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ABSTRACT

The rising demand for efficient energy storage has spurred the development of technologies like liquefied CO2
energy storage systems, which reduce pressure fluctuations by storing CO, as a liquid. Traditionally, the storage
temperature of CO, is the saturation liquid temperature because evaporation compensation helps maintain stable
pressure during gas release. However, the liquefied CO2 energy storage system suffers low round-trip efficiency
due to low temperature for liquefaction. Here, we propose a compressed CO energy storage (CCES) system using
the properties of supercritical fluids to extend the discharging time. The core optimization strategy involves
storing sCO, near the pseudo-critical temperature during the charging process, which facilitates more efficient
expansion of sCOz during the discharging process, thereby extending the discharging time. Then, a dynamic
CCES system incorporating three-stage compression and three-stage expansion are proposed. With the
compression power consumption of 100 MW, the high-pressure tank is set to be 14.00 MPa and 7.50 MPa before
and after discharging. Based on the discharging optimization method, the round-trip efficiency improves from
66.50 % to 69.32 %, and the discharging time extends from 0.96 h to 3 h. Our work fills the gap in the selection

criteria for storage parameters of CCES system, and significantly improving the performance of CCES system.

1. Introduction

Electricity is a crucial driver of global economic development, with
the majority of electrical energy being derived from fossil fuels [1]. Over
the past two centuries, the rapid consumption of traditional fossil energy
has led to global issues such as climate warming, environmental pollu-
tion, and energy crises [2]. These problems have severely impacted the
sustainable development of the global economy. Against this backdrop,
the development of renewable energy sources such as solar and wind
power has become a growing trend. However, the intermittency and
variability of renewable energy sources pose challenges to the operation
of power grids [3]. Therefore, the development of energy storage tech-
nologies is an effective solution to address these issues [4,5].

The main large-scale energy storage technologies are pumped stor-
age and compressed air energy storage (CAES) [6]. Currently, pumped
storage is a highly mature commercial technology, with an installed
capacity of 39.8 GW in China, accounting for 86 % of the total energy

storage capacity [7]. However, the future development potential of
pumped storage is limited by geographical conditions, environmental
impacts, and other challenges [8]. In contrast, compressed air energy
storage (CAES) has advantages in terms of site selection requirements
and cost [9]. Traditional CAES systems are supplemented by fossil fuels,
which provide the necessary heat, resulting in low efficiency and
continued environmental pollution [10,11]. To address these issues,
adiabatic CAES (A-CAES) systems have been proposed, where heat
generated during compressor compression is stored during the charging
process and used to heat the high-pressure air during the discharging
process [12]. Due to the low air density in high-pressure tanks, the
system faces challenges such as low energy storage density and high
investment costs [13]. Guizzi et al. [14] proposed a liquid air energy
storage (LAES) system to improve storage density. Despite this, the
physical properties of air, including its relatively low liquefaction and
supercritical temperatures, create challenges in both storing the working
fluid and liquefying the cooling source [15].
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Carbon dioxide (CO5), has become an outstanding candidate for the
working fluid in compressed gas energy storage systems due to its
excellent physical properties [16]. Specifically, CO, can reach its critical
condition (31.3 °C, 7.38 MPa) or undergo liquefaction much easier
compared to air whose critical point being —141 °C, 3.77 MPa. Addi-
tionally, supercritical CO, (sCO2) possesses favorable physical proper-
ties, such as low viscosity, high density, high thermal stability,
non-toxicity, and non-flammability, making it an safe and environ-
mentally friendly option for engineering applications [17]. Therefore,
compressed carbon dioxide energy storage (CCES) system becomes a
viable alternative to CAES [18,19].

Similar to CAES, CCES system relies on the COy compression
exothermic process for energy storage and the expansion endothermic
process for energy release [20]. The working principle involves com-
pressing CO, to convert electrical energy into pressure potential and
thermal energy. Energy is stored through high-pressure CO;, com-
pressed heat, and expansion cold energy [21]. During energy release, the
compressed heat is used to heat the high-pressure CO5, which then un-
dergoes expansion in a turbine to perform work and release energy. The
key difference is that the CAES system is an open-cycle energy storage
system, where air is directly drawn from the environment and expelled
through the turbine expansion [22]. In contrast, CO, cannot be obtained
in large quantities from the environment, so the CCES system operates as
a closed-cycle system, requiring an additional container to store the
low-pressure COs.

The key issue encountered in the development of CCES system is how
to mitigate pressure variations in the storage tank during the discharging
process. As COs is discharged from the storage tank, the continuous
decrease in pressure and temperature causes components like the
compressor and turbine to operate under off-design conditions, thereby
reducing their efficiency [23]. If the pressure fluctuations of CO, within
the storage tank are mitigated, the energy discharge duration can be
extended, and the round-trip efficiency can be improved. In this context,
He et al. [24] proposed using an aquifer to maintain constant pressure in
the CCES system, with low-pressure and high-pressure chambers stored
at depths of 100 m and 1700 m, respectively. After optimizing the
compression and expansion ratios for multi-stage compression and
expansion processes, an efficiency of 74.00 % can be achieved. Simi-
larly, some researchers have proposed a constant-pressure CCES system
with gas storage chambers placed underwater [25]. However, such
constant-pressure storage solutions depend on favorable geological
conditions, limiting their applicability. Further experimental validation
is required to address potential challenges and risks.

For the low-pressure side of CCES system, a mature solution involves
storing low-pressure CO3 in a large flexible gas holder, where the tem-
perature and pressure of the working fluid are nearly the same as the
surrounding environment [26,27]. Therefore, the CO5 in the gas holder
can be considered to be released at a constant pressure and temperature.
Since the investment cost of the gas holder is much lower than that of
high-pressure storage tanks, researchers have not considered the volume
of the gas holder when calculating the energy storage density (ESD)
[27].

To increase ESD, some researchers have proposed a liquefied CO,
energy storage (LCES) system [28-30], in which CO, is stored as a liquid
whose temperature is set to the saturated liquid temperature, allowing
part of the liquid to rapidly expand into gas during the discharge process
to reduce pressure fluctuations within the tank. Although the LCES
system incorporates the processes of CO; liquefaction and gasification, it
creates a significant mismatch between the CO; and the cooling working
fluid. Consequently, the round-trip efficiency of the system typically
falls below 60 % [18,19]. When CO5 reaches a supercritical state, phase
changes can be avoided, and the heat exchange temperature range is
better matched, resulting in higher efficiency. However, there has been
limited research focusing on the storage conditions for CO5 [31-33].

While prior studies have drawn parallels between subcritical CO5 in
saturated liquid states and supercritical COy (sCO2) in liquid-like
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regimes to hypothesize enhanced expansion capacity [32,33], critical
knowledge gaps persist in characterizing the thermodynamic behavior
of sCO, during dynamic discharging processes. Existing analyses
frequently oversimplify sCOy as an ideal gas [32,33], neglecting the
non-linear variations in pressure and temperature inherent in super-
critical fluids. This simplification fundamentally misrepresents the
thermophysical properties of sCOy near the pseudo-critical region,
where drastic density gradients (dp/0T) and specific heat capacity (Cp)
dominate energy transfer mechanisms [34]. Furthermore, the assump-
tion of quasi-static discharge conditions fails to account for the transient
coupling between liquid-like and gas-like states, as well as the dynamic
pressure decay within the storage tank—a phenomenon critical to
optimizing ESD and round-trip efficiency. Dong et al. [35], based on
molecular dynamics simulations of supercritical argon molecules, found
that when the working fluid is in a supercritical state, the difference
between gas and liquid densities is small. Compared to the subcritical
state, liquid-like molecules must overcome greater potential energy to
transition into gas-like molecules. Moreover, the threshold for the
minimum nucleation energy required for pseudo-boiling increases with
pressure, whereas in the subcritical range, it remains roughly constant.
The microscopic behavior of supercritical fluids indicates that more
energy is required for molecules to break free from their interactions in
the supercritical state [35]. This indicates that the criteria applicable
under subcritical conditions may not necessarily apply under super-
critical conditions, such as the selection of storage temperature for CO5
in HPT. Therefore, we conducted a thermodynamic study incorporating
the actual physical properties of sCO, to enhance the ESD of CCES
system.

Here, a dynamic CCES system with three-stage compression and
three-stage expansion is developed. On the low-pressure side, CO; is
stored in a gas holder to maintain constant pressure. On the high-
pressure side, CO; is stored as a supercritical fluid in the high-pressure
tank (HPT), with the system operating under pressure-slide conditions.
The main contributions of this study are as follows: (1) The innovative
storage parameter criteria is proposed. Through thermodynamic anal-
ysis, we propose criteria for selecting parameter for sCO,. This approach
lays the foundation for optimizing the performance and energy storage
density of the CCES system. (2) The dynamic CCES system is developed.
Based on thermodynamic principles, we have successfully established a
dynamic CCES system. (3) The system performance is analyzed and
optimized. When the sCO storage temperature increases from 35 °C to
75 °C under different pressures, the ESD first increases, reaches a
maximum, and then decreases. This parabolic turning point occurs near
the pseudo-critical point due to significant changes in fluid properties.

The study is divided into five sections. The proposed CCES system
and discharging optimization method are described in section 2. Section
3 introduces the thermodynamic models of key components. Section 4
discusses the results of the simulations. The main conclusions are sum-
marized in section 5.

2. Theoretical foundation and system description
2.1. Description of discharging principle

For a compressed energy storage system, more CO5 released during
the discharging process leads to more out-put work when the storage
pressure (Pg gis), discharge end pressure (Pe gis), and tank volume (V) are
fixed. Fig. 1a and b shows the schematic diagram and T-s diagram of the
discharging process for a tank containing subcritical CO,, respectively.
Given the initial parameters inside the tank at the start of discharge,
such as storage pressure P g;5, storage vapor quality X; qis, storage CO,
density ps gis. Then, assuming an isentropic process, the parameters at
the end of discharge (such as discharge end vapor quality x.gis and
discharge end density pegqis) can be determined based on the final
pressure Pe gis. Fig. 1c shows the variation in CO; density with vapor
quality at different pressures. As the vapor quality increases from 0 to 1,
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Fig. 1. Principles for selecting storage temperature of subcritical CO, (a: schematic diagram of storage tank discharge, b: T-s diagram of subcritical CO, c: the
relationship between density and vapor quality, d: the relationship between density difference and vapor quality).

the density gradually decreases, and the slope of the curve (the partial
derivative of density with respect to temperature, dp/dx) becomes
smaller. Thus, a question arises: will changes dp/dx in affect the
expansion potential of CO2? The result shown in Fig. 1d answers this
question: with a fixed P 4is of 3 MPa, the P; 4is of 7.3 MPa, 6.0 MPa, and
4.0 MPa were used to calculate the density changes (Ap = ps gis-pe,dis) for
different initial dryness levels, showing that as the dryness increases,
both the value of dp/dx and the mass of CO; released (Amcoa=VeAp)

decrease.

Based on the above discussion, optimal storage parameters occur at
the saturated liquid point (x; gis = 0) under subcritical conditions. When
CO4 reaches a supercritical state, the distinction between the gas and
liquid phases disappears. Unlike subcritical conditions where phase
transitions are characterized by vapor quality (the mass ratio of vapor to
liquid), the supercritical state lacks a traditional two-phase boundary.
Instead, pseudo-phase transitions are observed near the pseudo-critical
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N %0 500+
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350+
104 Vapor-like
' . . . 200 ‘
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T,

Fig. 2. The physical properties of sCO; near the pseudo-critical point are more similar to those at the subcritical saturation point.
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temperature (T}.), defined as the temperature at which the specific heat
capacity reaches its maximum under a given supercritical pressure [34].
Based on T, CO> can be divided into three regions (see Fig. 2a): T < T
“(liquid-like), T~ < T < T " (two-phase-like), T > T " (gas-like) under
supercritical pressures [34]. For the CCES system, scholars have drawn
an analogy between the energy release process of sCO, and subcritical
COy, selecting slightly above environment temperature as storage pa-
rameters [33]. This approach aims to store sCO5 in a liquid-like state,
allowing it to expand into a gas-like state during release, thereby
reducing pressure fluctuations within the storage tank.

Since the supercritical state is considered a new state rather than a
simple gas or liquid, the supercritical state does not have a traditional
concept of vapor quality. In the subcritical state, phase transitions are
described using vapor quality, whereas in the supercritical state, pseudo-
phase transitions are described using temperature. Therefore, dp/dx can
be analogous to dp/dT. Unlike the previous hypothesis, when CO3 is in a
supercritical state, the maximum value of dp/dT occurs near the pseudo-
critical point (Fig. 2b). Like the selection of subcritical CO, parameters,
we believe that near T,., COz has a stronger expansion capability.
Therefore, the discharging optimization method is proposed: by select-
ing T, as the storage temperature, the mass of sCO, released can be
increased.

Fig. 3 illustrates the discharge principle of the sCO5 storage tank,
with the discharging process also following isentropic conditions. At the
start of discharge, the initial conditions within the tank are defined by
the storage pressure P g;5, storage temperature T gis and storage CO;
density ps gis. Assuming an isentropic process, the parameters at the end

(a)

Puss discharge

Ts,diSa Ps.dis

P e,diss
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(c) 80

60
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20+

0 T T T
8 10 12 14 16
P (MPa)

Energy 328 (2025) 136417

of discharge, including the discharge end temperature discharge end
temperature Tegis and pegqis can be calculated based on the final
discharge pressure Pe g;s (see Fig. 3a and b). Fig. 3c shows that as the
sCO4, pressure increases, the pseudo-critical temperature gradually rises.
When T gis is near Ty, temperature (Tyax), Ap reaches its maximum
value (see Fig. 3d). This result is consistent with the previous inference.
Since Ap is nearly identical at Tpax and Tpe (with the maximum differ-
ence being less than 2.2 %), Tp. is chosen as the design storage tem-
perature in this study.

2.2. Introduction to the CO2 compressed energy storage system

Fig. 4 shows the three-stage compression and three-stage expansion
CCES system, which includes the compressor (C), turbine (T), high-
pressure tank (HPT), cold tank (CT), hot tank (HT), and heat
exchanger (HE). In addition, the system uses a low-cost flexible gas
holder to store low-pressure CO», ensuring the working fluid remains at
constant pressure and temperature. The system operates in two pro-
cesses: charging and discharging. During the charging process, renew-
able energy generation exceeds load demand or the grid operates during
off-peak hours. The CO released from the gas holder is compressed to a
high-pressure state through the multi-stage compressors (C1-3). The
compressed heat is recovered by heat transfer fluid (thermal oil and
water) released from the cold tanks (CT1-4) and stored in the hot tanks
(HT1-4). The heat exchange between CO, and heat transfer fluid takes
place in the heat exchangers (HE1-4). Finally, the high-pressure COy,
after undergoing multiple heat exchange and compression processes, is

(b) 80

60

e,dis

20+

0 T T T T
1.0 1.2 1.4 1.6 1.8 2.0
s (k/kg°C)
(d)150
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124 {Amcoy=V-Ap

98 1

Ap (kg/m?)

72+

461 Ps,dis:I 0 MPa

20 T T T T
35 42 49 56 63 70
Ts,dis (OC)

Fig. 3. Principles for selecting storage temperature of sCO, (a: schematic diagram of storage tank discharge, b: T-s diagram of sCO,, c: the relationship between T
and pressure, d: the relationship between density difference and CO, storage temperature T gjs).
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Fig. 4. Diagram of a three-stage compression and three-stage expansion CCES system.

stored in the high-pressure tank. When renewable energy generation
falls below load demand or the grid operates during peak hours, the
system begins the discharge process. The released high-pressure COy
absorbs heat from the heat transfer fluid in the hot tank and then ex-
pands through the multi-stage turbines (T1-3) to do work, driving the
generator to produce electricity. Finally, the low-pressure CO,, after
releasing heat to the environment through the cooler, is stored in the gas
holder, completing the discharging process. The T-s diagram is shown in
Fig. 5.

3. Thermodynamic model

This section presents the thermodynamic models for each compo-
nent, forming the foundation for the subsequent system performance
analysis. The following assumptions are made to simplify the analysis.

1) Neglect heat exchange losses between components, pipelines, and
the environment [36];

2) CO; is stored in the gas holder under ambient temperature and
pressure conditions [27];

3) The mass flow rate of CO5 remains constant and is identical during
both the charging and discharging processes [37];

4) The pressure drop across the valves in the working fluid flow is
neglected.

250 .
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Fig. 5. T-s diagram of CCES system.

3.1. Component models

The key component models of the CCES system are developed based
on the first law of thermodynamics and the law of mass conservation.
The mathematical representation of the component models is as follows.

(1) compressor

During the charging process, CO2 at the initial pressure passes
through compressors C1 and C2 to reach an intermediate pressure and
then enters C3 to be compressed to the final pressure. The compression
ratios « of the three compression stages are equal. The compressor en-
ergy consumption E¢ during the charging process can be expressed as
[38]:

le char le char
Ec= / Meoa (houc — Rinc)dt = / Wedt (€]
t t

s.char s.char

Where W is the power rate, m is the mass flow rate, h is the specific
enthalpy, and t is time. The subscript C refers to the compressor, s de-
notes the start, e denotes the end, and char refers to the charging.

The isentropic efficiency of the compressor varies with changes in
basic operating parameters such as speed and mass flow rate. The off-
design performance of the compressor is obtained from the
compressor characteristic map [39,40], and its mathematical fitting
formula expression is [41]:

Teod 11031~ Neo)?] (Z) (2 - Nre) &)

Mca Te Mee

Where N is the rotational speed, the subscript d denotes design condi-
tions, od denotes off-design conditions, and re represents the corrected
relative value. The expression for the corrected relative speed N, is as
follows:

N, od Tin.d

3
N, d Tin.od

N =

Where T is the temperature. The expression for the corrected relative
mass flow rate mye is:

MydP, T;
= odLod in,od (4)
MaPq \| Ting

The relationship between the compression ratios z and the m. is as
follows:

T
”de =Cym2 + CyMye 4 Cs 5)

Where C;, C3 and Cs are the fitted empirical coefficients, and their ex-
pressions are as follows:
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C1 =Nr / [P(1 =/ Nre) + Nre(Nre — q)°] 6
Co=(P—2qNr) / [P(1 — g/ Ne) + Nee(Nee — )] @)
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Where p and q are empirical constants. For axial compressors, p and q are
set to 0.36 and 1.06 [40], respectively. As shown in Fig. 6. When the
relative speed is constant, as the relative mass flow rate decreases, the
relative pressure ratio gradually increases, while the isentropic effi-
ciency gradually decreases.

(2) turbine

During the discharging process, CO, expands in three stages with
each stage applying the same expansion ratio (the ratio of inlet pressure
to outlet pressure), maintaining consistent thermodynamic behavior
across all turbines. The expression for the turbine output energy Er is
given by Ref. [38]:

Le dis Te.dis

Er= Meoz (Mint — Rouer)dt = /  Wadt (C)]

&s dis L dis

To analyze the impact of off-design conditions on turbine
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Fig. 6. Performance curve of the compressor under off-design conditions.

Energy 328 (2025) 136417

performance, the relationship between isentropic efficiency and
expansion ratio referenced from literature [37,42] is used. The calcu-
lation expression for isentropic efficiency is as follows:

P:
fir =0.0269 (P i ) +0.7501 (10)

out,T

Where P is pressure.
(3) High-pressure tank (HPT)

The HPT model is established based on the principles of energy
conservation and mass conservation. Its expression is as follows [43]:

dmypr
dr ~ Meozin — Mcozout 1)
t
d(mu)
THPT = Mco2,inflcozin — Mco2.0uthco2.0ut 12)

Where u represents the specific internal energy of CO; in the HPT.
(4) Hot tank (HT) and Cold tank (CT)

During the charging process, the heat transfer fluid released from the
cold tank absorbs the compressed heat and then stores it in the hot tank.
In the discharging process, the hot fluid released from the hot tank
transfers heat to the CO-, after which it returns to the cold tank. The
system consists of four hot tanks and four cold tanks, with the working
fluid in HT4 and CT4 being water, while the remaining tanks contain
thermal oil. The models for the cold tanks and hot tanks are both based
on the principles of energy and mass conservation [44]:

dm

T: = Mt in — Mt out 13)
d(mu

% = MuetinPneein — Mt outMhet out a4

Where the subscript htf represents the heat transfer fluid.
(5) Heat exchanger

Due to the significant variations in CO, properties during heat ex-
change, the heat exchanger is divided into multiple sub-heat exchangers
instead of being modeled using the logarithmic mean temperature dif-
ference method [38]. The energy balance equation inside the heat
exchanger is presented below [37,43]:

N

Que = Z Quei (15)
i-1

Qe = Meoz (heozis1 — hoozi) = Muet (Aneis1 — Aneti) (16)

3.2. Evaluation criteria

To more effectively evaluate the performance characteristics of CCES
system, the following indicators are introduced: total output energy
(Et), total discharge mass (Amgjs), round trip efficiency(yrre) and energy
storage density (ESD). Their expressions are presented below [27,45,
46]:

Lo dis
Er= / (Wi + W + Wrg)dt 17)

L dis

Le dis
Amgis = / Meozdt (18)

ts dis
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tedis (Way + Wia + Was)dt established in Dymola using the Modelica language. Due to the difficulty

NrrE = :dha, (19) in finding a similar CCES system in existing experiments, the accuracy of
o (Wer + Wez + Weg)dt the system components is validated by referencing simulation model

- results from the literature. The heat exchanger and storage tank models

ESD— s dis (W1 + Wiz + Wrs)dt 20) are referenced from the literature [37], and Fig. 7a shows the CCES
system diagram. The comparison results of models are shown in

Vepr
Fig. 7b-e. The maximum relative error between the simulation and

literature results is 1.37 %, which is within an acceptable range. Addi-
tionally, the comparison between the compressor and turbine results
and those from the literature [47] is shown in Table 1. The results

3.3. Model validation

Based on the above component models, the system model is
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Fig. 7. Comparison diagram of simulation results and literature data (a: the CCES system from the literature [37], b: comparison diagram of high-pressure tank HPT
and low-pressure tank LPT during the charging process, c¢: comparison diagram of HPT and LPT during the discharging process, d: Comparison diagram of HE1 and

HT1, e: Comparison diagram of HE2 and HT2).
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Table 1
Verification of compressor and turbine.
Components  Ref [47] Simulation Relative
error (%)
Inlet parameters Output Output
parameters parameters
Compressor 28.36 °C (Tin), 2.97 184.03 °C 178.87 °C 2.8
MPa (Pyy), 14.85 (Toud) (Tou)
MPa (Pour)
Turbine 122.75 °C (Tin), 59.51 °C 60.55 °C 1.75
14.41 MPa (Py,), (Toud) (Tou)

6.62 MPa (Poy)

indicate that the maximum relative error is 1.11 %. Therefore, these
models can be used for subsequent simulation calculations.

3.4. Control and methods

The initial temperature (Tschar) of the HPT during the charging
process is determined through simulation calculations. Under the con-
ditions of the final storage pressure, temperature, initial pressure, and
mass flow rate of COg (Pe char, Te,chars Ps,char, Mco2), the initial temper-
ature of HPT can be calculated.

The control process of CCES system is divided into the charging
process and the discharging process. As shown in Fig. 8a, during the
charging phase, the pressure and temperature of the HPT continuously
change over time. This means that the compressor must adjust its speed
to ensure that the inlet CO, pressure of the HPT (Pupr,n) is always
greater than the COq pressure inside the HPT (Pypr). When the CO,
pressure inside the HPT reaches the maximum set pressure value (Pgpr =

@

Input Ts,char; Te,char: Ps,chars
Pe,char, mco2, T]; THE,out.d

| Assume Nyq <

L

| Assume myp¢
TC,oula

}
P, C,out

Compressors
T HE,outs
THT

r

module

| Tistin |—>| HEs module

TvpTin.
PupTin

—>| HPT module

l—’l Typr, Prpr

No

Puprin > Prpr
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P char), the charging process ends. Tci, and Typr,in are controlled by
heat exchanger flow. The outlet CO, temperature of the heat exchanger
(THE,out,d) is set. If the actual outlet temperature (Tyg,out,0d) does not
match this set value, adjustments will be made by modifying the flow
rate of the heat transfer fluid (mpsin) accordingly.

The control logic for the discharging process is illustrated in Fig. 8b.
The initial parameters of the CO in the HPT and hot tank during the
discharge process are obtained from the simulation results of the
charging system. Since the pressure of the gas holder (Pgp) is set at 0.1
MPa and the release pressure of the HPT varies with time, it is necessary
to adjust the expansion ratio (r) of the turbine to ensure that the exit
pressure of the third turbine (T3) is greater than Pgy. The mass flow rate
of the heat transfer fluid (my) is taken as the average mass flow rate. If
the turbine outlet temperature is lower than the liquefaction tempera-
ture, then the mass flow rate of the heat transfer fluid (mpf) needs to be
adjusted. The discharging process ends when the pressure of the working
fluid in the high-pressure tank equals the minimum set pressure (Pypr =
P e,char)-

4. Results and discussion
4.1. System performance under design conditions

The main design parameters of the CCES system are shown in
Table 2. The pressure range of the HPT is 14.0 to 7.5 MPa, with a storage
temperature of 61.3 °C T gis. The volume of the HPT is 23734.4 m°3. The
function of the low-pressure gas holder is to maintain the CO, param-
eters equal to the ambient conditions. The rated charging power is
100.0 MW. The charging time is consistent with the discharging time,

®

Input myr, Tur, Pou,Tsdiss
Te dis, Ps disyPe,dis> Mco2

| Assume 7’ I:

|<—
|—’| Twpr, P HPT|
|_>| THE.out |
| TTin Prin |—>| Turbines module |—>

| Assume my¢

| HPT module

| Tuin | HEsmodule

TT,oulo
P T,out

T10u > Tco2yliq

No

P13 0ut > Pgu

Fig. 8. System simulation logic diagram (a: charging process, b: discharging process).
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Table 2

Main design parameters of the CCES.
parameters value
Charging time/discharging time 3.00 h
Compression power consumption W¢ 100.00 MW
Environmental temperature 25 °C [49]
Environmental pressure 0.1 MPa [49]
CO,, storage pressure Ps gis 14.00 MPa
CO,, storage temperature T gis 61.25°C
CO,, storage pressure at the end of discharging Pe qis 7.50 MPa
CO, mass flow rate during the charging/discharging process 285 kg/s
CO,, pressure in gas holder 0.1 MPa

CO,, temperature in gas holder 25°C

Isentropic efficiency of Compressor 85 % [38]
Heat exchanger pinch point temperature difference 5°C [50]
Heat exchanger pressure drop loss 1%

Cold tank outlet temperature (CT1, CT2, CT4) 20 °C

Cold tank outlet temperature (CT3) 80 °C
Design volume of the HPT 23734.35 m®

both lasting 3 h. The mass flow rate of CO remains at 285.0 kg/s the
outlet temperatures of CT1, CT2, CT4 are 20 °C, while the outlet tem-
perature of CT3 is set to 80 °C. Based on the above parameters, the
performance characteristics of the components and system during the
charging and discharging process will be discussed in the following
sections.

4.1.1. Key parameters change during the charging process

The dynamic variations in the compressor pressure ratio z,q during
the charging process (see Fig. 9a) are inherently governed by the ther-
modynamic constraints of the CCES system. The progressive increase in
TTod (4.53-5.37) reflects the increased work input required to compress
CO, into the supercritical regime. This elevated compressor power
consumption enhances heat recovery efficacy. Then, the temperature of
cooling fluid will rise (see Fig. 9b and c).

The heat exchanger network (HE1-4) is designed to exploit the
unique thermodynamic behavior of sCO». In HE3 (see Fig. 9d), the sharp
rise in thermal oil outlet temperature (T1¢: 158.3 °C-174.7 °C) is related
to the change of compressor pressure ratio. Here, the thermal oil inlet
temperature (Ty = 80 °C) is strategically maintained above the pseudo-
critical temperature to enhance heat transfer efficiency. This approach
minimizes entropy generation during heat recovery by avoiding the high
specific heat capacity of sCO; near the Tj..

Conversely, HE4 (see Fig. 9e) operates near the pseudo-critical re-
gion, where the specific heat capacity of sCO, varies sharply with tem-
perature. The gradual increase in cooling water temperature
(46.2 °C-90.7 °C) indicates inefficient heat transfer in this region.
Throughout the charging process, the HPT storage pressure rises from
7.5 MPa to 14 MPa, and the storage temperature increases from 31.8 °C
to 61.3 °C (see Fig. 9f).

4.1.2. Key parameters change during the discharging process

For the discharging process, the parameter changes of the CO; in
HPT are shown in Fig. 10a. Due to the continuously decreasing outlet
pressure of HPT, the turbine expansion ratio ' must also be reduced to
maintain the CO5 inlet pressure of the gas holder at 0.1 MPa. As shown in
Fig. 10b, #’ decreases from 5.2 to 4.2.

As the outlet CO, temperature of the HPT steadily decreases and is
affected by near-critical properties, the heat transfer temperature dif-
ferences in HE5 and HE6 become the higher, measuring 23.2 °C and
54.1 °C, respectively (see Fig. 10c and d). The inlet CO5 temperature of
HE7-8 is gradually increasing, and the outlet CO, temperature rises
accordingly (see Fig. 10e and f), which is due to the continuous decrease
in CO; pressure.

4.1.3. Performance variations of CCES system
Under the design conditions, the variations in system power

Energy 328 (2025) 136417

consumption and expansion work are shown in Fig. 11a. With the same
compression ratio, the C1-2 compression power consumption is rela-
tively high, while that of C3 is lower due to exceeding the supercritical
pressure. Due to the lower inlet temperature at T1 (T11), the expansion
work Wrq is smaller than Wry and Wrs. Fig. 11b shows a comparison of
total compression consumption W¢ and expansion work Wr, along with
the round-trip efficiency ngrr. The W¢ increases from 93.2 MW to 107
MW as the compression ratio rises, while the Wt decreases from 72.2
MW to 66.2 MW as the expansion ratio decreases. The gt drops from
77.1 % to 61.67 %. The average compression power consumption Wc ave
is 100.0 MW, the average expansion power Wt aye is 69.1 MW, and the
average round-trip efficiency yr,ave is 69.3 %.

4.2. The effect of different HPT parameters on the system

As discussed in section 2, the discharging time of sCO5 HPT is related
to the storage temperature Tgis. When the Tgg;s is near the T, the
expansion potential of sCO5 within the tank reaches its peak, allowing
for the release of the maximum mass of CO5. Building on this principle, a
novel CCES system design is proposed in this study, leveraging the
unique characteristics of sCO, HPT.

Fig. 12a and b shows the changes in temperature of HPT with dis-
charging time. The results indicate that when the T ;s deviates signif-
icantly from the T}, the discharging time decreases (when T; g;s is 35.0,
61.3, 75.0 °C, tgis are 0.96, 3.00, 2.94 h). Fig. 12c shows the variation of
expansion work overtime. As the discharging process progresses, the
outlet CO, temperature and pressure from the HPT continuously
decrease. Consequently, the expansion capability of CO5 gradually di-
minishes, that is, Wy gradually decreases. The g shows a similar trend.

As shown in Fig. 13a, the discharging time (tgis) exhibits a parabolic
dependence on storage temperature (T qis), peaking near the pseudo-
critical temperature at both 10 MPa (T, = 45.0 °C) and 14 MPa (Tp.
= 61.3 °C). This is because sCO3 has the strongest expansion capability
near the T}, which extends the discharging time. At pressures of 10 and
14 MPa, the discharging times (t4;s) are as follows: 1.53 h (10 MPa, Tp,),
1.53 h (10 MPa, Tinay), 3.00 h (14 MPa, Tp), and 3.03 h (14 MPa, Tyax)-
It can be observed that tg;s is very close when T; 4is equals Tpe and Trax,
with a maximum difference of only 2 %. At T gis = Tmax, SCO2 achieves
an optimal balance between liquid-like density and gas-like compress-
ibility, enabling maximization of ESD and Er. Deviations from Tpax
disrupt this equilibrium: when T g4is increase from T gis = 35 °C t0 Trax,
the Er increases from 40.74 MW to 101.60 MW (Ps 4is = 10 MPa) and
from 64.27 MW to 215.84 MW (Ps 4is = 14 MPa), while the ESD rises
from 1.72 kWh/m? to 4.28 kWh/m?® and from 2.71 kWh/m? to 9.10
kWh/m? (see Fig. 13b and c).

The nrt follows a distinct trend, improving monotonically with T gis
but exhibiting steepest gains near T (see Fig. 13d). This nonlinearity
arises from the temperature-dependent effectiveness of heat recovery
during compression. At Tsgis < Tpe, liquid-like state amplifies thermal
resistance in heat exchangers. Above T, the gas-like behavior of sCO,
lowers thermal resistance. The phenomenon can be analyzed using the
average heat transfer temperature difference (AT,ye) of the heat ex-
change system, which can be expressed as follows:

ATy = /[e s = Tos) # (s —Tis)  (To — Tur)
ts

3 dt 21

Pressure further affects the heat transfer performance. As the tem-
perature increases, the AT,y at Ps 4is = 14 MPa gradually exceeds that at
P 4is = 10 MPa. (see Fig. 14). This characteristic is consistent with the
trend of round-trip efficiency variation shown in Fig. 13d.

To analyze the impact of sCO, parameter selection at the system
level, the total energy release during the discharging process (Egis) is
introduced as a key metric to evaluate the work extraction capacity of
COo, reflecting its thermodynamic efficiency. It can be expressed as
follows:
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Fig. 9. Parameter variations of key components during the charging process.

Le dis
Egis = AEppr + QHE - Qrelease = / Wdisdt (22)

& dis

e dis
Er= Waisnppdt

& dis

(23)

Where, AEypr represents the change in energy in the HPT, Qug is the
heat transfer amount in heat exchangers, Qyelease represents the heat
released to the environment under ideal conditions. As the storage
temperature approaches Tp, not only does the discharging time prolong,
but the energy output capacity of COz is also significantly enhanced (see
Fig. 15). Thus, this result offers a foundational rationale for selecting the
temperature near the T) as the optimized storage temperature.

Fig. 16 presents a 2D contour plot illustrating the impact of CO5
storage parameters on system performance. The results indicate that the
tais, Amgo2 and Wr are positively correlated with the proximity of T gs

to the T}, and the P; gis. The #gt is delineated by the Tj line. Below T,
pressure exhibits a positive correlation with nrr, whereas above it, the
correlation becomes negative. It is worth noting that when the tem-
perature is above the Ty, a higher pressure actually leads to lower #grT-
This phenomenon arises from the fact that low-pressure sCO; exhibits
properties more characteristic of a gas when operating above the Tp.
[34]. This behavior enhances its heat transfer effectiveness with the heat
transfer fluid. Consequently, ngrt is improved.

4.3. Comparative advantages of proposed CCES system

By optimizing storage parameters based on our proposed criteria, we
have achieved a significant performance improvement in CCES system.
To highlight the performance advantages of the proposed system, a
comparison is made with several common compressed gas energy stor-
age systems [37,48]. The focus of this study is mainly on the HPT

10
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Fig. 10. Parameter variations of key components during the discharging process.

parameter. Therefore, the mass storage density of the HPT (Bypr) is
proposed to measure the difference in the energy storage efficiency of

system:
Meozdt / Vupr

The main parameters of different systems are shown in Table 3. The
comparison of the mass storage density and round-trip efficiency of
three systems is shown in Fig. 17. The optimized CCES system exhibits a
significantly higher mass density than literature values [37,48],
consistent with its enhanced energy storage density. Additionally, the
higher CO, storage temperature of the proposed system results in
improved round-trip efficiency, surpassing the two references system by
5.03 % and 3.06 %, respectively. This comparative analysis conclusively

te dis

Prpr =
L5 dis

(24)

11

demonstrates the marked superiority of the optimized CCES system over
conventional configurations, achieving comprehensive performance
enhancements in both energy storage density and round-trip efficiency
critical for practical large-scale deployment.

4.4. Economic analysis

Economic analysis serves as an important reference for evaluating
the performance of a system. Table 4 presents the economic parameters
of the system. Furthermore, levelized cost of electricity (LCOE) is
introduced in this study to assess the overall economic benefits of the
CCES system, which can be expressed as follows:
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Fig. 11. System performance diagram under designed conditions (a: diagram of system compression work and expansion work variations, b: diagram of variations in
system power consumption, power output, and round-trip efficiency).
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Fig. 12. Diagram of the variation in key system performance indicators over time (a-b: the relationship between pressure and temperature variations of the HPT over
time, c: the relationship between turbine output power and time, d: the relationship between round-trip efficiency and time).

equipment, and the key component cost models are shown in Table 5. N

N
Ztot + Z M . . . .
=l denotes the operational lifetime in years, n represents the number of
LCOE= N [0 wrde (25) cycles, and Ir is the interest rate. The operation and maintenance cost
> (’ljf)y Zom and the total charging electricity cost Zee,y can be expressed as
y=1 follows:
Where, Z, represents the initial capital investment cost of the Zom =0.06Z; (26)
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Fig. 16. 2D contour plot on system performance (a: discharging time lines, b: discharging mass lines, c: output energy lines, d: round-trip efficiency lines).

Table 3

Main parameters of systems.
Parameter Proposed CCES [37] CAES

system [48]
Maximum pressure of HPT (MPa) 14.0 5.4 15
Minimum pressure of HPT (MPa) 7.5 5.0 10
Working fluid flow rate (kg/s) 285.0 24 50
Discharging time (h) 3.0 1 3.8
HPT volume (m®) 23734.4 10000 20000
Isentropic efficiency of compressors 85.0 75.8 86.7
(%)
Isentropic efficiency of turbines (%) 89.0 83.1 92
Energy storage density (kWh/m®) 8.7 0.06 4.3
Te char
Zelec,v = Zelec,v' " / cht (27)

L5 char

Where, zejec,v denotes the charging electricity price.
Net present value (NPV) is an important indicator used to evaluate
the overall profitability of the CCES system. It can be calculated as

follows:
N
NPV=>"
y=1

Zelec,p - ZOM - Zelec,v

= Zeot (28)

1 +1Ir)

Where Zgjecp is the total revenue from discharging, which can be
expressed as follows:
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Fig. 17. Comparative analysis between optimized system and reference sys-
tems (a: comparison of mass storage density, b: comparison of round-

trip efficiency).

Table 4

System economic parameter [27].
Parameter Value Unit
Charging electricity price 0.052 $/kWh
Discharging electricity price 0.203 $/kWh
Operating life 30 Year
Operating cycles per year 365
Interest rate 8 %

14
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Table 5
Key component cost models.

Components Cost models

Compressors [51] 71.1 Pout ;[ Pout
Ze = —"  meoo2t]
¢ 7092 5P, "\ P

Heat exchanger [52] Zyg = 2143A0514

HPT [25] Zipr = Zupr Vipr*® + 10000
Gas holder [27] Zen = zGnVen
Turbines [52] Mcoz Pin -
Ze = 34 €02 1 0.036T;, —54.4
c 47934093*% o5 (1+e )
Te dis
Zelec‘p = Zelecp WTdt (29)

Ls dis

Where Zejecp is the discharging electricity price.

The economic calculation results are shown in Table 6. For the
optimized CCES system, the total equipment investment is 29.80 M$.
The portion of turbines is the largest, accounting for 56.78 %, and the
that of gas holder is smallest, accounting for 1.34 %. The LCOE of the
system is 0.093 $/kWh, which is lower than reference [33]. Therefore,
the system demonstrates commercialization potential, with a net present
value (NPV) of 58.98 M$ over a 30-year operation period.

4.5. The potential challenges and limitations

The study presents significant advancements in the CCES system
design but acknowledges several limitations and challenges that warrant
further investigation. Below is a structured discussion of these aspects.

1. Parameter control challenges for HPT: The system relies on precise
control of sCO, near the pseudo-critical temperature (T}c). Main-
taining stable supercritical conditions under dynamic pressure and
temperature variations during charging/discharging introduces
operational challenges.

2. Economic and scalability concerns: The current economic analysis
assumes fixed electricity prices for charging and discharging process,
neglecting real-time price fluctuations influenced by demand peaks.
Dynamic pricing optimization are required to enhance NPV.

3. Deviation between theory and practice: The study neglects pipeline
pressure drops, heat losses, and transient effects during start-up and
shutdown. The actual round-trip efficiency may be lower than the
calculation value.

5. Conclusions

The CCES system serves as a vital solution for meeting contemporary
electricity demands and addressing the challenges associated with
renewable energy integration. This study presents the construction of a
three-stage compression and three-stage expansion CCES system,
grounded in the first law of thermodynamics and the principle of mass
conservation. Through a dynamic analysis of the CCES system under
varying gas storage parameters, we established the relationship between
discharge time and storage temperature. The conclusions drawn are as

Table 6
Cost of components and evaluation indicators value.

Components/Parameter Cost (M$) Ratio (%)/Unit
Compressors 7.98 26.77

Heat exchangers 2.23 7.48

HPT 2.29 7.68

Gas holder 0.40 1.34

Turbines 16.92 56.78

Total equipment investment 29.80 100

LCOE 0.93 $/kWh

NPV 58.98 M$

Payback Period 5 year
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follows.

(1) Innovative storage parameter criteria: Through a comprehensive
thermodynamic analysis, we propose new selection criteria for
sCO, storage parameters, that is elevating T 4;s to the pseudo-
critical temperature (T,c). This approach offers a solid basis for
optimizing storage conditions and extending the discharging
time. Based on the criteria, the discharging time significantly
extends from 0.96 h to 3.00 h

(2) Dynamic system development. A novel dynamic CCES system was
developed and rigorously analyzed based on thermodynamic
modeling. This system serves as a practical model for analysis and
enhancing the efficiency of energy storage processes with su-
percritical fluid.
Enhanced CCES system performance. By optimizing storage pa-
rameters according to our proposed criteria, we have achieved a
substantial improvement in energy storage density. This
advancement not only enhances the overall efficiency of the CCES
system but also paves the way for more effective and sustainable
energy storage solutions. At storage pressures of 14 MPa,
increasing the storage temperature from 35 °C to T, improves
the ngt from 66.50 % to 69.32 %, while raising the energy storage
density from 2.71 to 8.74 kWh/m?.

3

-

Nomenclature

A heat transfer area x dryness fraction
C compressor VA cost

CAES  compressed air energy storage

CCES compressed CO; energy storage Subscripts

Cp specific heat capacity 1,2,3 state points

CT cold tank ave average

E output/input energy char charging process

ESD energy storage density dis discharging process

h enthalpy per unit mass, kJ/kg d design condition

HE heat exchanger e end

HT hot tank elec electrict

HPT high-pressure tank envir environment

Ir interest rate ex exhaust

k thermal conductivity GH gas holder

LAES  liquid air energy storage htf heat transfer fluid

LCES liquefied CO; energy storage od off design condition

LCOE  levelized cost of electricity RTE round trip efficiency

m mass flow rate, kg/s re relative

N rotational speed, operational tot total

lifetime

n number of cycles s start

NPV Net present value OM O&M operations

P pressure, MPa P peak

Q thermal load, MW v Valley

s entropy

sCO, supercritical carbon dioxide Greek symbols

T turbine a boiler heat retention
coefficient

T temperature, °C n efficiency

t time a boiler heat retention
coefficient

u specific internal energy B mass storage density

\% volume, m? T compression ration

w output/input work, MW A difference
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