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Abstract: Recovering compression waste heat using latent thermal energy storage (LTES) is a promis-
ing method to enhance the round-trip efficiency of compressed air energy storage (CAES) systems.
In this study, a systematic thermodynamic model coupled with a concentric diffusion heat transfer
model of the cylindrical packed-bed LTES is established for a CAES system, and the numerical simu-
lation model is validated by experimental data in the reference. Based on the numerical model, the
charging–discharging performance of LTES and CAES systems is evaluated under different layouts of
phase change materials (PCMs) in LTES, and the optimal layout of PCM is specified as a three-stage
layout, since the exergy efficiency of LTES and round-trip efficiency are improved by 8.2% and 6.9%
compared with a one-stage layout. Then, the proportion of three PCMs is optimized using response
surface methods. The optimization results indicate that the exergy efficiency of LTES and round-trip
efficiency of the CAES system are expected to be 80.9% and 73.3% under the PCM proportion of
0.48:0.3:0.22 for three stages, which are 7.0% and 13.1% higher than the original three-stage PCMs
with equal proportions.

Keywords: underground energy storage; compressed air energy storage; latent thermal energy storage;
compression waste heat recovery

1. Introduction

Renewable energy utilization has been a world-wide critical issue due to the increas-
ingly serious energy crises and environmental pollution [1,2], and solar energy and wind
energy are playing a dominating role among all of the renewable energies [3]. However,
the fluctuating and intermittent nature of renewable energies threatens the reliability and
overall efficiency of electrical power systems [4]. Promising methods are the applications of
various energy storage techniques, including electric vehicles and electro-chemical energy
storage [5], pumped hydro energy storage [6,7], thermal energy storage [8,9], compressed
air energy storage [10,11], etc. Among all of the large-scale energy storage technologies, the
compressed air energy storage (CAES) possesses unique advantages since it is not restricted
by geographical conditions and has a long lifespan, high reliability, and low cost [12,13],
and it has been attracting increasing attention around the world.

The fundamental of the CAES system is that air is compressed to a high-pressure
state and stored in underground space or tanks using surplus renewable energy electricity,
and the stored high-pressure air then is used to drive the turbine for electricity in peak-
load hours [14,15]. As an efficient and reliable energy storage technology to balance the
electricity supply and demand, the investigations and applications of CAESs can be traced
back to the 1960s. With the improvement in the penetration of renewable energy in grids,
new energy grids integrating with CAESs have been widely investigated and surprising
advances have been made [16]. In the 20th century, only two commercial CAES power
plants were put into service, namely the Huntorf station in Germany [17] and the McIntosh
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station in America [18]. In these two conventional CAES systems, fossil fuels are burned to
heat the high-pressure air for higher expansion efficiency during the discharging process,
and this technical routine is not within the consideration of policy-makers due to the urgent
concern of reducing CO2 emissions around the world. Recently, the advanced compressed
air energy storage (A-CAES) system has been proposed, which considers the utilization
of the compression heat of compressors during the charging process [19]. In an A-CAES
system, thermal energy storage (TES) materials are used to store the compression heat
of compressed air during the compression process and release heat to high-pressure air
during the expansion process, and a key issue is to design proper thermal energy storage
heat exchangers and match proper energy storage materials.

Cylindrical packed-bed thermal energy storage is the most considered in previous
studies due to the significantly larger heat transfer area compared with the shell-and-tube
heat exchangers [20], providing a larger heat transfer rate between the air and energy
storage materials considering their low thermal conductivity [21]. Edward et al. [22]
investigated the influence of the structure of packed bed, the dynamic charging–discharging
characteristics of packed-bed thermal energy storage, and the number of cycles on the
performance of an A-CAES system. The results showed that the round-trip efficiency
of the system using packed-bed heat storage could reach over 70%, significantly higher
than that of the A-CAES system using dual-tank thermal energy storage using water.
Presently, thermal energy storage materials such as water and bricks are considered to
be sensible due to their large heat capacity and low cost. Zhao et al. [23] analyzed the
dynamic performance of an A-CAES system integrated with two-stage sensible thermal
energy storage, and the results specified the importance of matching working temperature
between the energy storage materials and air. Although sensible thermal energy storage
can enhance the round-trip efficiency of the CAES system, the low thermal energy storage
density of materials can lead to the high working temperature of pack-bed heat exchangers,
and this will further result in a thermocline exergy with large temperature gradient. That is,
more rigorous requirements on the reliability of packed-bed thermal energy storage need
to be satisfied [24].

To tackle this issue, CAESs integrated with packed-bed latent thermal energy storage
are a more promising solution because of the large thermal energy storage density and
relatively low working temperature during the melting and solidification process [25]. The
thermodynamic performance of a CAES system with cascaded PCMs in packed-bed latent
thermal energy storage was investigated by Tessier et al. [26] without considering the heat
transfer process inside the PCM. The simulation results indicated that the cascaded PCM
layout reduced the exergy loss of the heat transfer process between the air and PCMs. In
addition, the melting temperature, latent heat, and stages of PCMs were demonstrated as
important parameters for system performance. To improve the matching working tem-
perature between the air and PCMs in the LTES, Shadi et al. [27] analyzed the dynamic
performance of a CAES system where PCMs were arranged in three stages based on the or-
der of melting temperature. The results demonstrated the superiority of the cascaded PCM
layouts to improve the recovery rate of the compression heat and temperature uniformity
of packed-bed LTES. However, the design and optimization of the melting temperature
of PCMs and proportion of each stage are not considered. Li et al. [28] studied the effects
of different PCM layouts in LTES on the performance of the CAES system. The results
showed that PCMs arranged in two stages contributed to significantly lower exergy loss
in the LTES compared with that of only one PCM used in LTES, and they also specified
the critical role of the PCM proportion of each stage in determining the charging and
discharging performance of the CAES system. Yu et al. [29], in our research group, revealed
the effects of PCM thermophysical properties on the performance of packed-bed LTES and
CAES systems based on orthogonal experiments and the TOPSIS method, and proposed
a PCM selection method for CAES systems. Gong et al. [30] analyzed the heat transfer
performance of the LTES system integrated with single, two, three, and five PCMs, which
were compared and optimized from the perspective of exergy efficiency. Results indicated
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that the exergy efficiency of an LTES system using three or five PCMs can be one to two
times that of a single PCM.

As discussed above, the latent thermal energy storage using PCMs is an efficient
method to enhance the recovery rate of compression heat, reduce the exergy loss in LTES,
and promote the round-trip efficiency of the CAES system. Whereas the multi-stage layout
of PCMs in LTES has been considered in CAES systems from the aspect of thermodynamics,
it needs to be further explored for the following two reasons. On the one hand, all of
the studies conducted thermodynamic analysis that neglected the dynamic melting and
solidification of PCMs, that is, the effects of some important parameters such as the thermal
conductivity of PCMs could not be reflected. On the other hand, the effects of the melting
temperature of multiple PCMs and corresponding proportions of each stage have not been
clearly revealed on the CAES system performance. In view of these issues, a systematic
thermodynamic model coupled with a concentric diffusion heat transfer model of the
cylindrical packed-bed LTES is established for a CAES system. Based on the numerical
model, the charging–discharging performance of the packed-bed LTES and CAES system
is evaluated under different layouts of PCM in LTES, and the optimal layout of PCMs is
specified. In the selected PCM layout the proportion of each stage in LTES is then optimized
using response surface methods to achieve the best exergy efficiency of LTES and round-trip
efficiency of the CAES system.

2. System Description and Simulation Model
2.1. System Description

In this study, a typical CAES system with two-stage compression and expansion is
investigated, and the schematic diagram is shown in Figure 1. The system consists of
compressors, expanders, packed-bed LTES, an underground air tank, and other auxiliary
components. There are three working process of the system, namely the compression
process, holding process, and expansion process. During the compression process, the
ambient air is compressed by the first-stage compressor driven by the surplus electricity
of grids, and it is at a high pressure and temperature state at the outlet of the first-stage
compressor. Then, the air flows through the first-stage packed-bed LTES and releases heat,
meanwhile the packed-bed LTES stores the compression heat. The working process at the
second stage is the same as the first stage during the compression process. Finally, the
high-pressure air flows into the air tank or underground space. During the holding process,
the compression heat is stored in the packed-bed LTES with natural dissipation. During the
expansion process, the high-pressure air in the air tank first flows through the packed-bed
LTES and absorbs heat, and its temperature becomes higher at the outlet of the packed-bed
LTES. Then, the air with high pressure and temperature flows into the first-stage expander
to generate electricity. The procedure at the second stage is the same as the first stage.

Considering the large heat transfer area and high reliability low thermal conductivity
of most PCMs, packed-bed LTES is used in this study, and the structural characteristics are
presented in Figure 2. The packed-bed LTES has a cylindrical structure, and encapsulated
PCM balls are filled inside the space layer by layer. The encapsulated balls can increase the
heat transfer area between the air and PCM and contribute to a higher charging–discharging
rate of the packed-bed LTES. Splitters are set at the inlet and outlet of the packed-bed LTES
for uniform air flow. During the compression process, the air flows from bottom to top, and
vice versa during the expansion process. It should be noted that PCM balls with different
melting temperature can be applied for better temperature matching performance. The
arrangement of PCM balls at each stage is in order based on the melting temperature, and
the stages can be 1, 2, 3, or more.
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Figure 1. Schematic diagram of the investigated CAES system.

Figure 2. The structure of the packed-bed LTES.

The parameters of the designed packed-bed LTES is listed as follows (Table 1).

Table 1. Parameters of the designed packed-bed LTES.

Parameters Values Units

Height 6 m
Diameter 2 m
Porosity 0.4 -

Diameter of PCM balls 0.02 m
Insulator thickness 0.2 m

2.2. Models

As described before, the CAES system consists of various components, and their
models are established individually.
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2.2.1. Model for Compressors

The compressors are important components in a CAES system. The power consump-
tion of each compressor is related to the inlet pressure of air and compression ratio, and is
calculated by the following [22]:

Pc =
κ

κ − 1
RgqmcTin,c

ηc

((
Pout,c

Pin,c

) κ−1
κ

− 1

)
(1)

where Pc is the power consumption; ηc is the isentropic efficiency of the compressors; k is
the adiabatic exponent during the compression process; Rg is the gas constant; qmc is the
mass flow rate of air; Tin,c is the inlet temperature air at each state; Pin,c and Pout,c are the
inlet pressure and outlet pressure at each stage.

The outlet temperature of air Tout,c at each stage is affected by the isentropic efficiency
and compression ratio. The relationship between the inlet and outlet temperature of air is
described by the following [22]:

Tout,c =
Tin,c

ηc

((
Pout,c

Pin,c

) κ−1
κ

− 1 + ηc

)
(2)

2.2.2. Model for Expanders

The expansion of high temperature and pressure air in the expanders is the reverse of
the compression in the compressors, and the output power of expanders is calculated by
the following [22]:

Pg =
κηg

κ − 1
RgqmgTin,g

(
1 −

( Pin,g

Pout,g

) κ−1
κ

)
(3)

where, Pg is the output power of the expander at each stage; ηg is the isentropic efficiency
of expanders; k is the adiabatic exponent during the expansion process; qmg is the mass
flow rate of air; Tin,g is the inlet temperature air at each state; and Pin,g and Pout,g are the
inlet pressure and outlet pressure at each stage.

The outlet temperature of air is affected by the isentropic efficiency of expanders and
expansion ratio, and it is calculated by the following [22]:

Tout,g = Tin,gηg

(Pout,g

Pin,g

) κ−1
κ

− 1 +
1
ηg

 (4)

2.2.3. Model for Air Tank

The function of the air tank is to store high-pressure air. It is assumed that the air
tank is under a constant-volume and adiabatic state during the working process, and the
pressure inside the air tank is evaluated by the following:

pAST =

∫ .
mdtRgTAST

VAST
(5)

where, pAST is the air pressure inside the air tank; m is the total mass of air inside the air
tank; VAST is the total volume of the air tank; and TAST is the air temperature.

2.2.4. Model for Packed-Bed LTES

Packed-bed LTES absorbs heat from air during the compression process, while it
releases heat to air during the expansion process. The dynamic charging–discharging
performance of packed-bed LTES significantly affects the compression power and expansion
power. To evaluate the performance of packed-bed LTES, the one-dimensional concentric
dispersion model [31] is applied. In the model, the cylindrical packed-bed LTES is divided
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into many layers along the direction of air flow, and the air temperature at each layer is
uniform. To balance the computation efficiency and accuracy, some rational assumptions
are listed as follows:

(1) Heat loss at the inlet and outlet of packed-bed LTES is neglected.
(2) The encapsulated PCM balls have the same size and are distributed uniformly inside,

and the porosity is the same between any adjacent PCM balls.
(3) Thermal radiation between the air and PCM balls is ignored.
(4) Temperature gradients of PCM balls at each layer along the radial direction are not

considered, and this is the same for the air at each layer.
(5) The natural convection inside PCM balls is ignored due to their small size.
(6) The isentropic efficiencies of compressors, turbines, pumps, and ammonia turbine

are fixed.
(7) The energy loss due to the pressure drop in the heat exchangers is neglected.

Based on the above assumptions, the energy equation for air flowing through the
packed-bed is described by the following [32]:

ερ f cp, f

(
∂Tf

∂t
+ u f

∂Tf

∂x

)
= k f ,e f f

∂2Tf

∂x2 + h f

(
TP,R − Tf

)
+ hW

(
TW − Tf

)
(6)

where, ε is the porosity of packed-bed LTES; ρf is the density of air; cp,f is the heat capacity of
air; Tf is the air temperature; uf is the air velocity; kf,eff is the effective thermal conductivity
of air; hf is the heat transfer coefficient; and the subscript f, s, w denotes the air, PCM, and
wall, respectively.

The energy equation for PCM is controlled by the following [32]: TP−Ts
Tl−Ts(

1 +
L

cp,s

∂γ

∂Ts

)
∂TP
∂t

=
λP

ρPcp,P

(
∂2TP

∂r2 +
2
r

∂TP
∂r

)
(7)

where, γ is the liquid volume fraction of PCM capsules, and it is calculated by the follow-
ing [32]:

γ =


0, TP ≤ Ts

TP−Ts
Tl−Ts

, Ts≤ TP ≤ Tl

1, TP ≥ Tl

(8)

where, Ts and Tl represent the solidus and liquidus temperature of PCM.
In porous media, the heat transfer mechanisms include convection and conduction;

the effective thermal conductivity is used to reflect the comprehensive effects [33], and it is
calculated by the following [34]:

λ f ,e f f =
λ f
(
1 + 2βφ +

(
2β3 − 0.1β

)
φ2 + 0.05φ3exp(4.5β)

)
1 − βφ

(9)

φ =
λs − λ f

2λ f + λs
, β = 1 − εhW (10)

where, λeff means the effective thermal conductivity; λ mean the thermal conductivity; β
means the volume fraction; and φ means reduced thermal polarizability.

The heat transfer coefficient between the air and PCM balls is calculated by the
following [34]:

h f =
6k f ,e f f (1 − ε)

d2
p

Nu (11)

Nu = 2 + 1.1Re0.6Pr1/3 (12)

where, Nu, Re, and Pr mean the Nusselt number, Reynolds number, and Prandtl number;
dp means the particle diameter; and h means the heat transfer coefficient.
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The heat can be dissipated to the ambient environment by the convection heat transfer
between the internal air and wall of LTES, as well as by the natural convection between
the ambient air and wall of LTES. The overall heat transfer coefficient is calculated by the
following [35]:

1
hw

=
1
hi

+ Rbed

2

∑
j=1

1
λj

ln

(
Rj + 1

Rj

)
(13)

hi =
λ f

dp

((
0.203Re1/3Pr1/3

)
+
(

0.220Re0.8Pr0.4
))

(14)

Rbed means the radius of packed-bed LTES and j = 1, 2, 3 means the radius of the inner
wall, outer wall, and outer thermal insulator of packed-bed LTES.

The pressure drop of air flowing through the packed-bed LTES is calculated by the
following [36]:

−∆p
l

= 150

(
1 − ε)2

ε3
µq
d2

p
+ 1.75

(1 − ε)

ε3

ρ f q2

dp
(15)

where, ∆p means the pressure drop; µ is the dynamic viscosity; and q is the mass flowrate.
During the holding process, the heat loss can be estimated by Newton’s cooling

formula. The air temperature is known, and the average temperature of packed-bed LTES
can be calculated by the temperature distribution.

2.2.5. Initial and Boundary Conditions

By combining the simulation models of each component, the dynamic performance of
the CAES system can be calculated. Before solving the above models, initial and boundary
conditions need to be specified.

The initial state of air and PCMs in LTES is described by the following:

Tf = Tf ,ini, 0 ≤ x ≤ H (16)

Ts = Ts,ini, 0 ≤ x ≤ H, 0 ≤ r ≤ R (17)

The boundary conditions of air and PCMs in LTES are specified as follows:

Tf = Tin, x = 0 (18)

∂Tf

∂x
= 0, x = H (19)

∂Ts

∂t
= 0, r = 0 (20)

λs
∂Ts

∂r
= h f

(
Tf − Ts,r=R

)
, r = R (21)

2.3. Performance Evaluation Indicators

To quantitively evaluate the performance of the CAES system under different operating
conditions, some generally used evaluation indicators are defined. The exergy efficiency of
packed-bed LTES based on the substance temperature T0 of the reference state is defined as
follows [11]:

ηEx =
Exout

Exin
(22)

Exout =
∫ t f inal,dis

tinitial,dis

m f cp, f

[
Tf ,out − Tf ,in − T0ln

(
Tf ,out

Tf ,in

)]
dt (23)
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Exin =
∫ t f inal,ch

tinitial,ch

m f cp, f

[
Tf ,in − Tf ,out − T0ln

(
Tf ,in

Tf ,out

)]
dt (24)

The higher recovery rate of compression heat means the better charging–discharging
performance of the designed packed-bed LTES. Two dimensionless factors are defined to
reflect the utilization ratio of the capacity of packed-bed LTES during the compression and
expansion process. RFc is defined as the ratio of heat stored in LTES and the maximum
capacity of LTES during the compression process, while RFg is defined as the ratio of heat
released by LTES and the maximum capacity of LTES during the expansion process. They
are calculated by the following [11]:

RFc =
Estored

Emax,stored
(25)

RFg =
Edischarged

Emax,stored
(26)

Emax,stored = mscp,s(Tain − Tbin) + msL (27)

The round-trip efficiency is commonly used to evaluate the overall efficiency of the
CAES system during a whole working cycle, and it is calculated by the following [11]:

ηRTE =
Wexp

Wcom
(28)

The quantity of air stored in the air tank Mst reflects the potential ability to output
power, and it is defined as follows [11]:

Mst =
PstVst

RgTst
(29)

where, Pst, Vst, and Tst represent the pressure, volume, and temperature of the air storage tank.

2.4. Model Validation

The models of the compressor, the expander, and the air tank are established based on
thermodynamic theories, and they are widely validated in scientific communities. Hence,
only the dynamic heat transfer model of the packed-bed LTES is validated in this section.
The finite difference method is used to solve the model and self-developed codes are created
on the MATLAB 2021a platform. The solution procedure is described in Figure 3. The
independency of the time step and mesh size were checked and the time step and mesh
size were 0.02 s and 0.01 m.

To validate the simulation model, the simulation results are compared with experi-
mental data in reference [37] by using the same packed-bed LTES layouts and parameter
settings. In the experiments, the inlet temperature of air was 326 ◦C while the volumetric
flow rate was 110 m3/h. The porosity of the encapsulated PCM balls was 0.345 with an
equivalent diameter of 0.0275 m, and the melting temperature of the PCM was 305~307 °C.
The temperature at different locations inside the packed-bed LTES was monitored, and the
comparison between the present simulation and reference data is shown in Figure 4. The
results show that the temperatures at the second row and eighth row PCM balls agree well
with experimental data, and the maximum error between the present simulation and the
reference in two locations was 1.77% and 1.63%, respectively. The confidence interval of
the error analysis is 95%, which demonstrates the soundness of the solution method used
in this study.
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Figure 3. The solution procedures of the packed-bed LTES model.

Figure 4. PCM temperature at different monitoring locations in simulation and reference [37].

3. Results and Discussion

Based on the validated simulation model, the effects of packed-bed LTES with different
PCM layouts were initially compared with the performance of the CAES system, and the
proper PCM layout in LTES was specified. Then, the dynamic charging–discharging
performance was analyzed in detail, based on the selected PCM layout. Finally, the
parameters of the selected PCM layout were optimized, using the system performance as
the objective.
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3.1. Comparion of Various PCM Layouts in Packed-Bed LTES

In this section, three different layouts of PCMs in packed-bed LTES are considered. In
Case 1, the packed-bed LTES is filled by only one type of PCM. In Case 2, the packed-bed
LTES is filled by two types of PCMs in a cascaded layout based on the order of their melting
temperature. In Case 3, the packed-bed LTES is filled by three types of PCMs in a cascaded
layout based on the order of their melting temperature. In our previous study [29], the
effects of various PCMs are evaluated for the CAES system, and a recommended order list
of candidate PCMs is obtained considering the best comprehensive performance of the
CAES system. The parameters of the investigated CAES system in this study are kept the
same as our previous study [29], and the top three PCMs in the recommended order list are
used in this study as shown in Table 2. In Case 1, only P1 is used. In Case 2, P1 and P2 are
arranged in an order of melting temperature from highest to lowest. In Case 3, P1, P2,
and P3 are arranged in an order of melting temperature from highest to lowest. It should
be noted that the proportion of each segment in Case 2 and 3 is considered as equal in
this section.

Table 2. The thermophysical properties of PCMs used in this study.

No. Selected PCMs Tm
(K)

ρ
(kg/m3)

L
(kJ/kg)

cp
J/(kg·K)

λ
W/(m·K)

P1 LiNO3 (87%)− NaCl (13%) 481 2350 369 1560 0.63
P2 LiNO3 (62%)− NaNO2 (38%) 429 2296 233 1910 0.66
P3 Oxalic acid dihydrate 378 1653 264 2890 0.70

Figure 5 shows the utilization ratio RFc and RFg of packed-bed LTES during the com-
pression and expansion process. It can be observed that Case 3 has the largest RFc of 79.8%
and Case 2 (78%) follows at any moment during the compression process; meanwhile, Case
1 has the smallest one at 76.7%. With the increase in PCM segments, a larger temperature
difference between the air and the packed-bed LTES can be achieved, leading to a higher
charging rate of LTES; thus, more compression heat can be stored in LTES. In addition, the
average melting temperature of Case 2 and Case 3 involves PCMs with a lower melting
temperature than that of Case 1, which is attributed to the lower average temperature of
LTES during the whole compression and holding process. That is, the heat dissipated to the
ambient air in Case 2 and Case 3 is smaller than that of Case 1. The combined effects explain
the highest RFc, which is that of Case 3. During the expansion process of the CAES system,
it can be found that the RFg of Case 1 (73.6%) is higher than that Case 2 (72.3%) and Case 3
(71.0%) at the first half of the expansion process, since the average temperature of LTES
in Case 1 is highest and a larger temperature difference forms between the air and LTES;
thus, a higher heat transfer rate is associated with a higher heat dissipation to ambient air,
leading to the fast decrease in the average temperature of LTES. Therefore, at the latter half
of the expansion process, the stored heat in LTES cannot be efficiently released to the air.
Due to the better temperature matching between the air and PCMs, Case 3 has a larger
final RFg. As for the more noticeable difference between cases during the charging process
rather than during the discharging process, the reason lies in the higher inlet temperature
of air and longer operation duration during the charging process, leading to the larger
deviations of each case.

The exergy efficiency of packed-bed LTES, round-trip efficiency, and the total mass of
air stored in the air tank are presented in Figure 6. For the exergy efficiency of packed-bed
LTES, Case 3 has the largest exergy efficiency of 0.772, which is 8.3% higher than that of
Case 1. The reason is attributed to the cascaded layout of PCMs in LTES, achieving better
temperature matching performance. The higher utilization ratio of compression heat also
leads to the highest round-trip efficiency of 0.657 in the CAES system (Case 3), and it is 6.9%
higher than that of Case 1 (0.614). However, the total mass of air stored in Case 2 and Case 3
is a little smaller than that of Case 1, which is related to the thermophysical parameters of
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PCMs used in three cases. Although the cascaded layout of PCMs can improve the heat
stored in LTES during the compression, the P2 and P3 used in Case 2 and Case 3 have
significantly lower latent heat compared with P1, leading to the over-charging of later
segments of PCM and higher temperature of LTES at the late stage of the compression
process. At this stage, the high temperature air has low density. Overall, in a CAES system,
the round-trip efficiency is more important. In view of this, it can be concluded that Case 3,
with three different PCMs, has a better comprehensive performance, and it will be further
analyzed and optimized in the following sections.

Figure 5. Capacity factors of packed-bed LTES under various PCM layouts: (a) charging stage of
LTES in the compression process and (b) discharging stage of LTES in the expansion process.

Figure 6. Performance of packed-bed LTES and CAES systems under different PCM layouts: (a) exergy
efficiency and roundtrip-efficiency of three cases and (b) quantity of air stored in different cases.

3.2. Charging–Discharging Performance of Packed-Bed LTES

Although Case 3 is specified as the proper layout, the parameters in the packed-bed
LTES should be optimized based on understanding the limitations of this layout, and a
detailed analysis about dynamic operating characteristics needs to be conducted. Figure 7
shows the temperature distribution of air along the flow direction of packed-bed LTES.
With the expedited compression process, compressed air releases heat to the PCM balls.
It can be found that the air temperature is greatly influenced by the temperature of PCM
balls. The overall trend can be observed that the temperature of PCM balls near the inlet
of packed-bed LTES rises fast and then slows down. As the hot compression air flows
through the LTES continuously, the melting temperature of PCM1 is reached over time, and
PCM2 and PCM3 start melting successively. In detail, the PCM balls in packed-bed LTES
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are solid with a temperature of 290.15 K while the inlet temperature of air is 556.7 K at the
initial stage of the compression process. As time goes on, the heat is stored by PCM balls in
a sensible form before PCM balls in each stage reach their melting temperature. Later, the
PCM balls reach the melting temperature and phase change process occurs with heat stored
by the PCM balls in a form of latent heat. After the PCM balls fully melt at each stage, the
heat is stored by a sensible process again. At the moment of t = 60 min, the air temperature
at the outlet of LTES reaches the ambient temperature, which means the compression heat
of air is fully recovered by PCM balls, and the temperature of PCM balls near the outlet
of LTES still maintains at the ambient temperature. At the moment of t = 240 min, the air
temperature outlet of LTES stays the same as the inlet one, and it indicates that all of the
PCM balls have fully melted and are overcharged. That is to say, at the late stage of the
compression process, the compression heat cannot be recovered by LTES, leading to higher
air temperature at the inlet of the air tank and a smaller mass of air stored in the air tank as
discussed before.

Figure 7. Temperature distribution of air along the flow direction of packed-bed LTES during the
compression process.

The holding stage lasts for 10 h before the expansion process of the CAES system
starts. It can be found that the temperature of packed-bed LTES decreases from 556.7 K
to 532.4 K due to heat dissipation to the ambient environment. Figure 8 illustrates the
temperature distribution of air along the flow direction of packed-bed LTES during the
expansion process. The heat transfer occurred in the LTES during the expansion process
in the reverse of the compression process. The overall trend can be observed that the
temperature of PCM balls near the inlet of packed-bed LTES declines fast and then slows
down. As the cold air flows through the LTES continuously, the solidification temperature
of PCM1 is reached over time, and PCM2 and PCM3 start solidifying successively. At
the moment of t = 180 min, the air temperature along the flow direction stays as 290.2 K,
attributed to the full utilization of compression heat stored in the packed-bed LTES from a
previous time. That is, air is not heated before flowing into the expander at the late stage of
the expansion process, and it restricts the power output of efficiency of the CAES system.
It should be noted that the mass flow rate of air during the discharging process is larger
than that of the charging process, leading the discharging process to be faster than the
charging process.
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Figure 8. Temperature distribution of air along the flow direction of packed-bed LTES during the
expansion process.

Figure 9 indicates the air temperature at the outlet of packed-bed LTES during the
compression and expansion process. For the compression process, the outlet temperature of
air stays constant for a period (∆t1) until PCM3 fully melts, and then increases dramatically
at the late stage of the compression process as a result of the full melting of all of the
PCMs. A similar trend can also be observed that the outlet temperature stays constant for a
period (∆t2) until PCM1 fully solidifies, and then it decreases sharply at the late stage of
the expansion process resulting from the complete solidification process of all PCMs. For
a CAES system, the air temperature at the outlet of LTES should be as low as possible to
reduce compression power and store more air in the tank during the compression process,
while the air temperature at the outlet of LTES should be relatively higher to improve the
expansion power and system efficiency during the expansion process. In view of this, ∆t1
in the compression process and ∆t2 in the expansion process should be as long as possible.
These two parameters are influenced by the proportion of three PCMs in the packed-bed
LTES, and they need to be further optimized.

Figure 9. Time-wise temperature of air at the outlet of packed-bed LTES during the compression and
expansion processes.
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3.3. Proportion Optimization of PCMs in Packed-Bed LTES

Based on the three-PCM layout in the packed-bed LTES, the proportion of three PCMs
is optimized in this section. The proportion of PCM1 (A) is defined as the ratio of the
height of PCM1 H1 to the total height H, while B represents the proportion of PCM3. Other
parameters of the packed-bed LTES are kept unchanged. The effects of proportion A and
B on the exergy efficiency of LTES and round-trip efficiency of the CAES system will be
analyzed, and the response surface method is used to optimize the proportion A and B.

3.3.1. Response Surface Model

The response surface method (RSM) is a generally used method to improve and
optimize multi-variable systems; therefore, it is a suitable method for the investigation of
the effects of proportion A and B on the exergy efficiency of LTES and round-trip efficiency.
In this method, a second-order model is used to describe the intrinsic relations of two factors
and two objectives. A generally used second-order response surface model is described as
follows [38]:

y = δ0 +
n

∑
i=1

δixi +
n

∑
i=1

δiix2
i +

n

∑
i=1

n

∑
j=i+1

δijxixj (30)

where, y is the response variable; δ0 is a constant; n is the number of factors; xi and xj are
two factors; and δi, δii, and δij are the regression coefficients for the linear term, quadratic
term, and their interaction term, and can be obtained by multiple regression.

In this section, the proportion of PCM1 (A) and the proportion of PCM3 (B) are defined
as factors, while the exergy efficiency of LTES and round-trip efficiency of the CAES system
are defined as response variables. The combination of factors and levels are listed in Table 3.
The generated trials and corresponding simulation results are listed in Table 4.

Table 3. Factors and levels.

Factors
Levels

−1 0 1

A (Proportion of PCM1) 0.1 0.3 0.5
B (Proportion of PCM3) 0.1 0.3 0.5

Table 4. Design of trials and simulation results.

Trial No. Factor A Factor B Exergy Efficiency (%) Round-Trip Efficiency (%)

1 0.1 0.3 76.67 67.81
2 0.1 0.5 68.54 57.25
3 0.5 0.3 80.15 73.23
4 0.3 0.3 79.62 68.75
5 0.3 0.5 71.67 62.10
6 0.5 0.5 76.31 64.26
7 0.3 0.1 78.54 66.65
8 0.1 0.1 76.52 65.42
9 0.5 0.1 78.86 71.82

Based on the above trial design and corresponding simulation results, second-order
response surface models were established for the exergy efficiency of LTES ηEx and round-
trip efficiency of the CAES system ηRTE, respectively. They are described by the following:

ηEx = 0.7372 + 0.0767 ∗ A + 0.3142 ∗ B + 0.3394 ∗ A ∗ B − 0.1088 ∗ A2 − 0.9350 ∗ B2 (31)

ηRTE = 0.5987 + 0.0257 ∗ A + 0.6216 ∗ B + 0.0381 ∗ A ∗ B + 0.1996 ∗ A2 − 1.3367 ∗ B2 (32)

To validate the accuracy of the obtained models, the prediction performance of the
models was analyzed. Figures 10 and 11 present the normal distribution of residual errors
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and prediction accuracy for ηEx and ηRTE. It is apparent that the normal distribution
diagram of residual errors has a linear trend for both ηEx and ηRTE, while the prediction
values agree well with the simulation values. These results demonstrate the accuracy and
reliability of the obtained models, and they can be used for further optimization.

Figure 10. Normal distribution diagram of residual errors for (a) ηEx and (b) ηRTE.

Figure 11. Distribution diagram of predicted values and simulation values for (a) ηEx and (b) ηRTE.

3.3.2. Optimization Results and Analysis

Figure 12 shows the effects of factors A and B on the exergy efficiency of LTES. It can
be observed that both factor A and B have significant effects on the exergy efficiency of
LTES. In particular, when factor A is within the range of 0.4~0.5 and factor B is within
the range of 0.2~0.3, the exergy efficiency of LTES obtains the highest value. In these
ranges, the proportion of PCM1 (high melting temperature) is high while the proportion
of PCM3 (low melting temperature) is low. The reason lies in the heat transfer process
between the air and PCMs. During the compression process, more heat should be stored
by the PCM1 with a high melting temperature; the proper proportion of the PCM with a
low melting temperature can cause the outlet temperature of air to be at a low state. In
the reverse of this, during the expansion process, the outlet temperature of air should be
relatively high, that is, the proportion of PCM1 with a high melting temperature should
be properly high, and that is consistent with the requirement of proportions of PCM1 and
PCM3 in the compression process. The response surface of the round-trip efficiency of the
CAES system to factor A and B is depicted in Figure 13. Obviously, the variation in the
trend of round-trip efficiency is similar to that of exergy efficiency under different factors A
and B, and the reasons are also the same.
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Figure 12. Effects of factors A and B on the exergy efficiency ηEx. (a) Response surface; (b) contour lines.

Figure 13. Effects of factors A and B on the round-trip efficiency ηRTE. (a) Response surface;
(b) contour lines.

To obtain the optimal exergy efficiency and round-trip efficiency simultaneously,
multi-objective optimization should be conducted. In the response surface method, an
expectation function is used to achieve multi-objective optimization. The predicted optimal
factor combination and response by an above second-order response surface model are
listed in Table 5. Within the ranges of factor A and B, the predicted maximum exergy
efficiency and round-trip efficiency are 80.9% and 73.3% when factor A and B are set as
0.48 and 0.22, respectively.

Table 5. Predicted optimal factor combination and response value.

Terms Factor A Factor B Exergy
Efficiency (%)

Round-Trip
Efficiency (%)

Ranges 0.1~0.5 0.1~0.5 0~100 0~100
Optimal values 0.48 0.22 80.9 73.3

To validate the accuracy of the predicted results by a response surface model, the factor
combination A = 0.48 and B = 0.22 (the proportion of PCM1:PCM2:PCM3 = 0.48:0.3:0.22)
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were set as the initial condition in a previous simulation model, and simulation results
indicated that the obtained exergy efficiency and round-trip efficiency were 82.6% and
74.3%, respectively. The corresponding errors between the predicted values and simulation
values were 2.1% and 1.3%, which demonstrates the accuracy of the optimization results
of the response surface model. Compared with the exergy efficiency (77.2%) and round-
trip efficiency (65.7%) under an equal proportion of three PCMs discussed in Section 3.1,
they are correspondingly improved by 7.0% and 13.1% under the optimized proportion of
three PCMs.

4. Conclusions

In this study, the effects of packed-bed LTES with different PCM layouts are initially
compared with the performance of the CAES system based on the validated simulation
model, and the proper PCM layout in LTES is specified. Then the dynamic charging–
discharging performance is analyzed in detail, based on the selected PCM layout. Finally,
the proportion of PCMs is optimized, using the system performance as the objective. Key
findings are concluded as follows:

(1) The three-stage PCM layout in packed-bed LTES achieves an 8.2% and 6.9% higher
exergy efficiency of LTES and round-trip efficiency of the CAES system compared with the
one-stage PCM layouts. The reason lies in the better temperature matching between the air
and PCMs, which contributes to the lower outlet temperature of air during the compression
process and higher outlet temperature of air during the expansion process.

(2) In the three-PCM layout of packed-bed LTES, the proportion of each PCM greatly
affects the outlet temperature of air during the compression and expansion process of
the CAES system, especially the proportion of PCM with the lowest and highest melting
temperature at the inlet and outlet of packed-bed LTES, since the PCM at the last stage
determines the outlet temperature of air, and the heat transfer process finally affects the
proportion of each PCM.

(3) The optimized proportion of the three PCMs is 0.48:0.3:0.22 in a descending order
of melting temperature by response surface method. The maximum exergy efficiency of
LTES and the round-trip efficiency are 82.6% and 74.3% under such an optimized PCM
proportion, and they are improved by 7.0% and 13.1% compared with the equal proportions
of three PCMs.

Although this study investigates the effects of multiple PCMs used in a CAES system
and provides an optimization method of PCM proportions, it still needs to consider the
sensitivity of other important parameters, such as the thermophysical properties of PCMs
and operating conditions of the CAES system. Limited by the length of the article, this
topic will be fully investigated in our further studies.
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