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ABSTRACT 
Compressed carbon dioxide energy storage has 

received widespread attention as an effective solution to 
address the intermittency of renewable energy sources. 
This article proposes a novel compressed carbon dioxide 
energy storage system with a flexible gas warehouse 
compartment, which stores carbon dioxide at ambient 
temperature and pressure. A mathematical model is 
established and a parameter analysis is conducted to 
evaluate the thermodynamic and economic 
performance of the proposed system. The results 
indicate that increasing the mechanical efficiency of the 
compressor and expander can achieve lower electricity 
costs and higher round-trip efficiency. By reducing the 
pinch temperature of the heat exchanger, higher round-
trip efficiency and lower electricity costs can be 
achieved. 
Keywords: Compressed carbon dioxide energy storage 
system, pinch temperature difference, mechanical 
efficiency  

NONMENCLATURE 

Abbreviations  
CO2 Carbon dioxide  

Compressed carbon dioxide energy 
storage 

CCES 

LCES 
Liquid carbon dioxide energy 
storage 

HCT High-pressure cold water tank 
HHT High-pressure hot water tank 
LHT Low-pressure hot water tank 
LCT Low-pressure cold water tank 
Symbols  
W  Power (W) 
m  Mass flow rate (kg/s) 
h  Specific enthalpy (J/kg) 
Q  Heat transfer rate (W) 

 
# This is a paper for the 11th Applied Energy Symposium: Low Carbon Cities & Urban Energy Systems (CUE2025), July 18-22, 2024, Kitakyushu, Japan. 

  Isentropic efficiency (%) 
RTE Round trip efficiency (%) 
LCOS Levelized Cost of Storage (￥/kWh) 

1. INTRODUCTION 
Over the past half-century, the global dependence 

on fossil fuels has significantly increased. Statistics show 
that of fossil fuels consumption has increased eight times 
since 1950 and the usage has nearly doubled since 1980. 
The energy structure has gradually shifted from coal 
based to a mixed reliance on oil and natural gas. 
However, this excessive dependence has led to serious 
environmental problems such as air pollution, increased 
greenhouse gas emissions, ecosystem damage, and 
global climate anomalies. Consequently, promoting the 
transformation of the energy system, accelerating the 
popularization of clean energy, and enhancing energy 
utilization efficiency have become urgent tasks for the 
international community [1,2]. The fact remains that 
global electricity supply still relies primarily on fossil 
fuels. At the same time, the intermittent nature of 
renewable energy poses new challenges to the stable 
operation of the power grid, and this volatility makes the 
stability of energy storage systems a key issue [3]. Energy 
storage systems have strategic significance in energy 
security and protection, energy transformation, 
achieving dual carbon goals, and building a new energy 
based power system [4]. Therefore, in the context of the 
rapid development of renewable energy, the large-scale 
and effective application of renewable energy systems is 
indispensable. Compared with traditional long-term 
energy storage technologies, technology has the 
characteristics of high efficiency, environmental 
protection, and sustainability. 

Compressed carbon dioxide energy storage (CCES), 
as an emerging large-scale, long-term energy storage 
technology, has also attracted the attention of many 
researchers in recent years, and the number of related 
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papers published has significantly increased. Liu et al. [5] 
proposed an integrated system that can be divided into 
independent systems and coupled with external 
energy/power cycles. In the independent system, the 
RTE performance of gas-liquid storage is excellent, but 
the storage of gaseous CO2 limits energy density. The 
integrated system can significantly improve performance 
by coupling with external heat sources or power cycles. 
Liu et al. [6] proposed a new system that integrates the 
CCES system and Polymer Electrolyte Membrane 
Electrolyzer, introducing a new energy management 
strategy. The charging energy is increased, the wind 
curtailment rate is significantly reduced, and the total 
system cost and levelized electricity cost compared to 
traditional strategies. Li et al. [7] conducted a 
comparative study between compressed air energy 
storage and liquid compressed carbon dioxide energy 
storage, and established quasi dynamic models and 
thermodynamic economic models for key components. 
Liquid compressed carbon dioxide energy storage 
demonstrates superior efficiency and energy storage 
density. Zhang et al. [8] proposed a novel adsorption 
transcritical compressed carbon dioxide energy storage 
system and successfully constructed a 10 MW CCES 
demonstration system. This innovative dual compression 
and expansion process, achieving a round-trip efficiency 
of 74.32% was achieved. This article proposes a unique 
system layout with a flexible gas warehouse bin designed 
to ensure the storage of carbon dioxide at ambient 
temperature and pressure. And analyzed the key 
component parameters of the compressed CO2 energy 
storage system examines, the impact of key component 
parameters on system performance, and conducts a 
thermodynamic and economic analysis of the system. 

2. SYSTEM DESCRIPTION  
The system is depicted in all its specific details in 

Figure 1. The entire system consists of a gas warehouse, 
compressor, cooler, condenser, working liquid CO2 tank, 
gasifier, hot tank, cold tank, throttle valve, evaporator, 
expansion machine, reheater, and pump. The entire 
process involves two water cycles and a carbon dioxide 
cycle. The gas warehouse is composed of flexible 
materials that can store gaseous carbon dioxide at 
ambient temperature and pressure. 

In the initial stage of the cyclic process, CO2 is 
compressed by the compressor to a supercritical state. 
The heat generated during the compression process is 
absorbed by the cold water at the outlet of the HPCT and 
stored in the HPHT. The cooled, high-pressure carbon 
dioxide is then condensed into a liquid by the condenser 

and stored in the working liquid CO2 tank. To ensure 
constant pressure storage of the liquid working fluid, the 
saturated steam in the working liquid tank flows back to 
the inlet of the condenser for further condensation, and 
at the same time, the atmospheric cold water that has 
released its cooling capacity is stored in the LHT. The 
high-pressure liquid carbon dioxide in the working liquid 
CO2 tank is transported to the evaporator through a 
throttle valve for evaporation and gasification. It is 
heated by the hot water stored in the HPHT in the 
reheater before entering the expansion machine to 
expand and generate electricity. The discharged carbon 
dioxide is cooled to ambient temperature and pressure 
in the evaporator and then stored in the gas warehouse 
after being discharged. To ensure the constant pressure 
release of the working liquid tank, some liquid carbon 
dioxide is directed to the gasifier and is converted into 
steam using high-pressure water waste heat before 
returning to the working liquid CO2 tank for pressure 
stabilization. 

 
Fig. 1. Specific details of the proposed CCES 

3. THERMODYNAMIC AND ECONOMIC MODELING 
This section describes the workflow and modeling 

process of the system in terms of thermodynamic and 
economic performance. 

3.1 Thermodynamic modeling 

Compressor: 

The power of compressors is expressed as： 

= −1 2 1( )LCW m h h  

= −3 4 3( )HCW m h h  

Isentropic efficiency ( C ) is defined as： 


−

=
−

,out is in
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out in

h h

h h
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Turbine: 

The power of the turbine is expressed as:  

= −17 17 18( )LEW m h h  (4) 

= −15 15 16( )HEW m h h  

Isentropic efficiency (
T ) is expressed as: 


−

=
− ,

in out
T

in out is

h h

h h
 

Heat exchangers  

The energy balance equation is expressed as: 

=

=
1

N

i
i

Q Q  

+ += − = −
2 2 2, 1 , , 1 ,( ) ( )CO CO i CO i water water i water iQ m h h m h h  

The energy balance equation of the evaporator is 
expressed as: 

= − = −

+ −

2 2 2
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The round trip efficiency (RTE) is one of the 
indicators used to measure the performance of a system. 
It is defined as: 

=




0

0
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t
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t
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W dt
RTE

W dt
 

The net power input for energy storage and the net 
power output for energy release are: 

= +ch LH HHW W W  

= +dis LC HCW W W  

3.2 Economic modeling 

The approach of Levelized Cost of Storage (LCOS) is  
widely referred to in energy storage systems and then is 

expressed as： 

=
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+ +
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     Where OMZ  is operation and maintenance cost; 

ICZ  represents the installation cost; PCZ  represents 

purchased cost; chZ is the electricity purchase cost. 

4. RESULTS AND DISCUSSION 
The specific design parameters of the system can be 

found in Table 1. 
Table 1 

Preliminary design parameters. 

Parameter Unit Value 

Ambient temperature °C 20 
Ambient pressure MPa 0.1 
Compressor isentropic efficiency  % 86 
Turbine isentropic efficiency % 92 
Relative pressure losses in heat 
exchangers 

% 2 

Heat exchanger temperature 
difference 

°C 10 

Charge duration h 10 
Discharge duration h 10 
Valley electricity price ￥/kWh 0.3 

 
4.1. The Influence of liquid tank temperature on RTE and 

LCOS 
The effect of tank temperature on RTE and LCOS is 

illustrated in Figure 2. As the liquid tank temperature 
increases, the RTE monotonically increases from 70.07% 
to 70.28%, achieving a maximum efficiency of 70.28% at 
30 °C. Conversely, the LCOS first decreases and then 
increases with the rising liquid tank temperature, 
reaching a minimum electricity cost of 0.703 CNY/kWh at 
a tank temperature of 26.5 °C. 

 
Figure 2. The effect of liquid tank temperature on 

RTE and LCOS 
4.2. The Influence of cooling water temperature on RTE 

and LCOS 
The effect of cooling water temperature on RTE and 

LCOS is shown in Figure 3. As the cooling water 
temperature increases, the cycle efficiency first increases 
and then decreases. Specifically, the cycle efficiency 
increases from 70.11% to 70.49% and then decreases to 
69.34%. At a cooling water temperature of 25 °C, the 
cycle efficiency reaches its maximum value of 70.49%. 
The LCOS first decreases and then increases with the 
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increase of cooling water temperatures, dropping from 
0.7075CNY/kWh to 0.7022CNY/kWh and then increasing 
to 0.7086CNY/kWh. At a cooling water temperature of 
25 °C, the minimum electricity cost is 0.7022CNY/kWh. 

 
Figure 3. The effect of cooling water temperature 

on RTE and LCOS 
4.3. The influence of outlet temperature of high-

pressure cooler on RTE and LCOS 

 
Figure 4. The effect of high pressure cooler outlet 

temperature on RTE and LCOS 
The effect of the outlet temperature of the high-

pressure cooler on RTE and LCOS is shown in Figure 4. As 
the outlet temperature of the high-pressure cooler rises, 
the RTE first increases and then decreases, rising from 
69.49% to 70.51% and then decreasing to 69.54%. When 
the outlet temperature of the high-pressure cooler is 
43 °C, the highest RTE is 70.51%. The LCOS first decreases 
and then increases with the increase of the outlet 
temperature of the high-pressure cooler. When the 
outlet temperature of the high-pressure cooler is 43 °C, 
the minimum electricity cost is 0.7004 CNY/kWh. 

4.4. The influence of main heat exchanger pinch 
temperature on RTE and LCOS 

 
Figure 5. The effect of main heat exchanger pinch 

temperature on RTE and LCOS 
The impact of the main heat exchanger pinch 

temperature on RTE and LCOS is shown in Figure 5. RTE 
decreases monotonically with the increase of the main 
heat exchanger pinch temperature, from 71.99% to 
68.66%, while LCOS shows an overall upward trend with 
the increase of the main heat exchanger pinch 
temperature, first increasing, then decreasing, then 
increasing and then decreasing. When the main heat 
exchanger pinch temperature is set at 3 °C, the minimum 
electricity cost reaches 0.6996CNY/kWh. 
4.5. The Influence of phase change heat exchanger 

pinch temperature on RTE and LCOS 

 
Figure 6. The effect of phase change heat 

exchanger pinch temperature on RTE and LCOS 
The effect of phase change heat exchanger pinch 

temperature on RTE and LCOS is shown in Figure 6. 
Increasing the pinch temperature of the phase change 
heat exchanger promotes a decrease in RTE, which 
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decreases from 70.50% to 69.88%. However, LCOS 
increases monotonically with the increase of the pinch 
temperature of the phase change heat exchanger. A 
smaller pinch temperature of the phase change heat 
exchanger can result in a lower cost per kilowatt hour. 
4.6. The Influence of compressor mechanical efficiency 

on RTE and LCOS 
The impact of compressor mechanical efficiency on 

RTE and LCOS is shown in Figure 7. Improving the 
mechanical efficiency of the compressor promotes an 
increase in RTE. As the mechanical efficiency of the 
compressor increases, LCOS shows a monotonically 
decreasing trend. The higher the mechanical efficiency of 
the compressor, the lower its electricity cost per kilowatt 
hour. Increasing the mechanical efficiency of the 
compressor can reduce the electricity cost per kilowatt 
hour.

 
Figure 7. The Influence of compressor mechanical 

efficiency on RTE and LCOS 
4.7. The Influence of mechanical efficiency of turbine on 

RTE and LCOS 
The impact of the mechanical efficiency of the 

turbine on the RTE and LCOS is shown in Figure 8. RTE 
increases monotonically with the increase of mechanical 
efficiency of the turbine, from 54.95% to 71.62%, while 
LCOS decreases monotonically with the increase of 
mechanical efficiency of the turbine. The higher the 
mechanical efficiency of the turbine, the lower its cost 
per kilowatt hour. Increasing the mechanical efficiency of 
the turbine can reduce the cost per kilowatt hour. 

 
Figure 8. The Influence of mechanical efficiency of 

turbine on RTE and LCOS 

5. CONCLUSIONS 
The thermodynamic and economic modeling of the 

system proposed in this article shows that: 
(1) The higher the mechanical efficiency of the 

compressor and expander, the lower the electricity cost. 
Increasing the mechanical efficiency of the compressor 
and expander can reduce the electricity cost. 

(2) The higher the pinch temperature of the phase 
change heat exchanger, the lower the RTE and the higher 
the cost per kilowatt hour. Therefore, the smaller pinch 
temperature in the phase change heat exchanger, the 
lower the cost per kilowatt hour can be obtained. 

(3) The higher the pinch temperature of the main 
heat exchanger, the lower the RTE, and the cost per 
kilowatt hour first increases, then decreases, then 
increases, then decreases, and then increases again. 
Therefore, a lower pinch temperature in the main heat 
exchanger, the lower the levelized electricity cost. 

(4) The higher the outlet temperature of the high-
pressure cooler, the higher the RTE first increases and 
then decreases, while the cost per kilowatt hour first 
decreases and then increases. When the outlet 
temperature of the high-pressure cooler is 43 °C, the 
minimum levelized electricity cost is 0.7004 CNY/kWh. 

ACKNOWLEDGEMENT 
NONE 

REFERENCE 
[1] [1]Adewuyi OB, Aki H. Optimal planning for high 
renewable energy integration considering demand 
response, uncertainties, and operational performance 
flexibility. Energy 2024;313:134021. 



6 

[2] Awan A, Abbasi KR, Rej S, et al. The impact of 
renewable energy, internet use and foreign direct 
investment on carbon dioxide emissions: a method of 
moments quantile analysis. Renew Energ 2022;189:454-
66. 
[3] Rahman MM, Oni AO, Gemechu E, et al. Assessment 
of energy storage technologies: A review. Environ 
Manage 2020; 223: 113295. 
[4] Zhang T, Chen LJ, Zhang XL. et al. Thermodynamic 
analysis of a novel hybrid liquid air energy storage system 
based on the utilization of LNG cold energy. Energy 2018; 
155: 641-650. 
[5] Liu Xu, Ke Wang, and Qing He. Compressed carbon 
dioxide energy storage: a comprehensive review of 
principles, research progress and prospects. Energy 
(2025): 136028. 
[6] Liu A, Zhao P, Sun J. et al. A new energy management 
strategy of a hybrid energy storage system with 
compressed carbon dioxide energy storage and power-
to-gas device based on the system volume optimization. 
Appl Therm Eng 269 (2025): 126161. 
[7] Li H, Ding R, Su W. et al. A comprehensive 
performance comparison between compressed air 
energy storage and compressed carbon dioxide energy 
storage. Energ Convers Manage 319 (2024): 118972. 
[8]  Zhang T, Gao J, Zhang Y. et al. Thermodynamic 
analysis of a novel adsorption-type trans-critical 
compressed carbon dioxide energy storage system. 
Energ Convers Manage 270 (2022): 116268. 
 


