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The wind speed varies randomly over a wide range, causing the output wind
power to fluctuate in large amplitude. An isobaric adiabatic compressed air
energy storage system using a cascade of phase-change materials (CPCM-IA-
CAES) is proposed to cope with the problem of large fluctuations in wind farm
output power. When the input power is lower than the minimum energy storage
power of the compressor, the gradient phase-change thermal energy storage is
utilized to broaden the operating range of the system. Second, the system design
method and operation rules are elaborated. The storage/release characteristic
curve is obtained by constructing the system components and the overall variable
operating condition model. A matching system scheme is designed according to
the characteristics of a wind farm in a port in China. The case study shows that the
wind farm configured with the CPCM-IA-CAES system reduces the wind
abandonment rate by 5.7%, recovers 4,644.46 kW h of wind power
abandonment, and improves the storage power index by 16.67% compared
with that of IA-CAES. Meanwhile, the system efficiency is increased from
65.96% to 74.68%, and the energy storage density is increased from
8.69 to 9.89 kW hm−3.
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1 Introduction

The increasingly severe global environmental and climate change challenges have made
most countries and regions focus on sustainable development and the efficient use of
renewable energy (Erdiwansyah et al., 2021). It has gradually become a consensus to achieve
a high proportion of renewable energy in the power supply (Yang et al., 2021). The
European Union, the United States, and China have proposed to achieve 100%, 80%, and
60% renewable energy power supply plans by 2050, respectively (Zhou et al., 2022). New
energy will occupy an increasing proportion of the Chinese energy consumption structure
(Olujobi, 2020). However, due to the intermittent and random characteristics of new energy
(Xuezhao et al., 2023), such as its large-scale access to the power grid (Xu et al., 2012), it will
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have a great impact on the safe and stable operation of the power
grid (Yang et al., 2022c) and its power quality (Yang et al., 2022b).

Large-scale energy storage (power storage and heat storage)
technology is one of the main measures to smooth the
fluctuations in the new energy output (Mei et al., 2018).
According to different principles, energy storage technology
can be divided into pumped storage (Xu et al., 2023),
compressed air energy storage, phase-change energy storage,
and flywheel energy storage (Luo et al., 2015). Among them,
compressed air energy storage (CAES) has attracted the
attention of many large enterprises (Li et al., 2023b) and
research institutions at home and abroad due to its
advantages of large capacity, long life, and fast response speed
(Budt et al., 2016). Isobaric adiabatic compressed air energy
storage (IA-CAES) has become a promising energy storage
system due to its technical advantage of constant pressure in
the air storage reservoir (Wang et al., 2016b). Nevertheless, the
current IA-CAES system has its limitations (Tessier et al., 2016):
1) from the perspective of system energy loss, the heat generated
during the compression process in the storage and heat exchange
processes inevitably exists and is difficult to fully utilize,
resulting in the IA-CAES cycle efficiency not being high and
the gap between the ideal storage efficiency of 90% being large
(Tong et al., 2021); 2) from the perspective of the system
operating under variable conditions, the compressor is
subjected to the constraints of surging margins; the choking
margins need to be set for the minimum and maximum
pressures; and when the input power exceeds these
constraints, the operating efficiency and lifespan of the
system are significantly reduced (Shafiee et al., 2018). In this
regard, a number of scholars have carried out research on this
issue and obtained many results. In terms of variable operating
conditions, Arabkoohsar et al. (2020) proposed that the overall
performance efficiency of cryogenic compressed air energy
storage systems is affected by partial load conditions. The
results show that at 50% load, system efficiency is 52%, and
at 10% load, system efficiency is only 28%. Shang et al. (2020)
proposed the effect of variable operating conditions on the
efficiency and economy of a cryogenic adiabatic compressed
air energy storage system. The results show that system
efficiency at 30% load is much lower than that at the rated
condition, and the payback period at the non-rated condition is
much higher than that at the rated condition. Rahbari and
Arabkoohsar (2021) thoroughly investigated the performance
of multi-energy interconnected energy storage systems under
variable-condition operation. The results show that non-rated
condition operation has a great negative impact on system
efficiency, exergy parameters, and economy. In the case of
compression heat recovery, Li et al. (2023a) proposed a
coupled CAES system for thermal power units based on the
thermodynamic model. The influence of key parameters on
system performance is evaluated, and the results show that
the efficiency of the coupling system can be increased by
16.21% and 5.39 tons of coal can be saved in a single cycle.
Xiao et al. (2023) proposed a constant-pressure adiabatic
compressed air energy storage system with work-heat storage.
The system characteristics are obtained by constructing a model
that accounts for variable conditions of the system, and the case

study shows that the total released energy of the system increases
by 52,137.07 MJ, and the wind curtailment rate decreases to
0.405%. Li et al. (2019) proposed a combined cooling, heating,
and power system based on adiabatic compressed air energy
storage; the system uses CAES, phase-change materials (PCMs),
and water to store energy together. The performance of each
component of the system is studied in detail by establishing a
dynamic model of the system. The results show that the cycle
efficiency can reach 96.56% under stable system operation
conditions. Sciacovelli et al. (2017) proposed a CAES system
coupled with packed-bed heat storage; the transient
characteristics of the packed-bed heat storage system and
compression/expansion system are described, and the results
show that the efficiency of the coupling system is within 60%–

70%. In summary, most of the existing studies on CAES systems
focus on analyzing the effects of variable operating
characteristics, yet no researcher has applied these
characteristics to the design of energy storage devices. In
addition, current IA-CAES heat storage at all levels is mostly
used after mixed storage in the heat storage device; this type of
heat storage method simplifies the system process, but the loss of
heat leads to low system efficiency. In addition, most of the
existing studies use sensible heat storage materials to store heat
through temperature changes, and the decrease in temperature
during energy release leads to a decrease in system operation
stability (He et al., 2019).

In view of the above defects, this paper, based on the criterion of
“temperature counterpart, gradient utilization,” starts from the
coupling of the heat cycle, considers the design of a heat storage
system, a typical pressurizer/turbine characteristic curve, and a typical
constant-pressure storage device as the basis, adopts the modularized
way of constructing, builds the system variable working condition
model, and puts forward a type of cascade phase-change constant
pressure adiabatic CAES heat and power cogeneration system design
method along with its operational rules. The system realizes the
following objectives: 1) expanding the range of energy storage
power regulation through the joint operation of heat storage and
air storage reservoirs; 2) maintaining the system’s heat storage
temperature and improving its operational stability through the
configuration of the molten salt medium; 3) realizing “temperature
counterpart” independent heat storage through the design of graded
heat storage, thereby reducing the heat loss during operation and
improving the system operation efficiency. In addition, the CPCM-
IA-CAES system and the operation scheme of the harbor wind farm
are studied, and the results show that the designed system can cope
with the fluctuation of energy storage power on an hourly timescale
and a 10 MW power scale and has the advantages of high storage
density and high system efficiency, which can provide a novel
perspective for the development of the subsequent IA-CAES system.

2 System description

In this paper, a combined heat and power system is proposed by
integrating IA-CAES with a cascade phase-change energy storage
system based on the basic principle of “temperature matching,
cascade utilization,” and its structural diagram is shown in
Figure 1. Figure 1A shows the structure of the CAES system with
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a constant-pressure air storage reservoir, and Figure 1B shows the
structure of the phase-change energy storage system comprising
multi-stage phase-change materials.

1) Energy storage stage: When the external input power is higher
than the starting power of the compression section, the
compression section compresses the air to a high pressure
(energy flow of 1–7) and stores it in a constant-pressure air
storage reservoir. At the same time, the compression heat is stored
independently in three types of PCMs (energy flow from 1′ to 6′)
using an three-stage intercooler. When the external input electric
power is lower than the starting power of the compression section,
the electric heater in the phase-change energy storage system
starts and the electric power that should be discarded is collected
and stored in the form of heat energy, and the compressor does
not operate.When the external input electric power is higher than
the maximum power of the compression section, the compressor
and the electric heater operate simultaneously.

2) Energy release stage: The high-pressure air is discharged from
the constant-pressure air storage reservoir at a constant
pressure (energy flow is 8–14). In this process, the heat
energy stored in the cascade phase-change energy storage is
extracted from the three-stage reheater according to the
corresponding temperature range, and the high-pressure air
is heated. The air is discharged into the atmosphere after

passing through the three-stage turbine. The waste heat after
heat exchange in the cascade phase-change energy storage is
used to heat the residents according to the principle of
temperature matching to realize the efficient utilization of
heat energy.

3 Thermodynamic model of the whole
working condition of the system

3.1 Compressor

When the compressor is running, the power Wc and isentropic
efficiency ηc are as follows (Nantian et al., 2020):

Wc � Gc h2,c − h1,c( ),
ηc �

h2,s,c − h1,c
h2,c − h1,c

.

Here, the subscript c represents the compressor, 1 and
2 represent the inlet and outlet, respectively, and s represents the
isentropic process. Gc represents the air mass flow rate of the
compressor, kg/s; h2,c and h1,c represent the outlet-specific
enthalpy and inlet-specific enthalpy of the compressor,
respectively, kJ/kg; and h2,s,c represents the specific enthalpy of
the working fluid when the isentropic process is compressed to
the same outlet pressure, kJ/kg.

The function expressions of the pressure ratio and efficiency of
the compressor with the change in the dimensionless flow rate and
rotational speed (Zhang et al., 1996) under variable working
conditions are as follows:

πc

πc0
� c1m

2′
c + c2m

′
c + c3,

ηc
ηc0

� 1 − c4 1 − n′c( )[ ] n′c
m′

c

( ) 2 − n′c
m′

c

( ),
c1 � n′c

p 1 − m
n′c

( ) + n′c n′c −m( )2[ ],
c2 � p − 2mn′c( )2 p 1 −m/n′c( ) + n′c n′c −m( )2[ ],
c3 � − pmn′c −m2n′c3( )

p 1 − m
n′c

( ) + n′c n′c −m( )2[ ],
c4 � 0.3.

Here, πc represents the pressure ratio; ηc stands for efficiency;m
′
c

represents the relative equivalent flow; n′c represents the relative
equivalent speed; the subscript c represents the compressor; and
0 indicates the design point. The expressions of m′

c and n′c are
as follows:

m′
c �

mc

���
Tc,in

√
pc,in

( )
mc

���
Tc,in

√
pc,in

( )
0

,

n′c �
nc���
Tc,in

√( )
nc���
Tc,in

√( )
0

,

FIGURE 1
Structure diagram of the CAES system coupled with phase-
change energy storage; (A) CAES system structure diagram and (B)
Schematic diagram of cascade phase change energy storage system.
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where pc,in represents the compressor inlet pressure, kPa; Tc,in

represents the inlet temperature of the compressor, K; p = 1.8;
and m = 1.8.

3.2 Turbine

Wt � Gt h2,t − h1,t( ),
ηt �

h1,t − h2,t
h1,t − h2,s,t

.

Here, the subscript t represents the air turbine; represents the air
mass flow rate of the turbine, kg/s; h1,t and h2,t represent,
respectively, the specific enthalpy of turbine inlet and outlet,
kJ/kg; h2,s,t represents the outlet specific enthalpy of the turbine
when it expands to the same outlet pressure according to the
isentropic process, kJ/kg. The expansion ratio, initial temperature,
flow rate, and other parameters meet the improved Flugel formula
(Zhang and Cai 2002a) when the centrifugal turbine operates under
variable working conditions as follows:

m′
t � α

������
T30/T3

√ ����������������
π2
t − 1( )/ π2

t,0 − 1( )√
.

Here, α � ������������
1.4 − 0.4nt/nt,0

√
; T3 represents the turbine’s initial

temperature; nt represents the speed; πt represents the expansion
ratio; and the subscript 0 indicates the design condition.

The isentropic efficiency of a centrifugal turbine is calculated
as follows:

η′t � 1 − t4 1 − n′t( )2[ ] n′t/m′
t( ) 2 − n′t/m′

t( ).

3.3 Heat exchanger

Based on the temperature and pressure range that the high-
pressure air in the system can reach, the heat exchanger selects the
plate-fin heat exchanger. The basic relationship for the heat
transfer calculation of a heat exchanger is as follows (Shu
et al., 2014):

Q � UAΔTm,

Q � mh ihi − iho( ) � mc ico − ici( ),
ΔT � ΔTmax − ΔTmin( )

ln ΔTmax
ΔTmin
( )[ ] .

Here(Ruiheng et al., 2023),Q stands for the heat transfer, kW;U
is the average heat transfer coefficient of the whole heat transfer
surface, kW/(m2·K); A is the heat transfer area, m2; ΔTm is the
logarithmic mean heat transfer temperature difference between the
two fluids, K; ΔTmax is the large value of the end difference of the
heat exchanger, K; ΔTmin is the small value of the end difference of
the heat exchanger, K; mh and mc are, respectively, the mass flow
rate of hot fluid and cold fluid, kg/s; ihi and iho are the specific
enthalpy of inlet and outlet of hot fluid, respectively, kJ/kg; ico and ici
are the specific enthalpy of cold fluid inlet and outlet,
respectively, kJ/kg.

3.4 Air storage reservoir

The air storage reservoir includes an air pipeline for conveying
compressed air and an underwater constant-pressure air storage
reservoir. Since the air pipeline from the ground to underwater is
sufficiently long, the heat exchange between the compressed air and
the low-temperature deep seawater is sufficient during the air
transportation process; it is considered that the storage
temperature of the compressed air Tas is equal to the seawater
temperature Tsw. At the same time, because the air storage reservoir
is at a fixed seawater depth, the air storage pressure is a fixed value.
Therefore, the air temperature Ta,out,as and pressure Pa,out,as at the
outlet of the air storage tank can be expressed as follows (Yang
et al., 2022a):

Pa,out,as � Pas,

Ta,out,as � Tas � Tsw.

The mass change of compressed air in the air storage reservoir
can be obtained according to the mass conservation equation
as follows:

dMas

dt
� Ga,in,as − Ga,out,as.

In the type, Ga,in,as and Ga,out,as are the input and output air flow
rates in the constant air storage reservoir, respectively.

3.5 Heat storage system

The following formula is used to calculate the temperature of a
phase-change material in the sensible heat storage stage:

U

IPCMs
TPCMs − Tin

TES PCMs,x( ) � −ρcp,PCMs
dTPCMs

dt
.

Here, IPCMs represents the feature length, Tin
TES PCMs,x indicates

the inlet temperature in each compartment, TPCMs represents the
temperature, ρ represents the density, and cp,PCMs represents the
specific heat capacity of the PCM.

For the latent heat storage stage, the temperature of the phase-
change material remains almost unchanged. The energy stored in
this stage is as follows:

mPCMsQlh − Qrh � ∫
0−tchar

hinTESPCMs ,x
− houtTESPCMs ,x

( )moil
′dt,

where mPCMs represents the mass; Qlh represents the latent heat
per kg of PCM; Qrh represents the residual latent heat in the PCM;
hinTES PCMs,x represents the inlet entropy; and houtTES PCMs,x represents
the outlet entropy in each component.

3.6 Performance indicators

System efficiency ηCPCM−IA−CAES is an important performance
index to describe the energy utilization rate of an energy storage
system. Energy storage density ECPCM−IA−CAES is an important index
to measure the energy storage capacity of air storage reservoir. The
mathematical description is as follows:
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ηCPCM−IA−CAES �
Eout

Ein
× 100%,

ECPCM−IA−CAES � Eout

Vac
.

Here, Eout represents the total electric energy released for the
energy release process, kW·h; Ein represents the total electric energy
consumed in the energy storage process, kW·h; Vac represents the
volume of the air storage reservoir, m3.

The ability of different CAES systems to cope with fluctuating
wind power inputs is expressed in terms of the storage power index
Wstor as follows:

Wstor � WH −WL

WH
× 100%,

where WH is the upper limit of energy storage power and WL is the
lower limit of energy storage power.

4 System key technology and
operating mode

4.1 Key technologies of the system

For change materials and non-phase-change materials, the
characteristics are shown in Figure 2. The temperature change in
water and heat transfer oil is 5 K, and the phase-change temperature
of the phase-change material is assumed to be in this range. By
controlling the temperature range, all the phase-change materials
are stored in the form of a phase change, and the temperature of the
phase-change materials does not change in this process. It can be
found that as the heat storage capacity increases, the amount of non-
phase-change materials (water and heat transfer oil) required
increases rapidly, while the phase-change materials hardly
change. In the sensible heat storage stage, the temperature of the
phase-change material (solid) increased with the absorption of heat.
However, unlike traditional sensible heat storage materials, when the
phase-transition temperature (melting temperature) is reached, the

phase-change material absorbs a large amount of heat at an almost
constant temperature, that is, during the latent heat storage phase
(Mazloum et al., 2017).

In this paper, three types of phase-change materials with
phase-change temperatures equal to the corresponding
compressor outlet temperature are selected for the CPCM-IA-
CAES system, as shown in Figure 1B. Each material is separated
using an insulating material to create an alternating
compartment of three materials. To accommodate the changes
in compressor outlets at all levels, the phase-transition
temperature decreases from PCM1 to PCM3, allowing heat
energy to be stored at different temperatures. It shows that the
system can not only capture heat energy in different temperature
ranges but also store the fluctuating energy generated by the
external compressor outlets and electric heaters in the form of
latent heat and output it in the form of stable heat energy in the
energy release stage.

FIGURE 2
Effect of heat absorption on mass and volume for different
thermal energy storage materials.

FIGURE 3
Flow chart of calculation; (A) Compression section calculation
process and (B) Turbine section calculation process.
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4.2 System operating mode

The calculation process is shown in Figure 3. During the
compression process, the wind power output Wwind is allocated
according to the operating power range of the compressor and the
electric heater. When Wwind exceeds the upper limit of compressor
power WcH, the excess part Wheat is used to heat the PCM after
judgment, and the remaining part drives the compressor to store
energy. When Wwind is located between WcH and WcL, the
compressor is directly driven to store energy, and the electric

heater is not started. When Wwind is lower than WcL, the electric
heater is started to heat the PCM, and the compressor is not started.
At the end of the compression process, the electrical power Ec and
thermal power Hc of the energy storage section of the CPCM-IA-
CAES system are obtained through the given initial conditions of the
system, such as the inlet pressure and temperature of the
compressor.

During the turbine process, the system consistently releases
energy due to the constant temperature of the PCM, which
supports the stable release of energy. After the turbine releases
all the air, it is assessed for the presence of residual heat in the
PCM. If present, it is used to heat the heat load according to the
principle of temperature matching. Finally, the electric power
Ee and thermal power He of the energy release section
are output.

To simplify the calculation, it is assumed that 1) air is regarded
as ideal air, and its specific heat capacity is regarded as a constant; 2)
the heat transfer fluid pump loss is ignored; and 3) the heat loss in
the pipeline is also ignored.

5 Case analysis

5.1 Energy storage system configuration
scheme and system characteristics

The hourly load and wind power of a large port on a typical
summer day in China are shown in Figure 4 (Song et al., 2020). The
total wind power generation in a day is 243,446.88 kW h. The port
electricity gap period is from 7: 00 to 21: 00, the maximum power
gap is approximately 72.739 MW, the power surplus period is from

FIGURE 4
Typical daily hourly load of a port in summer.

FIGURE 5
Energy storage/release characteristics of a constant-pressure
adiabatic compressed air energy storage system.
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22: 00 to 6: 00 on the next day, and the maximum power surplus is
approximately 12.294 MW.

To alleviate the power fluctuation at the port, it is proposed to
configure the energy storage device. The specific scheme is
as follows:

1) Scheme 1: The IA-CAES system is configured, and its energy
storage/release power characteristics (Wang et al., 2016a) are
shown in Figure 5. The design parameters are shown in
Table 1. The energy storage/release process of the IA-CAES
system runs under sliding pressure. According to the power
fluctuation of the system, three sets of the constant pressure
adiabatic system are configured (Yongpeng et al., 2023). The
energy storage is started from 22: 00 to 6: 00, and the energy
release is started at 7: 00. The three sets of systems release
energy in turn.

In the energy storage process of the IA-CAES system, the
compressor operates under sliding pressure, and the energy
storage power is determined by the pressure of the air storage
reservoir, which is not adjustable, and the energy storage power
is maintained at 3,990.65 kW. This feature makes the IA-CAES
system alone unable to cope with the fluctuating energy storage
power demand. In the process of energy release, due to the smooth
pressure operation, the energy release power is determined by the
pressure of the air storage reservoir and cannot be adjusted. In the

process of energy release, the pressure of the air storage reservoir is
constant, and the energy release power is maintained at 7,949.8 kw.

2) Scheme 2: The CPCM-IA-CAES system is configured, and its
design parameters are shown in Tables 2–4 (Zhang et al.,
2019). The energy storage/release characteristic is shown
in Figure 6.

When the conventional IA-CAES system is in energy storage, its
working condition is adjusted according to the input power. As
shown in Figure 5, when the electric power is less than the starting
power of the compressor, the electric heater starts and stores the
electric energy in the form of thermal energy. The energy storage
power range of Case 2 is theoretically 0–12,000 kW.

The design parameters of the IA-CAES and CPCM-IA-CAES
systems are compared. When the environmental parameters and
some key design parameters (compressor and trans-equal
entropy efficiency) are the same, the total design energy
storage power is similar (Scheme 1 is 11.972 MW and Scheme
2 is 12 MW):

1) The latter has higher system efficiency because it realizes
cascade energy utilization and independent supply and
reduces energy loss in the process of energy storage/release.

2) The energy storage density of the latter is higher than that of the
former because, in the face of fluctuating input power, the latter
can collect more abandoned wind, while the former has a small
power adjustment range, resulting in a large amount of energy loss.

3) The energy storage power range of the latter can be actively
adjusted, and the energy storage range is greater than that of
the former.

5.2 Comparison of the energy storage/
release process of different schemes

Figure 7 shows the energy storage process of Schemes 1 and 2.
The energy storage process of Scheme 1 is similar to that of Scheme
2 at 22:00 and 1:00–5:00, and both schemes can absorb surplus
energy at this time. At 0:00 and 6:00, the wind power is 2.33 and
2.02 MW, respectively, which is less than the minimum starting
power of the compressor. Therefore, Scheme 1 has a wind
curtailment at these two moments. Due to the configuration of
the electric heater, Scheme 2 can store these two parts of the waste
energy in the form of thermal energy in the PCM.

At 23:00, the wind power is 12.234 MW, which is greater than
the maximum energy storage power of Scheme 1, so Scheme 1 has

FIGURE 6
Energy storage/release characteristics.

TABLE 1 Basic parameters of a typical compressed air energy storage system.

Parameter Value Parameter Value

Heat exchanger efficiency 0.9 Air reservoir volume/m3 4,000

Compressor efficiency 0.9 Expander efficiency 0.9

Total compressor power/kW 3,990.65 Total power of the expander/kW 7,949.8

System efficiency/% 65.96 Energy density/(kW·h·m-3) 8.7

Compressor starting power/kW 2,777.71 — —
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abandoned wind at this time. At this time, Scheme 2 compressor
and electric heater work, at the same time, through the air storage
reservoir and PCM common energy storage, collecting and

utilizing the abandoned wind power loss of scheme 1.
However, when wind power is greater than the maximum
power of the compressor and the electric heater running at
the same time, there is still wind curtailment, and there is still
room for optimization in the system capacity design and
operation method of Scheme 2.

5.3 Comprehensive performance
comparison of different energy
storage schemes

Compared with Scheme 1, Scheme 2 can effectively reduce the
abandoned wind power. For Scheme 1, at 22:00 and 1:00–5:00, wind
power is more matched with the system energy storage power, and
the abandoned wind power is less; in other moments, the matching
is not good, and the abandoned wind power is large. In Scheme 2, if
the wind power exceeds the maximum power range of the
simultaneous operation of the compressor and the electric heater,
there is still wind abandonment.

The total abandoned wind power, abandoned wind rate, system
efficiency, and energy storage density of each scheme are shown in
Table 5. Scheme 2 can actively adjust the energy storage power and
use the excess electricity for energy storage, so the abandoned wind

TABLE 2 Basic parameters of the CPCM-IA-CAES system.

Parameter Value Parameter Value

Ambient temperature/K 298 Ambient pressure/MPa 0.1

Compression/expansion stage 3 Maximum volume of air storage reservoir/m3 7,248.51

Pressure of the air storage reservoir/MPa 8 Temperature of the air storage reservoir/K 303

Maximum energy storage power/kW 12,000 Energy density/(kW·h·m-3) 9.8911

Energy storage time/h 8 System efficiency/% 74.68

Release time/h 8 — —

TABLE 3 Basic parameters of compression and expansion sections.

Parameter Value Parameter Value

Compression ratio 4.0122 Expansion ratio 3.8059

Compressor efficiency 0.84 Expander efficiency 0.88

Mass flow rate of the compressor/(kg/s) 15.1816 Mass flow rate/(kg·s-1) 30.361

Pressure loss of each intercooler/MPa 0.02 Pressure loss of each reheater/MPa 0.02

Compressor starting power/kW 6,415.33 Total power of turbine/kW 8,961.98

TABLE 4 Basic parameters of the CPCM-IA-CAES system.

Number Density (kg/m3) Latent heat (kJ/kg) Melting temperature (K)

PCM1 2,370 142 469

PCM2 1976 80.7 433

PCM3 1,455 168 395

FIGURE 7
Charge/discharge process of Schemes 1 and 2.
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rate and abandoned wind power of Scheme 2 are significantly lower
than those of Scheme 1.

Since the energy storage/release process of the IA-CAES system
belongs to its characteristics and cannot be adjusted, the energy
storage/release performance of Scheme 1 is the same as its design
performance (Table 1). By integrating three sets of IA-CAES systems
with small designed energy storage power, it has a certain ability to
cope with fluctuating residual power; however, the ability to cope
with deviation from the “ladder” type of fluctuating residual power
input is still poor. At the same time, the complexity of the system
increases, and the cost of system construction and maintenance is
high (Liu et al., 2016).

The CPCM-IA-CAES system often deviates from the design
operating point of the system, and its actual performance is
slightly deviated from the design performance, as shown in
Tables 2, 3. Compared with the system design parameters of
Scheme 1, the cycle efficiency of Scheme 2 is improved. The
reason is that heat storage at all levels of Scheme 1 is used in
energy release after mixing. Scheme 2 uses independent heat
storage and heat consumption of compressors and expanders at
all levels to ensure the correspondence between compressors and
expanders at each level, and strong correspondence will make the
system more efficient. The energy storage density of Scheme 2 is
higher than that of Scheme 1 because the configuration of the
electric heater increases the energy storage power range of
Scheme 2, which has clear advantages in the face of power
fluctuation and increases the energy storage density of Scheme 2.

By comprehensively comparing the two energy storage
schemes, Scheme 1 has insufficient ability to deal with
fluctuating energy storage power, and the system is complex,
which is not suitable for dealing with wind power fluctuations.
Scheme 2 has a wider range of energy storage power regulations
and a higher efficiency of the heat storage process due to the
configuration of independent phase-change heat storage and an
electric heater, which can effectively cope with the fluctuation of
renewable energy.

Comprehensive performance comparisons of related research
systems are shown in Table 6. Because the CPCM-IA-CAES system

can regulate storage power and use abandoned wind power for
energy storage, its storage power regulation index is 16.67% higher
than that of the underwater compressed air energy storage (UW-
CAES) system. The variable configuration adiabatic compressed
air energy storage (VCAES) system has a higher storage power
index (87.17%), but it has two sets of compression and expansion
components, and its structural complexity is higher than that of
CPCM-IA-CAES, which reduces its operability. The system
efficiency of the UW-CAES system is 65.96%, which is lower
than that of CPCM-IA-CAES because the heat storage at each
stage of the UW-CAES is mixed and deposited into the heat storage
device before releasing the energy for use, and the loss of heat leads
to the low efficiency of the system, whereas the CPCM-IA-CAES
system adopts step-independent heat storage, i.e., each stage of the
compressor and expander independently stores and uses heat, and
this new approach ensures that each stage of the compressor and
expander independently stores and uses heat. This new method
can ensure the correspondence between each compressor and
expander, and the strong correspondence will make the system
more efficient.

6 Conclusion

1) Aiming at the problem that the current IA-CAES system is
limited by the energy loss in the energy storage stage and that
the system is difficult to operate efficiently, this paper
combines the typical compressor/turbine characteristic and
the typical constant-pressure air storage reservoir
characteristics and proposes a cascade phase-change
independent heat storage adiabatic CAES cogeneration
system design method and its operating rules.

2) By constructing the energy storage characteristic curves and
energy release characteristic curves of the IA-CAES and
CPCM-IA-CAES systems, the complete CPCM-IA-CAES
system storage/release variable operating condition model is
established. The results show that the designed system realizes
efficient utilization of waste energy, the system efficiency is
increased from 65.96% to 74.68%, and the energy storage
density is increased from 8.69 to 9.89 kW h m−3.

3) The case study compares the storage/release performance and
overall performance of the IA-CAES and CPCM-IA-CAES
systems, and the results show that the CPCM-IA-CAES system
has an advantage in coping with the fluctuation of input power.
The wind abandonment rate is reduced by 5.7%,
4,644.46 kW h of abandoned wind power is recovered, and
the energy storage power index is increased by 16.67%
compared with IA-CAES.

TABLE 5 Comprehensive performance comparison of different schemes.

Parameter Scheme 1 Scheme 2

Total abandoned wind power/(kW· h) 4,644.46 0.00

Abandoned wind rate/% 5.7 0.00

System efficiency/% 65.96 74.68

Energy density/(kW·h·m-3) 8.6940 9.8911

TABLE 6 Performance comparison of related systems.

Parameter UW-CAES VC-ACAES CPCM-IA-CAES

Number of compression expansion components/group 1 2 1

Energy storage power index/% 83.33 87.17 100

System efficiency/% 65.96 60.79 74.68

Energy storage density/(kW h m-3) 8.6940 — 9.8911
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In this paper, the analysis of the variable operating condition
performance of the CPCM-IA-CAES system is conducted based
on the assumption of steady-state operation. However, the
operation or regulation of variable operating conditions in
actual engineering is a dynamic process, and it is of great
significance to further study the influence of the dynamic
characteristics of the system on the performance under
variable operating conditions.
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Nomenclature

CAES Compressed air energy storage

IA-CAES Isobaric adiabatic compressed air energy storage

PCM Phase-change material

CPCM-IA-CAES Isobaric adiabatic compressed air energy storage system using a
cascade of phase-change materials

η Isentropic efficiency

V Volume

E Exergy

G Mass flow rate

h Specific enthalpy of air

_m Reduced mass flow rate

_n Reduced rotating speed

W Power

T Temperature

i Specific enthalpy of fluid

ρ Density

cp Specific heat at constant pressure

π Expansion ratio

p Pressure

Q Thermal energy

U Heat transfer coefficient

A Heat transfer area

c Compressor

0 Design point

t Turbine

s Isentropic process

in Inlet

out Outlet

wind Wind power

H Upper limit

L Lower limit
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