysis; efficiency; exergy destruction

1. Introduction

Modern cities are facing environmental and energy shortage issues, and the large-scale
development and utilization of renewable energy sources (RES) in smart cities is a primary strategy
for addressing those issues [1]. However, much wind and solar energy is curtailed due to a lack of
reasonable planning and compatibility with conventional energy [2–4]. Notably, in 2017, the average
curtailment ratios of wind and solar power in Gansu Province, China reached 25% and 20%,
respectively [5]. Moreover, RES will enlarge the peak to valley difference of power demands. These facts
have posed great challenges to the smart grid and caused crises in secure operation [6]. Therefore,
strategies to ensure the large-scale utilization of RES in a safe, efficient, and economical way has
become a crucial issue in the construction of today’s smart grid and city.

Energy storage has been recognized as an effective means of RES integration and peak-shaving [7].
Currently, compressed air energy storage (CAES) and pumped storage systems (PHS) are the major
large-scale energy storage technologies [8,9]. Compared with PHS, CAES has broad application
prospects because the geographic conditions or water resources hardly constrain it. Nevertheless,
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commercial CAES plants, including Huntorf (E.N Kraftwerke, Huntorf, Germany, 1978) and McIntosh
(Alabama, America, 1991), strongly depend on natural gas to enhance electricity storage efficiency [10,11],
which is a restriction in areas without abundant natural gas resources.

Integrated with thermal energy storage (TES), adiabatic CAES (A-CAES) is the main trend of
CAES that is independent of fossil fuels. Several A-CAES projects have been announced, are under
construction, or are in operation [12]. Germany has planned to build a large-scale A-CAES power
plant with a target cycle power of 70% [13]. China’s first 500 kW A-CAES demonstration system
successfully realized energy storage and power generation in 2014 [14,15]. In addition, a national
A-CAES demonstration power station led by Tsinghua University, with rated power of 60 MW and
rated capacity of 300 MWh, is under construction in China [16].

However, constrained by the efficiency and structure of compressors and the effectiveness of
multi-stage heat exchangers, the heat medium of TES that depend on compression heat cannot reach
a high temperature [17]. Consequently, it is difficult to enlarge electricity production in the discharge
process, which may not balance the load demand and confine system efficiency. It is an effective
measure to replace the TES of A-CAES with solar thermal collection and storage (STC) of concentrating
solar power to overcome deficient heat capacity. Hybrid A-CAES (HA-CAES) notably enhances the
storage heat temperature and capacity and can also improve the comprehensive utilization level of
clean energy [18,19]. Therefore, researchers have recently begun to focus on essential technologies of
HA-CAES such as process design, efficiency analysis, and key parameter optimization to improve the
system efficiency.

A gas turbine combined solar energy and CAES focusing on process design and efficiency
analysis has been proposed, and characteristics of its off-design were studied in [20]. To cope with
the issue of wind and solar curtailment, a novel scheme of wind-energy complementary A-CAES
was presented and its thermodynamic characteristics were analyzed in [21]. A HA-CAES design
scheme to optimize cycle efficiency and efficiency for microturbines, solar dish collectors, and A-CAES
was described in [22,23]. Modeling and analysis of combined cooling heating and power (CCHP)
integrated solar thermal energy for its cogeneration characteristics were established in [24]. Because of
the multi-carrier poly-generation capability, an HA-CAES-based multi-carrier clean energy hub is
proposed and modeled in [25] to realize the comprehensive consumption of the renewable energy.
A HA-CAES is utilized as an energy hub in a solar-based smart micro-energy grid in [26].

However, few studies have worked on enhancing the comprehensive efficiency with stable solar
thermal resources and utilizing compression heat to supply heat to residents. Unstable thermal
resources cause low system electrical storage, round-trip and exergy efficiencies.

In this paper, a novel solar–thermal-assisted A-CAES (ST-CAES) is proposed to attain high
efficiency. During the charging process, low-price electricity such as curtailed wind, solar, and off-peak
electricity, is used to compress ambient air to high-pressure air and store it in a steel pipeline tank
(SPT), recovering compression heat that could be used for heating. Solar–thermal energy is collected
and stored by STC, which can supply stable thermal energy. During the discharging process, the stored
high-pressure air is released and preheated with the exhaust air of a turbine, and further heated with
the stored stable solar–thermal energy to generate electricity. The use of solar thermal energy improves
the intake air temperature of the turbine generator, thereby enhancing the efficiency of ST-CAES.
In consequence, ST-CAES can provide benefits to the smart grid and integrated RES.

The major contributions of this paper are: (1) A novel hybrid A-CAES based on the utilization
of solar energy, which can be used for RES integration and peak-shaving and, furthermore,
could significantly improve the round-trip efficiency, is proposed and analyzed; (2) Compared to
the current HA-CAES, ST-CAES eliminates the combustion chamber that has already been proposed
in [22]. Consequently, it is a zero-carbon-emission system. Moreover, ST-CAES can provide stable
high-grade thermal energy in the discharging process, which is compared with HA-CAES in [23],
and can greatly simplify the regenerative system.
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The rest of this paper is organized as follows. Section 2 elaborates the overall design scheme and
mathematic model of ST-CAES. Section 3 presents an energy and exergy analyses of ST-CAES. This is
associated with the influence of primary parameters on system performance in Section 4, followed by
the conclusions in Section 5.

2. System Description

The implementation of an ST-CAES with four-stage compression and three-stage expansion
is illustrated in Figure 1. The system comprises three main subsystems, including a compression
subsystem (COM), a solar thermal collection and storage (STC), and a turbine subsystem (TUR).
The COM contains a four-stage compressor train (AC1-AC4), four-stage heat exchangers (HEX1-HEX4),
a cold-water tank (CWT), and a hot water tank (HWT). It is worth noting that the number of
compression stages is determined by the maximum pressure of the steel pipeline tank (SPT) and the
type of compressor in use. The designed maximum pressure of (SPT) is 10 MPa and the conventional
single-stage pressure ratio of the reciprocating piston compressor is approximately 3. Therefore,
the four-stage compressor can meet the requirement of maximum air pressure in SPT.

The STC consists of a parabolic trough collector (PTC), a low-temperature oil tank (LOT),
and a high-temperature oil tank (HOT). The TUR includes a throttle valve (TV), an air turbine chain
(AT1-AT3), a heat regenerator (HR), and three heat exchangers (HEX5-HEX7) as well. Moreover,
three types of fluids are introduced into the system, namely air (AR), water (WA), and Therminol oil
VP-1 (O). To clearly describe the system, all the components and streams are listed and numbered as
in Figure 1.

Although the COM and TUR subsystems are similar to the A-CAES reported in numerous
studies [12–15], ST-CAES features several distinct characteristics. Firstly, the compression heat
is absorbed and stored in HWT and utilized to provide thermal energy to residents. Secondly,
low-temperature thermal oil from LOT is heated by the PTC to attain high temperatures and then
stored in an HOT that can supply stable heat resources. Thirdly, the compressed air is preheated by
exhaust air before entering the air turbine, and further heated by the high-temperature oil from the
HOT through heat exchangers (HEX5-HEX7) to improve the system efficiency.
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3. Thermodynamic Analysis Model

3.1. Basic Assumptions and Mathematical Model

The proposed ST-CAES system is comprised of a conventional CAES and a STC subsystem.
The classical Peng–Robinson equations of the state were selected as the property package. The analysis
was carried out using Thermoflow software. To simplify the analysis, the following assumptions
are made:

• The system operates in a steady state condition;
• All gases in the system are treated as the ideal gas;
• A constant isentropic efficiency is assumed for the compressors and air turbine;
• The pressure drop of each heat exchanger is 2%, and its heat loss is ignored.

3.2. Energy Analysis Model

3.2.1. Conventional CAES

The energy analysis of the ST-CAES system is based on the first law of thermodynamics.
It describes the process of energy transfer and conversion of each component. Outlet temperature Tc,i

out
of the compressor is obtained via:

Tc,i
out = Tc,i

in

(
1 +

1
ηcom

(
β

k−1
k

i − 1
))

, (1)

where k is the polytropic index, β is the pressure ratio, and ηcom represents the adiabatic efficiency of
the compressor, which is calculated by

ηcom =
hout,s − hin
hout − hin

. (2)

The required power of the compressor is equal to the enthalpy difference between the outlet and
inlet streams multiplied by its mass flow rate, and is obtained by

Wcom =
4

∑
i=1

mARin(hi
out − hi

in), (3)

where Wcom is the compressor power consumption and mARin is the mass flow rate of the compressor.
Energy balance allows for computation of the amount of hot water power produced

in HEX1-HEX4:
Qheat = mAR(hAR,in − hAR,out) = mWA(hWA,out − hWA,in), (4)

where Qheat is the recovery compression heat power that can supply heat to residents.
The charge and discharge time of the SPT are decided by the maximum and minimum allowable

air pressures:

τch =
(pmax − p0)VSPT

mAR9RT
, (5)

τdch =
(pmax − p0)VSPT

mAR10RT
, (6)

where τch and τdch are the charge and discharge time, respectively; VSPT is the volume of SPT; R is the
gas constant of air under normal circumstances; and T is the temperature in SPT.

To calculate the outlet temperature of the air turbine, Te,j
out (streams AR13, AR15, and AR17),

the following is used:

Te,j
out = Te,i

in

(
1 − ηe

(
1 − π

1−k
k

j

))
, (7)
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where π is the expand ratio, and the isentropic efficiency of the turbine ηe is defined by

ηe =
hout − hin

hout,s − hin
. (8)

An STC subsystem is used to collect and store solar radiation energy to heat the inlet air of the
turbine. The temperature of the heated air is obtained from the energy balance as shown by

mAR10(hARin − hARout) = mO(hOout − hOin). (9)

The output power of the air turbine generator WTur is

WTur =
3

∑
j=1

mAR10(h
j
out − hj

in). (10)

3.2.2. STC

The STC system includes PTC and a heat storage tank. The PTC thermal model is shown
in Figure 2. Its collecting thermal efficiency, ηc, is defined as the ratio of useful energy Qu absorbed by
the HTF to energy incident on the parabolic reflecting mirror, which is outlined as follows [27]:

ηC =
Qu

Qs
, (11)

where the incident energy, Qs, is proportional to the PTC area and direct normal insolation per unit of
collector area, and is computed by

Qs = ID A, (12)

where ID is the direct normal irradiation and A is the effective collection area. A part of the solar energy
is delivered to the receiver, and the amount of that energy is a function of the parabolic trough mirror
optical efficiency. Equation (13) shows the relationship between the optical efficiency and the incident
energy. We assumed a constant value of 0.9 for the optical efficiency of the collector. The reflecting
heat power QR by parabolic reflecting mirror is

QR = ηopQs, (13)

where ηOP is the optical efficiency. The useful heat energy Qu obtained by the absorber tubes is
computed by

Qu= QR − QL. (14)
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To obtain the useful heat absorbed by the receiver, its heat loss should be calculated. In general,
there are three types of heat dissipation, namely conduction, convection, and radiation. Therefore,
the total heat loss QL of the receiver can be expressed as [28]:

QL = Qcond+Qconv+Qrad. (15)

To simplify the analysis, the thicknesses of the glass envelope and absorber tube are not considered,
and the heat conduction loss between the absorber tube and the glass tube is ignored. The heat
convection loss, based on Newton’s law, is as follows:

Qconv= Qconv1,2+Qconv2,0,

Qconv1,2= hd(T1 − T2)Aab,

Qconv2,0= hc(T2 − T0)Ag,

(16)

where Qconv1,2 is the heat convection loss between the absorber tube surface and inner glass tube.
Qconv2,0 is the heat convection loss between the inner glass tube and the external environment. Aab and
Ag are the surface areas of the absorber and glass tube, respectively. hd is the convection heat
transfer coefficient of the annular space. hc is the convection heat transfer coefficient of the glass
tube and environment, and T1 and T2 are the surface temperatures of the absorption tubes and glass
tubes, respectively.

Qrad= Qrad1,2+Qrad2,0. (17)

The operation characteristics of the absorber tube show that the temperature of absorber tube is
much higher than that of the glass tube. The heat radiation between them is calculated by

Qrad1,2 =
σ(T4

1 − T4
2 )

1/ε1 + (1 − ε2)D1/ε2D2
Aab, (18)

where σ is the Stefan–Boltzmann constant (W/m2-K4) and D1 and D2 are the outer absorbers and inner
glass tube diameters, respectively. T1 is the outer absorber surface temperature, and T2 is the inner
glass tube surface temperature. ε1 is the absorber selective coating emissivity, and ε2 is the glass tube
emissivity. The heat radiation between the glass absorber and the environment is calculated via

Qrad2,0 = σε2

(
T4

2 − T4
0

)
Ag. (19)

The thermal energy tanks are modeled by dynamic mass and energy balances for two tanks [29].
The mass balance for a tank is

ρHTF
dVHTF

dt
= min − mout, (20)

where VHTF is the volume of HTF in the tank, and ρHTF refers to the density of HTF.
The energy balance for each tank is

ρHTFCHTF
d(VHTFT)

dt
= CHTF(Tinmin − Tmout)− UAt(T − T0), (21)

where U is the overall heat transfer coefficient for the tank walls and At is the surface area of the tank
subject to the heat transfer. It is assumed that no heat transfer occurs from the top or bottom of either
tank because the volumes of HTF (VHTF) in the tanks are not constant. The energy balances are solved
for the product VHTFT. For further clarity, the key design factors of the parabolic trough collectors
(PTC) are enumerated. The key design factors and thermal characteristics that impact the efficiency of
PTC are shown in Table 1.
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Table 1. Key design factors of PTC.

Key Parameters of PTC Corresponding Data

Mirror type Ultra-white float glass
Optical efficiency at 0 degrees incidence 75%

Reflector length per row (m) 13.12
Number of reflector rows 8

Aperture width (m) 1
Specular reflectivity 0.94

Absorber tube emissivity 0.15
Glass envelope emissivity 0.9

Glass tube support fin efficiency 5%

The major design factors are the mirror field area and optical efficiency [30]. Under certain
solar irradiation conditions, the collected heat energy increases with enlargement in the mirror field
area. The optical efficiency is affected by the glass envelop transmissivity, optical intercept factor,
and cosine loss correction factor, which relies on tracking accuracy. As the optical efficiency increases,
the collecting thermal efficiency also increases.

3.3. Exergy Analysis Model

An exergy analysis based on the second law of thermodynamics can be performed to decide the
exergy destruction of each subsystem. Generally, the enthalpy exergy of state i can be calculated by

Exi = mi[(hi − h0) − T0(si − s0)], (22)

where mi is the mass flow rate, h is the specific enthalpy, s is the specific entropy, and subscripts i and 0
represent state i and ambient conditions, respectively.

The thermal exergy supplied for TUR by the STC can be calculated via

ExHTF = ExO5 − ExO12. (23)

The thermal exergy supplied by the compression heat can be calculated via

Exheat = ExWA11 − ExWA12. (24)

3.4. Performance Criteria

The proposed ST-CAES system has two operational modes: energy storage and energy release.
Different from conventional CAES, the energy storage mode can be divided into air storage and solar
thermal collection and storage processes. It is worth mentioning that the solar thermal collection and
storage process is independent of air compression. Therefore, these two processes can be conducted
simultaneously. In the energy release mode, the stored high-pressured air in SPT and thermal energy
in HOT are released simultaneously and drive the air turbine to generate electric energy. The electricity
storage efficiency (ESE), round-trip efficiency (RTE), and exergy efficiency are important indices to
analyze the performance of the proposed system. The ESE is defined as the electricity generation in the
discharging process divided by power consumption in the charging process. The power consumption
of the water and oil pumps is neglected because of their low values. Therefore, the ESE can be
expressed as

ηESE =
WTUR · τdch
WCOM · τch

. (25)
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RTE is defined as the ratio of total thermal and electrical energy output to total solar and electrical
energy input in a full charge/discharge cycle. It can be expressed as

ηRTE =
WTUR · τdch + Qheat · τhs

WCOM · τch + Qu · τc
. (26)

The exergy efficiency can be represented as

ηEXE =
WTUR · τdch + Exheat · τhs
WCOM · τch + ExHTF · τc

, (27)

where Qheat is the thermal energy supply to the heat load, Qu is collected and stored solar thermal
energy, Exheat is enthalpy exergy of Qheat, and ExHTF is the HTF enthalpy exergy absorbed by the PTC.

For each subsystem j, the exergy destruction and exergy efficiency can be calculated as follows:

Lj = Ej,in − Ej,out, (28)

ηEXE,j =
Ej,out

Ej,in
(29)

where the subscripts in and out represent the input and output states, respectively, of subsystem j.
The expressions for input and output exergy of each subsystem are listed in Table 2.

Table 2. Expressions of input and output exergy of each subsystem.

Subsystem Exin Exout

AC WCOM + ExAR3 + ExAR5 + ExAR7 ExAR2 + ExAR4 + ExAR6 + ExAR8

HEX of COM ExAR2 + ExAR4 + ExAR6 + ExAR8 + ExWA1
+ ExWA3 + ExWA5 + ExWA7

ExAR3 + ExAR5 + ExAR7 + ExAR9 +
ExWA2 + ExWA4 + ExWA6 + ExWA8

STC ExQu ExO3 − ExO2
AT ExAR12 + ExAR14 + ExAR16 WTUR + ExAR13 + ExAR15 + ExAR17

HEX of TUR ExAR10 + ExAR17 + ExAR11 + ExAR13 +
ExAR15 + ExO5

ExAR11 + ExAR18 + ExAR12 +
ExAR14 + ExAR16 + ExO12

SPT ExAR9 ExAR10

4. Results and Discussion

4.1. Typical Operational Conditions

In this section, the performance of ST-CAES under typical operational conditions is analyzed.
Table 3 lists the design parameters of the system. In this case, the durations of charging and discharging
were the same (4 h), and the mass flow rate of the air was fixed at 0.56 kg/s. The adiabatic efficiency of
the air compressors was 86%. The pressure of the outlet air of the throating valve (state A10), which is
defined as the minimum SPT pressure, is approximately equal to the pressure of the inlet air of the
first-stage air turbine (state A11). From the calculation presented in this section, the compression
and expansion pressures were selected as 10 and 7 MPa, respectively. The effects of the compression
and expansion pressures on system performance are discussed in Section 4.2. In the TUR subsystem,
the adiabatic efficiency of the turbines was selected at 85%. The other parameters of the STC were
selected by previous studies [31,32].
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Table 3. Basic design parameters of ST-CAES system.

Parameters Units Values

Ambient pressure MPa 0.1
Ambient temperature ◦C 20

Compression stage / 4
Expansion stage / 3

Compressor exhaust pressure MPa 10
Inlet pressure of air turbine MPa 6.9

Inlet temperature of air turbine ◦C 280
τch h 4
τdch h 4

Mass flow rate of air-fluid kg/s 0.56
Mass flow rate of VP-1 to PTC kg/s 0.54

Temperature of hot water ◦C 80
Temperature of return water ◦C 30

Adiabatic efficiency of air compressor % 90
Adiabatic efficiency of air turbine % 85
Inlet temperature of cooling water ◦C 20

Volume of stored air tank m3 3000
Range of temperature with hot oil tank ◦C 300~305

Direct normal irradiance W/m2 841.1
Solar heat storage duration h 6

Hot water supplying duration h 8
Efficiency of heat collection % 68.18

Solar hours/day h 12/173 (22 June)
Total effective aperture m2 99.7

Table 4 lists the main simulation results of the ST-CAES system under typical operational
conditions. Tables 4 and 5 list the stream parameters of air and other fluids, respectively. As shown in
Table 3, the total compression power consumption was 329.9 kW, and the heat energy collected from
solar was 213.5 kW. The output power of the turbine was 231.5 kW. The mass flow rate associated with
the consumption of cooling water was 1.36 kg/s, and the consumed solar thermal power to heat the
inlet air of the turbine was 189.67 kW. The ESE, RTE, and exergy efficiency of the proposed system
were 70.2%, 61%, and 50%, respectively. As listed in Table 4, the temperatures of supply and return
water for the heating load were 80 and 30 ◦C. Under average solar irradiation operational conditions,
the system needed about 6 h to raise 11.7 tons of VP-1 from 115 to 305 ◦C. Output power of the turbine
is strongly influenced by the VP-1 temperature provided by collected and stored solar energy, which is
discussed in Section 4.2. A-CAES performance depends on the key technology of A-CAES, which is to
recover and store compression heat in thermal energy storage (TES) [33]. This is greatly constrained by
structure of compressor and multi-stage heat exchanger effectiveness. The use of solar thermal energy
can eliminate the high-temperature limit of the compressor and complex heat regeneration subsystem,
which can greatly simplify the structure of A-CAES [14]. For a 4-h discharge duration with total power
generation capacity of 955.4 kWh, Tables 5 and 6 list the stream thermodynamic parameters of air,
water, and Therminol VP-1.

Table 4. Simulation results of the ST-CAES system under typical operational conditions.

Parameters Unit Values

Compressor power consumption kW 329.9
Air turbine electricity generation kW 231.5

Collection power of PTC kW 213.3
Mass flow rate of VP-1 to TUR kg/s 2.75
Mass flow rate of cooling water kg/s 1.36

Production the mass of hot water ton 20
Electricity storage efficiency % 70.2

Round-trip efficiency % 61
Exergy efficiency % 50
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Table 5. Thermodynamic parameters of air stream.

Stream T (◦C) P (MPa) h (kJ/kg) s (kJ/kg·K) Ex (kJ/kg) m (kg/s)

AR1 20 0.1 294 6.84 0.00 0.56
AR2 150 0.3 425.14 6.88 120.73 0.56
AR3 40 0.3 313.68 6.58 97.10 0.56
AR4 178.5 1.0 453.71 6.61 226.56 0.56
AR5 40 1.0 312.29 6.25 193.06 0.56
AR6 181.4 3.3 455.14 6.28 325.42 0.56
AR7 40 3.2 307.97 5.90 290.32 0.56
AR8 179.5 10.2 449.22 5.93 421.51 0.56
AR9 40 10.0 295.95 5.53 385.42 0.56
AR10 20 6.9 278.93 5.58 353.63 0.56
AR11 100 6.9 366.31 5.85 363.68 0.56
AR12 280 6.7 557.59 6.27 430.60 0.56
AR13 131.6 1.7 404.97 6.35 253.95 0.56
AR14 280 1.7 558.59 6.68 311.16 0.56
AR15 132.2 0.4 406.93 6.76 135.85 0.56
AR16 280 0.4 558.92 7.09 192.53 0.56
AR17 124.5 0.1 399.46 7.15 15.28 0.56
AR18 34.5 0.1 308.59 6.89 0.35 0.56

Table 6. Thermodynamic parameters of water and Therminol VP-1 stream.

Stream T (◦C) P (MPa) h (kJ/kg) s (kJ/kg·K) Ex (kJ/kg) m (kg/s)

O1 115 0.1 13.77 −2.72 14.53 0.54
O2 115.2 0.4 14.30 −2.72 14.90 0.54
O3 305 0.1 633.92 −1.48 273.06 0.54
O4 300 0.2 346.60 −2.03 144.64 0.76
O5 300 0.1 624.90 −1.50 268.91 0.76
O6 300 0.1 624.90 −1.50 268.91 0.26
O7 102.8 0.1 −3.36 −2.76 10.54 0.26
O8 300 0.1 624.90 −1.50 268.91 0.25
O9 134.3 0.1 42.11 −2.65 21.99 0.25

O10 300 0.1 624.90 −1.50 268.91 0.25
O11 135 0.1 43.16 −2.64 22.22 0.25
O12 123.8 0.1 26.50 −2.69 17.87 0.76
WA1 20 0.1 84.01 0.30 0.00 0.24
WA2 80 0.1 335.06 1.08 22.66 0.24
WA3 20 0.1 84.01 0.30 0.00 0.31
WA4 80 0.1 335.06 1.08 22.66 0.31
WA5 20 0.1 84.01 0.30 0.00 0.32
WA6 80 0.1 335.06 1.08 22.66 0.32
WA7 20 0.1 84.01 0.30 0.00 0.49
WA8 80 0.1 335.06 1.08 22.66 0.49
WA9 80 0.1 335.06 1.08 22.66 1.36
WA10 20 0.1 84.01 0.30 0.00 1.36
WA11 80 0.2 335.13 1.08 22.76 0.66
WA12 30 0.2 125.91 0.434 0.27 0.66

To assess the performance of each subsystem, the exergy efficiency, and destruction were
calculated from Equations (26) and (27) and Table 2. Figure 3 shows the exergy efficiency of each
subsystem. The exergy efficiencies of the STC subsystem were much lower than those of the other
subsystems except HEX of TUR, because of the basic STC characteristics. In the STC, absorption energy
of the heat medium is supplied by stored Therminol VP-1 in the HOT hot oil tank, and this is greatly
affected by the area of mirrors field, mass flow, weather, optical efficiency, and tracking accuracy of
PTC [32]. Further, the HEX of TUR enthalpy efficiency is the lowest, due to the high temperature
difference between the cold and hot fluids in the discharging process.
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Figure 3. Exergy efficiencies of each subsystem.

Figure 4 shows exergy destruction of the primary subsystem. In the STC system, the exergy
destruction is 17.17% because of the substantial irreversible loss caused by external heat conduction,
convection and radiation on the surface of the parabolic mirror and absorber tubes during the heat
collection [31–35]. The STC requires a long time to heat the VP-1 from ambient temperature to the
design temperature before operation. The exergy destruction of the system in this process does not take
into account in the exergy analysis of ST-CAES. The HEX of TUR exergy destruction is the largest of all
subsystem due to high temperature difference heat transfer, which caused an irreversible heat loss.
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To further clarify the performance of the proposed ST-CAES, a comparison of ST-CAES to
an HA-CAES that integrated a gas turbine and dish collector in [23] is illustrated in Table 7. In the
comparison case, the RTE and EXE for each system are 61% and 76.5%, and 50% and 53.4%, respectively.
The inlet temperature of gas turbine is 900 ◦C due to being combined with dish collector and
combustion chamber. Since these kinds of HA-CAES do not contain TES, output power of gas
turbine fluctuates with changes in solar radiation. Although the RTE and exergy efficiency are higher
than ST-CAES, such HA-CAES rely on fossil fuel supplies, which can cause certain carbon emissions.
Compared with the above HA-CAES, ST-CAES with TES can provide a stable external heat resource,
which can greatly improve the output power stability and operational flexibility.

4.2. Parameter Analysis

To investigate the effect of key parameters on the proposed of ST-CAES system’s performance,
a thorough parametric analysis was conducted. These parameters included ambient temperature,
inlet temperature of the air turbine, and maximum and minimum pressures of the SPT. The parametric
analysis was conducted by varying one parameter, which caused affiliated parameters to vary
correspondingly, while others were kept constant.
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Table 7. The comparison of performance of ST-CAES to hybrid A-CAES.

Parameters Unit ST-CAES Hybrid A-CAES

Compressor power
consumption kWh 1361.5 152.1

Charging time h 4 6.59
Discharging time h 4 5.13

With/without TES / Yes no
Expansion train working period load peak hours Irradiation peak hours
Inlet temperature of air turbine ◦C 280 900
Air turbine electricity generation kWh 949.1 228.54

Round trip efficiency % 61 76.5
Exergy efficiency % 50 53.4

4.2.1. Ambient Temperature

Figure 5 shows the effect of ambient temperature on the WCOM, WTUR, and pressure inside the
SPT (PSPT). The ambient temperature slightly affects WCOM and PSPT, with WTUR kept constant.
With the increasing ambient temperature, the inlet temperature of the compressor also increased,
which augmented the WCOM calculated by Equation (3). Thus, when the ambient temperature increases
from 15 ◦C to 35 ◦C, the energy consumption of WCOM increases by 8 kWh. Meanwhile, based on the
ideal gas equation and constant volume of SPT, PSPT increases by 0.15 MPa.
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Figure 5. Effect of ambient temperature on WCOM, WTUR, and PSPT.

Figure 6 shows that the ESE, RTE, and ηex all decline with increasing ambient temperature.
As illustrated in Figure 5, WCOM increases but WTUR stays constant. Furthermore, the supplied heat
load and heat energy provided by the STC remain constant. Therefore, when the ambient temperature
increases from 15 ◦C to 35 ◦C, ESE, RTE, and ηex all decrease by 1.1, 4, and 2, respectively. In general,
a lower ambient temperature is more beneficial to system performance.
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4.2.2. Air Turbine Inlet Temperature

Figure 7 illustrates the effect of air turbine inlet temperature on WCOM, WTUR, and mass flow of
VP-1. As revealed in Figure 7, the increasing inlet air temperature of the turbine increases the power
generation of the turbine system owing to a greater decrease in the enthalpy of air, which can be
calculated by Equation (10). As inlet temperature of the air turbine increases, the VP-1 mass flow
also increases because the TUR subsystem needs more heat energy to enhance inlet air temperature.
When the inlet temperature of the air turbine reaches 280 ◦C, the maximum WTUR and mass flow of
Therminol VP-1 reaches 956 kWh and 2.7 kg/s, respectively. No compressor parameters were changed,
so WCOM remained the same.Appl. Sci. 2018, 8, x FOR PEER REVIEW  13 of 18 
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Figure 7. Effect of air turbine inlet temperature on WCOM, WTUR, and VP-1 mass flow.

Figure 8 shows that the ESE, RTE, and ηex increased with air turbine inlet temperature. As shown
in Figure 7, WTUR increased while WCOM remained unchanged, which resulted in greater ESE according
to Equation (25), while Qheat was constant due to the parameter being keep constant during the
compression stage. Finally, by a comprehensive calculation using Equations (26) and (27), RTE and ηex

increase with the air turbine inlet temperature.
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Figure 8. Effect of inlet air turbine temperature on ESE, RTE, and ηex.

For example, when air turbine inlet temperature increases from 240 ◦C to 280 ◦C under design
inlet air pressure, ESE, RTE, and ηex increase by 5.21%, 4.43%, and 4.38%, respectively. Therefore,
all the efficiencies increase with the increasing air turbine inlet temperature. Moreover, the increments
in the ESE, RTE, and ηex are linear; the increasing rate of total output energy also increases with the
increasing inlet air turbine pressure.
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4.2.3. Minimum SPT Pressure

Figure 9 shows the variation of operation time and turbine power with minimum pressure of
SPT. To eliminate throttling loss, we defined the inlet air turbine pressure as equal to the minimum
SPT pressure. A greater turbine inlet pressure increases the output power of the turbine. However,
when constrained by the SPT maximum pressure, increasing the SPT operation pressure leads to
reduced system operation time. Meanwhile, the effect of SPT exerts minimum pressure on ESE, RTE,
and ηex, as shown in Figure 10. The decrease in the operation time reduced the amount of hot water
and VP-1 consumption.

As shown in Figures 9 and 10, when the minimum pressure of SPT increases from 4.9 MPa to
8.8 MPa and the discharge duration time decreases from 6.9 to 1.4 h, the output power increases by
29.7 kW. Correspondingly, ESE, RTE, and ηex increase by 8%, 5%, and 2.4%, respectively. Therefore,
the combination of all these effects amplifies the ESE; RTE and ηex increase with the increase in the
SPT minimum pressure.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  14 of 18 

combination of all these effects amplifies the ESE; RTE and ηex increase with the increase in the SPT 
minimum pressure. 

 

Figure 9. Effect of SPT minimum pressure on PTUR and operation time. 

 

Figure 10. Effect of SPT minimum pressure on ESE, RTE, and ηex. 

4.2.4. Maximum SPT Pressure 

Figure 11 shows the variation of compressors power consumption Pcom and operation time with 
maximum pressure of the SPT. Increasing the maximum pressure of SPT means that the compression 
train needs to consume more energy to compress the air to a higher pressure. This also increases the 
system operation time. As shown in Figures 11 and 12, when the maximum pressure of SPT increases 
from 8 MPa to 12 MPa and the mass flow rate of air fluid is 2 t/h, the charge duration time increases 
from 1.4 to 6.9 h, and the consumption power of compressors increases by 34.2 kW. Correspondingly, 
ESE, RTE, and ηex decrease by 7.36%, 4.2%, and 4%, respectively. Therefore, ESE, RTE, and ηex 
decrease with the increasing maximum pressure of SPT. Furthermore, the increasing mass flow rate 
of compressors leads to a gradual increase in compression power consumption. 

5 6 7 8 9 10

215

220

225

230

235

240

245

250

 P
ow

er
 o

f t
ur

bi
ne

 / 
kW

Minimum pressure of SPT / MPa

 PTUR

0

2

4

6

8

10

 
O

pe
ra

tio
n 

tim
e 

/ h
 τOP

4 5 6 7 8 9
40

45

50

55

60

65

70

75

R
TE

, E
SE

 &
 η

ex
%

Minimum pressure of SPT / MPa

 ESE
 RTE
 ηex

Figure 9. Effect of SPT minimum pressure on PTUR and operation time.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  14 of 18 

combination of all these effects amplifies the ESE; RTE and ηex increase with the increase in the SPT 
minimum pressure. 

 

Figure 9. Effect of SPT minimum pressure on PTUR and operation time. 

 

Figure 10. Effect of SPT minimum pressure on ESE, RTE, and ηex. 

4.2.4. Maximum SPT Pressure 

Figure 11 shows the variation of compressors power consumption Pcom and operation time with 
maximum pressure of the SPT. Increasing the maximum pressure of SPT means that the compression 
train needs to consume more energy to compress the air to a higher pressure. This also increases the 
system operation time. As shown in Figures 11 and 12, when the maximum pressure of SPT increases 
from 8 MPa to 12 MPa and the mass flow rate of air fluid is 2 t/h, the charge duration time increases 
from 1.4 to 6.9 h, and the consumption power of compressors increases by 34.2 kW. Correspondingly, 
ESE, RTE, and ηex decrease by 7.36%, 4.2%, and 4%, respectively. Therefore, ESE, RTE, and ηex 
decrease with the increasing maximum pressure of SPT. Furthermore, the increasing mass flow rate 
of compressors leads to a gradual increase in compression power consumption. 

5 6 7 8 9 10

215

220

225

230

235

240

245

250

 P
ow

er
 o

f t
ur

bi
ne

 / 
kW

Minimum pressure of SPT / MPa

 PTUR

0

2

4

6

8

10

 
O

pe
ra

tio
n 

tim
e 

/ h

 τOP

4 5 6 7 8 9
40

45

50

55

60

65

70

75

R
TE

, E
SE

 &
 η

ex
%

Minimum pressure of SPT / MPa

 ESE
 RTE
 ηex

Figure 10. Effect of SPT minimum pressure on ESE, RTE, and ηex.

4.2.4. Maximum SPT Pressure

Figure 11 shows the variation of compressors power consumption Pcom and operation time with
maximum pressure of the SPT. Increasing the maximum pressure of SPT means that the compression
train needs to consume more energy to compress the air to a higher pressure. This also increases
the system operation time. As shown in Figures 11 and 12, when the maximum pressure of SPT
increases from 8 MPa to 12 MPa and the mass flow rate of air fluid is 2 t/h, the charge duration
time increases from 1.4 to 6.9 h, and the consumption power of compressors increases by 34.2 kW.
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Correspondingly, ESE, RTE, and ηex decrease by 7.36%, 4.2%, and 4%, respectively. Therefore, ESE,
RTE, and ηex decrease with the increasing maximum pressure of SPT. Furthermore, the increasing
mass flow rate of compressors leads to a gradual increase in compression power consumption.Appl. Sci. 2018, 8, x FOR PEER REVIEW  15 of 18 
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5. Conclusions

In this paper, we proposed a solar–thermal-assisted A-CAES, i.e., ST-CAES. Exhaust air preheats
the compressed air, which is further heated by stable solar thermal energy, which greatly improves
the performance of ST-CAES during the discharge process. In the charge process, water at ambient
temperature was used to recover the compression heat and produce hot water, which provides heat
for residents and reduces the power consumption of the compressor. Moreover, a mathematical
model comprising energy and exergy analyses was developed. On an implementation of ST-CAES
with a four-stage compression train and a three-stage expansion train, the ESE, RTE, and exergy
efficiency were found to be 70.2%, 61%, and 50%, respectively. In addition, investigations of the system
performance and the effects of key parameters have indicated that the turbine inlet temperature and
pressure in the SPT are the critical parameters affecting the performance of the proposed ST-CAES
system. Therefore, they can act as essential components in current smart grids and cities owing to the
high efficiency and ability to accommodate renewables.
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Nomenclature

Abbreviations
COM air compressor stage
CAES compressed air energy storage
A-CAES adiabatic compressed air energy storage
RES renewable energy sources
TES thermal energy storage
PHS pumped storage system
H-ACAES hybrid ACAES
TUR air turbine stage
CCHP combined cooling heating and power
HEX heat exchanger
STC solar thermal collection and storage
PTC parabolic trough collector
HWT hot water tank
HTF heat transfer fluid
CWT cold water tank
HOT high-temperature oil tank
LOT low-temperature oil tank
ESE electricity storage efficiency
EXE exergy efficiency
RTE round-trip efficiency
AC air compressor
AT air turbine
OP oil pump
SPT steel pipeline tank
TV throttle valve
HR heat regenerator
ST-CAES solar–thermal CAES
Greek Symbols
η efficiency (%)
β compression ratio
τ time (h)
σ Stefan–Boltzmann constant
ε emissivity
Symbols
Ex exergy (kW)
P Power (kW)
s specific entropy (kJ/kg·K)
k polytropic index
h specific enthalpy (kJ/kg)
Q energy (kW)
m Mass flow (kg/s)
p Pressure (MPa)
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T temperature (◦C)
U heat transfer coefficient
R gas constant
Subscripts
0 ambient condition
i, j state point
s isentropic
u useful
R reflection
op optical
L Loss
in input
out output
ab absorber
ch charging
dch discharging
g glass
D direct normal irradiation
c collecting hour
hs heat supply
conv convection
rad radiation
cond conduction
Streams
AR air stream
O oil stream
WA water stream
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