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nd assessment of compressed
carbon dioxide energy storage technologies:
a comprehensive review

Hailing Ma, ab Yao Tong, *a Xiao Wang *c and Hongxu Wang*b

Compressed carbon dioxide energy storage (CCES) emerges as a promising alternative among various

energy storage solutions due to its numerous advantages, including straightforward liquefaction, superior

energy storage density, and environmental compatibility. This review delves into the recent

advancements, economic viability, technological feasibilities, and operational aspects of CCES systems

comprehensively. It encapsulates the evaluation methodologies, examines the intricacies of compressed

carbon dioxide storage, and explores the avenues for performance optimization within CCES

technology. A comparative analysis reveals that among trans-critical, supercritical, and liquid CCES

systems, the supercritical variant exhibits enhanced thermodynamic properties and a more

straightforward configuration, positioning it as the preferred choice for large-scale applications.

Additionally, this review incorporates recent advancements in CO2-related conversion technologies,

such as photocatalytic and photothermal CO2 reduction, which further enhance the potential of CCES

systems. The review highlights the future direction for CCES development, emphasizing the need for

optimal compression–expansion ratios, refined analytical models, and integrated multi-disciplinary

approaches. This discussion aims to serve as a foundational reference for the effective design and

implementation of CCES systems.
Sustainability spotlight

Global energy storage demands are rising sharply, making the development of sustainable and efficient technologies critical. Compressed carbon dioxide energy
storage (CCES) addresses this imperative by utilizing CO2, a major greenhouse gas, thus contributing directly to climate change mitigation. This review explores
CCES as a high-density, environmentally friendly energy storage option that aligns with the United Nations Sustainable Development Goals (SDGs), specically
SDG 7 (Affordable and Clean Energy) and SDG 13 (Climate Action). By enhancing the efficiency and scalability of CCES technologies, this work supports the
transition towards more sustainable energy systems. It demonstrates signicant advancements in the thermodynamic properties of supercritical CO2 systems,
offering a sustainable alternative to traditional energy storage methods and paving the way for reduced carbon footprints in industrial applications.
1 Introduction

In response to the increasingly severe climate change, Carbon
Capture and Storage (CCS) technology has emerged as a vital
solution. Over the past few decades, compressed carbon dioxide
energy storage (CCES) technology has seen signicant
advancements. Initial research primarily focused on funda-
mental theories and laboratory tests. However, as technology
progressed, the scale and application scope of CCES systems
have gradually expanded. Current research efforts are directed
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the Royal Society of Chemistry
towards optimizing compression–expansion ratios, developing
rened analytical models, and promoting multidisciplinary
integration methods. Optimizing compression–expansion
ratios can enhance the thermodynamic efficiency of the system
and reduce energy losses. Rened analytical models facilitate
more accurate simulation and prediction of system perfor-
mance. Additionally, multidisciplinary integrationmethods can
combine CCES technology with other energy technologies,
further enhancing its application potential.

Countries worldwide have adopted various measures to
minimize greenhouse gas emissions. Developed countries like
the United States, which have reached their carbon peak, have
implemented CCS technology as a strategy to reduce green-
house gas emissions. Carbon capture and sequestration tech-
nology mainly consist of the following steps: CO2 capture,
which means that CO2 is separated from fossil fuels before or
aer combustion and can be reduced by compression; CO2
RSC Sustainability, 2024, 2, 2731–2750 | 2731
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transportation, which means that the captured CO2 is trans-
ported to the storage site through pipelines or other means of
transportation. CO2 storage refers to the injection of CO2 into
storage space, such as an underground saltwater layer, waste
gas mining, and other geological structures or geological
structures below the seabed.1–4 Pre-combustion capture, post-
combustion capture, and oxygen-enriched combustion are the
three primary carbon capture methods now in use.5,6 Due to the
high expense of directly injecting CO2 into the ground and
geological storage, some researchers have expanded the atten-
tion of CO2 oil displacement in the carbon capture and storage
process and proposed the concept of carbon capture, utiliza-
tion, and storage (CCUS). How to use this captured CO2 has also
become one of the research directions of scholars. Compared
with CCS technology, the CCUS proposed in recent years has
more obvious advantages. It puries the captured CO2 and then
puts it into the new production process to become raw material
recycling rather than simple storage. Compared with CCS,
CCUS can turn CO2 in waste gas into a useable resource,
resulting in economic benets.7–10 According to the 2017 CCS
Global Status Report,11 there are 39 large-scale CCS devices in
use globally as of September 2017, with 21 projects in operation
or under development, capturing a total of 38 million tons of
CO2 per year. For such a big amount of CO2 captured every year,
the most common treatment method is to store it underground.
If this portion of CO2 can be employed instead of air as an
energy storage system, the pressure to deal with the CO2 gath-
ered each year will be reduced.

Simultaneously, renewable energy sources such as wind and
solar can help improve power system structure, reduce the
amount of primary energy used in grid power generation, and
minimize carbon emissions. However, due to natural condi-
tions' limitations, like wind and solar power generation, the
objective of renewable energy power generation is to effectively
utilization these renewable energies and safely connect to the
grid during periods of no wind or at night. Additionally, it aims
to enhance the benets of renewable energy power generation
technology.12 Consequently, with renewable energy poised for
large-scale adoption, energy storage technology is being
Table 1 Technical parameters of different electric energy storage15–18

Energy storage
mode

Initial investm
dollar/kW h

Physical energy
storage

Pumping energy storage (PES) 10.6–21.2
Flywheel energy storage (FES) 1000–5000
Compressed air energy storage (CAES) 3.18–5.3
Liquid air energy storage (LAES) 7.6
CCES 2.88

Electromagnetic
energy storage

Supercapacitor 20000
Superconducting electromagnetism —

Electrochemical
energy storage

Vanadium ow battery 600
Zinc bromine ow battery 450
Sodium–sulfur battery 450
Lead-acid battery 50–100
Lithium-ion battery 900–1300
Hydrogen fuel cell 2–15

2732 | RSC Sustainability, 2024, 2, 2731–2750
integrated into renewable energy generation systems, such as
wind power generation and photovoltaic power generation, as
peak shaving equipment in the power grid. This technology is
required for the widespread and successful deployment of
renewable energy systems. Renewable energy sources, like wind
power and photovoltaic power generation, are stored during low
power consumption periods. The energy storage device adjusts
the unit's output curve, mitigating the risks associated with the
randomness and unpredictability of renewable energy power
generation on stable power generation in the power grid. By
converting stored energy into electric energy output during peak
power consumption periods, the energy storage device can
effectively eliminate the risk of power supply shortages during
peak periods, act as a peak load shaving mechanism, and
reduce the power grid's reserve demand for peak-shaving power
stations.13,14

The current electric energy storage technology, as illustrated
in Table 1, is fairly advanced. The current electric energy storage
technologies mainly include three categories: physical energy
storage technologies represented by pumped hydro energy
storage, compressed air energy storage, and ywheel energy
storage; chemical energy storage technologies represented by
battery energy storage, superconducting energy storage tech-
nologies, and electromagnetic energy storage technology rep-
resented by supercapacitors.19–22 Electrochemical energy storage
systems generally have relatively small capacities and high
costs. At present, only pumped storage technology and
compressed air energy storage technology can match the grid
and realize large-scale energy storage. The single unit power of
a compressed air energy storage power station can reach more
than 350 MW, and the maximum capacity of a pumped storage
power station can reach 2.1 GW.23 Although the technology of
pumped storage power stations has matured, and the cycle
efficiency is high and the cycle is long, the site selection of
pumped storage power station has strict requirements: it must
be a reservoir with a large drop and a corresponding dam.
Therefore, the sites suitable for the construction of pumped
storage power plants will decrease year by year. Compressed air
energy storage technology is another technology that can realize
ent Rated
power/MW Discharge duration

Cycle
efficiency/%

Cycle life/
year

10–1000 Minute level–hour level 65–80 30–50
0.01–20 Seconds–minutes 75–90 20–50
10–300 Minute level–hour level 42–73 30–40
10–500 Minute level–hour level 61.6 30–40
10–300 Minute level–hour level 64–67 30–40
0.05–0.1 Seconds–minutes 65–90 8–17
1–100 Millisecond–second 80–95 20
0.2–12 Hour class 65–75 12–20
0.1–15 Hour class 60–70 15
0.05–30 Hour class 75–87 12–20
0.05–10 Minute level–hour level 70–90 5–15
— Minute level–hour level 80–95 10–20
0.01–50 Minute level–hour level 20–50 5–20

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00211c


Critical Review RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

9.
06

.2
02

6 
20

:2
0:

06
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
large-scale energy storage. Compared with pumped hydro
storage, it has more exible site selection requirements, so this
technology has also received extensive attention.24,25 Research
on compressed air energy storage systems provides a theoretical
foundation for increasing the energy utilization of compressed
air energy storage systems, making them more useful in
renewable energy, power grid peak cutting, and valley lling.
However, there are still several issues with compressed air
energy storage. CO2 has good physical qualities compared to air
and is a type of energy storage system with signicant devel-
opment potential, allowing for large-scale deployment of CCES
technology.

The energy storage working system using air has the char-
acteristic of low energy storage density. Although the energy
storage density can be increased by converting air into a liquid
or supercritical state, it will increase the technical difficulty and
economic cost accordingly.24,26,27 So, researchers began to
explore the gas energy storage system with high density and can
be used as the compressed energy storage system. Because
supercritical carbon dioxide has the characteristics of low
viscosity, low diffusion coefficient, and high density, using it as
the energy storage system for compressed gas energy storage
can obtain higher energy storage density and greatly reduce the
energy storage volume needed by container/reservoir.28–30 As
a result, many professionals and academics have been inter-
ested in compressed-gas energy storage technology based on
carbon dioxide in recent years.

In conclusion, as compared to air, carbon dioxide has several
distinct benets as an energy storage system. Pumps, rather
than compressors, may be applied to enhance storage pressure
since it has a higher dew point temperature and is easier to
condense than air. On either hand, it enables large-scale carbon
dioxide consumption, which aids in the reduction of carbon
dioxide emissions. Due to the advantages of easy access to
carbon dioxide and good physical properties, CCES technology
is developing rapidly at present. The research work on the
refrigeration cycle and Brayton cycle with carbon dioxide as the
working system has been paid attention to, and the research on
the carbon dioxide system has been more mature.31 However,
there is still a big deciency in the research on using carbon
dioxide as the working system of compressed-gas energy storage
systems. Therefore, it is necessary to research on the expansion
of a new type of energy storage system with carbon dioxide as
the working system, especially paying attention to the perfor-
mance improvement of carbon dioxide heat exchanger and
compression expander in the supercritical state, which is
helpful to further improve the cycle efficiency of the system and
expound the utilization eld of carbon dioxide.

The advancement of carbon dioxide compression energy
storage system research is evaluated and addressed in this
study. The thermodynamic techniques of CCES are outlined
rst, followed by a discussion of the development of the CCES
system, as well as its economic and technical viability and
system operation. This review also addresses cycle efficiency,
energy storage efficiency, energy storage density, and system
structure complexity, which are commonly used to assess the
overall performance of CCES systems. Finally, the challenges
© 2024 The Author(s). Published by the Royal Society of Chemistry
faced by the current compressed carbon dioxide energy storage
system are summarized, and its future research directions are
prospected.

2 Principle of CCES system

The operational strategy of CCES systems includes multi-stage
compression, thermal energy storage, high-pressure gas
storage, and expansion processes. During the energy storage
phase, the system uses excess electrical energy to drive
compressors, compressing carbon dioxide to a supercritical
state, while the heat generated during compression is stored in
thermal storage devices. The high-pressure carbon dioxide is
then stored in high-pressure gas storage tanks. During the
energy release phase, the high-pressure gas absorbs the stored
heat through a heat exchanger and enters an expansion turbine
to perform work, with the released electrical energy being
output through a generator. Optimizing the parameters for
multi-stage compression and expansion processes can further
improve the system's cycle efficiency and energy storage density.

Carbon dioxide has a melting point of 194.7 K and a boiling
point of 216.6 K, making it denser than air (under ordinary
circumstances) and somewhat soluble in water. Carbon dioxide
is chemically inactive, exhibits great thermal stability (only
1.8% degradation at 2000 °C), cannot burn, does not generally
assist combustion, and low quantities of carbon dioxide are
non-toxic. The critical temperature of carbon dioxide is 304.1 K,
with an equivalent pressure of 7.38 MPa, making it relatively
simple for it to reach the critical state. When the temperature
and pressure of carbon dioxide exceed the critical threshold, it
is termed supercritical carbon dioxide (SC-CO2). Transcritical
carbon dioxide (TC-CO2) occurs when the pressure of carbon
dioxide undergoes supercritical and subcritical transitions and
cycles around the critical point. Studies on transcritical carbon
dioxide heat pumps and supercritical carbon dioxide Brayton
cycles have indicated that carbon dioxide can be used as
a natural working system. SC-CO2 combines some properties of
gaseous and liquid CO2 but also exhibits new properties, such
as lower viscosity, greater diffusion coefficient, and higher
density.32–34 Under current technical conditions, carbon dioxide
can easily reach the supercritical state through pressurization,
leading to extensive research on thermodynamic cycles based
on carbon dioxide, including carbon dioxide refrigeration
cycles,35–38 carbon dioxide Brayton cycles,39,40 carbon dioxide
Rankine cycles,41 carbon dioxide heat pump cycles,42 carbon
dioxide energy storage cycles,30,43,44 and more.

Liu et al.45 proposed an electrothermal energy storage system
that utilizes CO2 as the working uid and converts energy
through heat engine and heat pump cycles. Depending on the
physical state of carbon dioxide at the outlet of the expansion
unit, the energy storage system is categorized as either a tran-
scritical energy storage system (Transcritical CCES, TC-CCES)
when the pressure of carbon dioxide at the outlet is below the
critical pressure, or as a supercritical compressed carbon
dioxide energy storage system (Supercritical CCES, SC-CCES)
when the temperature and pressure at the exit of the expan-
sion unit exceed the critical values of carbon dioxide. Fig. 1 and
RSC Sustainability, 2024, 2, 2731–2750 | 2733
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Fig. 1 Development diagram of round-trip efficiency of CCES system.
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2 illustrate the signicant advancements in CCES, TC-CCES,
and SC-CCES, showcasing notable enhancements in system
round-trip efficiency (RTE) across various operational scenarios.
The working principle of the electrothermal energy storage
system involves the excess electric energy input driving the
compressor to compress CO2 during the energy storage process.
This conversion process transforms the electric energy into
internal energy and pressure energy of CO2, which is stored in
the high-temperature accumulator. The pressure energy is then
converted into cold energy through the expansion turbine and
stored in the cold accumulator. Subsequently, aer increasing
the pressure, CO2 absorbs heat energy in the accumulator,
warms up, and enters the expansion turbine to perform work.
The CO2 exiting the turbine is cooled by the cold source before
Fig. 2 A schematic of the carbon dioxide electrothermal energy storage

2734 | RSC Sustainability, 2024, 2, 2731–2750
being cycled back to the beginning of the process, thereby
converting heat and cold energy into electric energy.

On the basis of classic compressed air energy storage tech-
nology, a CCES system has been developed. The system incor-
porates multi-stage compression, inter-stage cooling, multi-
stage expansion, inter-stage reheat, and other operational
options. Nevertheless, there are notable structural differences
between the two systems. This section provides an overview of
the principles and development progress of the compressed
carbon dioxide energy storage system to elucidate its develop-
ment trajectory.

Because carbon dioxide is a greenhouse gas that signicantly
impacts global temperature change, the process of capturing
and collecting carbon dioxide is complex. The CCES system uses
system's cycle.43

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic diagram of CCES system.46
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closed technology, meaning there is no material exchange with
the outside world during the entire energy storage process, only
energy exchange. Fig. 3 depicts the CCES device in action. The
working principle of the system is as follows: when storing
energy, surplus electric energy compresses the carbon dioxide,
which is then stored aer heat exchange by the heat storage
device. The high-pressure carbon dioxide is stored in the
storage tank, and the compressed heat is stored in the heat
storage device. During energy release, the high-pressure carbon
dioxide is heated by heat exchange, driving the expander to
perform work, and generates electric energy. The carbon
dioxide, aer the work is done, is cooled to its initial state for
storage.47,48

To maintain the liquid or supercritical state of carbon
dioxide working uid in the gas storage chamber in the existing
CCES system, a specially manufactured gas storage tank must
be used to ensure the temperature and pressure of the gas
storage chamber.46 A heat accumulator is required in the system
to recover and utilize the heat created by the energy storage
process. The presence of articial gas storage tanks and heaters
adds to the existing CCES system's complexity and
manufacturing expense. The compression of carbon dioxide
into subterranean uids or porous rock formations that
formerly held uids, such as natural gas, oil, or deep saline
water layers, exhausted oil and gas reservoirs, unexploitable
coal seams, and so on, is known as carbon dioxide geological
storage. The rise in temperature per unit distance down the
normal of the subsurface isothermal surface to the core of the
earth is dened as a geothermal gradient,49 also known as the
“geothermal gradient.” The geothermal gradient is usually
about 30 °C km−1. As a result, when carbon dioxide is kept
underground for 2–3 kilometers, geothermal energy may be
used to heat high-pressure carbon dioxide, eliminating the need
for a heat accumulator in the CCES system.

The CCES system utilizes two subterranean gas storage
chambers. One chamber stores high-pressure carbon dioxide
© 2024 The Author(s). Published by the Royal Society of Chemistry
emitted by the compressor to prevent its release into the
atmosphere. The other chamber stores low-pressure carbon
dioxide from the expansion turbines, creating a closed CCES
system.47 The heat accumulator may be excluded from the
system due to the geothermal gradient's impact on the subter-
ranean gas storage chamber. The carbon dioxide from the
compressor can be directly injected into the gas storage
chamber for storage. The CCES system consists of
a compressor, high-pressure gas storage chamber, low-pressure
gas storage chamber, heater, expansion turbine, regenerator,
and other components, all based on subterranean gas storage
technology.

The CCES system, based on the underground gas storage
chamber, operates on the following principle: during periods of
low power consumption, the compressor uses excess electric
energy to supercritically reduce the carbon dioxide in the low-
pressure gas storage chamber and then stores it in the high-
pressure gas storage chamber.50 The supercritical carbon
dioxide stored in the high-pressure gas storage chamber is
released at the peak of power consumption, where it heats up in
the heater and enters the expansion turbine to perform work.
This work is then converted into electricity through the gener-
ator, and the carbon dioxide is subsequently stored in the low-
pressure gas storage chamber aer the work is completed, ready
to be utilized in the next cycle of energy storage.51

3 Research progress of CCES

In past studies, compressed carbon dioxide energy storage
(CCES) technology has achieved many signicant advance-
ments. Recent research focuses on optimizing compression–
expansion ratios, developing rened analytical models, and
promoting multidisciplinary integration methods. For example,
optimizing compression–expansion ratios can signicantly
improve the thermodynamic efficiency of the system and reduce
energy losses. Rened analytical models can more accurately
RSC Sustainability, 2024, 2, 2731–2750 | 2735
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simulate and predict system performance, while multidisci-
plinary integration methods can help combine CCES tech-
nology with other energy technologies, enhancing its
application potential. Additionally, recent studies have also
addressed CO2-related conversion technologies. For example,
Fang et al.52 developed efficient photocatalytic CO2 reduction
using molecular polypyridyl Zn(II) complexes through ligand-
based electron transfer. Zhang et al.53 explored photothermal
catalytic CO2 reduction over nanomaterials, demonstrating
signicant advancements in this area. Li et al.54 investigated
one-dimensional copper-based heterostructures for photo-
driven CO2 reduction to sustainable fuels and feedstocks.
Yuan et al.55 proposed a coupling strategy for CO2 valorization
integrated with organic synthesis by heterogeneous photo-
catalysis. Ren et al.56 introduced host–guest assemblies of
molecular catalysts onto CuInS2/ZnS quantum dots for robust
photocatalytic syngas production in water. Lastly, Jia et al.57

developed a Z-scheme heterostructure of Cu2O/Pt/NH2-MIL-125
(Ti) for photocatalytic CO2 reduction. These studies have further
advanced CCES technology, providing new insights for future
applications.

A liquid CO2 energy storage system based on the Brayton
cycle was rstly proposed by Zhang et al.58 Through the storage
of liquid CO2 for energy storage, while using the organic
Rankine cycle to absorb the waste heat generated in the process
of power generation, it nally achieves the storage and release
of electric energy, as shown in Fig. 3. The operational principle
of the liquid compression CO2 energy storage system is that
during the energy storage process, the CO2 in the gas storage
Fig. 4 (a) Compressed CO2 energy storage system based on Brayton cyc
CO2 Rankine cycle and voltage shrinking refrigeration cycle;60 (c) effect

2736 | RSC Sustainability, 2024, 2, 2731–2750
tank releases cold energy in the accumulator aer being regu-
lated by the throttle valve, and then enters the compressor. The
compressor uses excess electric energy to compress the CO2.
The high temperature and high-pressure CO2 is cooled to
a liquid to be stored in the gas storage tank, and thermal energy
is stored in the tank simultaneously. During the energy release
process, the liquid CO2 in the gas storage tank is pressurized by
the CO2 pump, absorbs the heat energy in the heat accumulator,
and then enters the expansion turbine to perform work. The
waste heat discharged by the turbine enters the Rankine cycle to
perform work, and the CO2 is cooled to a liquid in the heat
accumulator before entering the gas storage tank. Thermody-
namic analysis shows that compared with the advanced adia-
batic air compression energy storage system (advanced
adiabatic compressed air energy storage, AA-CAES), the liquid
compression CO2 energy storage system has a higher energy
storage density (approximately 12 times that of the AA-CAES
system), but its cycle efficiency is lower.

On the basis of the electrothermal energy storage system
proposed, by He et al.59 introduced the supercritical (tran-
scritical) CO2 energy storage system based on the Rankine cycle
and the integrated energy storage system combining the CO2

Rankine cycle and voltage shrinking refrigeration cycle, as
illustrated in Fig. 4(a). Additionally, the supercritical (tran-
scritical) compression CO2 energy storage system is founded on
the Brayton cycle,60 as depicted in Fig. 4(b). The cycle charac-
teristics, optimal design, system and cycle analysis, and the
relationship between components and parameters of the ther-
moelectric energy storage system utilizing CO2 as a working
le;59 (b) integrated energy storage system of supercritical (transcritical)
of turbine efficiency on exergy.59

© 2024 The Author(s). Published by the Royal Society of Chemistry
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uid are thoroughly examined. The operational principle of the
compressed CO2 energy storage system based on the Brayton
cycle involves several stages. In the energy storage phase, liquid
CO2 in the low-pressure gas tank releases cold energy, trans-
forming into low-pressure gaseous CO2. The vaporized CO2 is
then compressed to a supercritical state in the compressor
before releasing heat energy through the accumulator and
entering the high-pressure gas storage tank. During the energy
release phase, the high-pressure gas storage tank discharges
CO2, absorbs heat energy via the accumulator, and proceeds to
the expansion turbine to perform work. The CO2 from the
turbine goes through the air cooler, cold accumulator, and
expansion turbine successively, eventually liquefying into the
low-pressure liquid storage tank. In the calculation process,
a packed bed serves as the heat storage device, absorbing heat
Fig. 5 Various compressed CO2 energy storage systems: (a) a carbon d
energy storage system with a combination of wind energy and carbon d

© 2024 The Author(s). Published by the Royal Society of Chemistry
during the system's compression process to reduce temperature
differences in heat transfer and enhance system efficiency from
56.3% to 60.69%. Sensitivity analysis reveals the relationship
between system efficiency, energy density, and compressor,
expander, and turbine efficiencies. Exergy analysis of the system
provides insights into the exergy loss distribution of each
component, indicating that turbines contribute to 47.15% of
exergy loss, which decreases with improved turbine efficiency.
Enhancing turbine mechanical component efficiency can
elevate system performance and reduce exergy losses. Priori-
tizing turbine optimization is crucial as it can potentially
increase the system's energy density. Additionally, changes in
pressure at different process points can be utilized to assess
variations in exergy loss, system efficiency, and energy density
of individual components.
ioxide energy storage system with a phase transition device;61 (b) an
ioxide.61
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Following that, a hybrid system was created that combined
carbon dioxide energy storage with other energy storage
methods. Fig. 5(a) shows a carbon dioxide energy storage
system with phase change devices developed by Liu et al.61 The
system compresses carbon dioxide using wind energy and
power grid surplus electric energy, then employs a phase
change device to absorb the compression heat created by
compressed carbon dioxide in the energy storage stage and heat
high-pressure carbon dioxide in the energy release stage. The
device has high energy storage density and can realize large-
scale energy storage. Liu et al.61 combine the characteristics of
easy liquefaction of carbon dioxide, use wind energy to
compress carbon dioxide, and propose a combination system of
wind energy and carbon dioxide energy storage technology, as
shown in Fig. 5(b). Double-tank liquid storage is utilized in the
energy storage process, which considerably decreases storage
volume while increasing energy density. The technology has the
maximum efficiency in the rst-stage compression and rst-
stage expansion when compared to multi-stage compression.
At the same time, instead of using water as a heat storage
system, it employs heat conduction oil, which makes better use
of compression heat in the energy storage stage and lowers the
heat transfer temperature difference. Finally, the system is
combined with the organic Rankine cycle to absorb the waste
heat from the tail gas of the last stage expander in the energy
release stage, and the efficiency of the system is improved by
nearly 10% on the basis of 41.2% in the process of system
optimization.

Koohi-Kamali et al.62 proposed a new triple generation
system based on a transcritical Brayton cycle and carbon
dioxide energy storage, as shown in Fig. 6. The CCHP system
operates in the charging phase during off-peak hours. The
liquid CO2 (stream 10) provided is initial expanded by TV2 to
Fig. 6 A new triple production system based on transcritical Brayton cy

2738 | RSC Sustainability, 2024, 2, 2731–2750
ensure the functionality of the CS. The resulting gas–liquid
mixture (stream 11) transforms into gaseous CO2 (stream 1)
aer the phase transition, during which the cold energy from
CO2 is stored in CS. Subsequently, using the excess and inex-
pensive electricity from the power grid, the CO2 is compressed
into a supercritical phase (stream 2). Following the cooling
process in HE1, it is ultimately stored in HST as a supercritical
phase (stream 3). The heat from compression is absorbed by the
heat storage system and stored in HFT for future use.

Zhang et al.47 proposed a carbon dioxide energy storage
system that combines underground strata of different depths,
as illustrated in Fig. 7. The systemmaintains the temperature of
carbon dioxide relatively constant based on the temperature
characteristics of rock strata at various depths. During the
energy release stage, in conjunction with natural gas combus-
tion, the inlet carbon dioxide of the expander is heated,
enhancing the energy grade of carbon dioxide.63 A natural gas
combustion supporting system is integrated into the system,
resulting in a higher temperature of carbon dioxide at the outlet
of the last stage expander. This portion of energy is used to heat
the carbon dioxide before the expander stage, effectively
utilizing the waste heat of the tail gas. Additionally, the tran-
scritical carbon dioxide energy storage system and supercritical
carbon dioxide energy storage system under different pressures
are examined. The study investigates the impact of key param-
eter variations on the supercritical carbon dioxide energy
storage system, as well as the distribution of losses in each
component and how they change with the key parameters. A
natural gas supplementary combustion device is introduced in
front of the expander stage in the system to enhance the
working capacity of carbon dioxide. However, this setup raises
concerns regarding tail gas treatment and reliance on under-
ground strata.
cle and carbon dioxide energy storage.62

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 A carbon dioxide energy storage system with underground rock strata.47
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He et al.59 proposed transcritical and supercritical carbon
dioxide energy storage systems based on the Brayton cycle, as
shown in Fig. 8(a) and (b), respectively. To limit the loss caused
by hot water mixing, the system employs water as the working
uid for heat storage and stores the compression heat produced
in the compression stage in distinct hot tanks. The impacts of
critical factors on system cycle efficiency, expansion efficiency,
expander power output, and energy density are determined via
sensitivity analysis. Transcritical carbon dioxide energy storage
systems and supercritical carbon dioxide energy storage
systems have a maximum efficiency of 60% and 70%, respec-
tively, and both exhibit high energy density. However, due to the
enormous storage pressure of the two energy storage systems, it
is challenging to detect, and the equipment has concealed risks.

Supercritical uid technology is a new green chemical tech-
nology that has rapidly developed in recent decades worldwide.
Supercritical carbon dioxide is currently the most commonly
used supercritical uid. The physical and chemical properties
of supercritical uids are unique, as they exhibit characteristics
between those of liquids and gases. They do not strictly belong
to either state. Table 2 compares the differences in density,
viscosity, and diffusion coefficient of working uids in gaseous,
liquid, and supercritical states. It is evident that the density of
supercritical uid is similar to that of a liquid, while its viscosity
is akin to that of a gas. Therefore, the supercritical state is
recognized as a distinct third phase state separate from gas and
liquid states. Moreover, supercritical uids possess excellent
ow and transfer properties, with a strong ability to dissolve
low-volatile substances. Their physical properties signicantly
depend on temperature and pressure near the critical region.
The critical temperature of carbon dioxide is 31.1 °C, and the
pressure is 7.38 MPa. Gaseous carbon dioxide can be liqueed
by increasing the pressure to about 6 MPa at room temperature.
Liquid carbon dioxide can store a large amount of energy in
a very compact tank space, maintaining stable pressure as long
as the temperature remains constant during the gasication
process. Zhang et al.35 introduced a novel transcritical carbon
dioxide refrigeration cycle incorporating a vortex tube
© 2024 The Author(s). Published by the Royal Society of Chemistry
expansion structure, optimizing key cycle parameters to
enhance system efficiency. Wright et al.66 investigated the
carbon dioxide transcritical (subcritical) refrigeration cycle,
analyzing its thermodynamic characteristics and optimizing
cycle parameters based on thermodynamic principles. Pickard
et al.67 explored the application of carbon dioxide in the Brayton
cycle, considering the unique characteristics of carbon dioxide
in the supercritical state and assessing its potential future
applications. Building on the rst law of thermodynamics,
Zhang et al.35 examined the carbon dioxide Brayton cycle across
different states, using thermal efficiency, power generation
efficiency, and irreversibility as evaluation criteria. They
analyzed the thermodynamic properties of carbon dioxide
under subcritical, transcritical, and supercritical conditions,
summarizing the advantages, disadvantages, and suitable
conditions of carbon dioxide cycle systems in various states.

A signicant number of scholars have conducted innovative
research to advance the carbon dioxide energy storage system.
However, the system currently lacks high output power, eco-
friendliness, and the ability for comprehensive and exible
application of new energy sources. Most of the existing CO2

energy storage systems are designed with low compression and
expansion ratios to maintain transcritical or supercritical
conditions. Consequently, due to the low temperature trend of
system heat compression, limited power capacity, and low
energy density are anticipated. These factors will inevitably
result in increased system size and cost.

In the aforementioned compressed carbon dioxide energy
storage system, the thermal parameters of the system are set
during the design process. The design scheme adopts an equal
distribution of compression ratios and expansion ratios at all
levels for both the step-by-step compression and expansion
processes. However, the effects of changes in the physical
properties of carbon dioxide on the thermodynamic parameters
of the system's compression and expansion processes were not
fully considered. As a result, there is signicant potential for
enhancing the thermal performance of the compressed carbon
dioxide energy storage system.
RSC Sustainability, 2024, 2, 2731–2750 | 2739
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Fig. 8 (a) A cross-carbon dioxide energy storage system based on Brayton cycle;59 (b) an ultra-carbon dioxide energy storage system based on
Brayton cycle.59

Table 2 Order of magnitude comparison of physical properties of the
same carbon dioxide in gaseous, liquid and supercritical transitions64,65

Fluid category
Density
(kg m−3)

Viscosity
(g cm−3 s−1)

Diffusion coefficient
(cm2 s−1)

Gaseous 1 10−4 10−1

Liquid 1000 10−2 10−5

Super 300–800 10−4 10−4

2740 | RSC Sustainability, 2024, 2, 2731–2750
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4 Evaluation for the characterization
of CCES systems
4.1 Economic and technical feasibility

As a new type of electric energy storage system, the compressed
carbon dioxide energy storage system has a long construction
period and an operating income period of more than ten years
© 2024 The Author(s). Published by the Royal Society of Chemistry
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to several decades, which prolongs the project's break-even
period and does not have obvious economic benets in the
short term. To analyze and evaluate the technical and economic
characteristics of the system comprehensively and accurately, it
is necessary to study the economic status of the compressed
carbon dioxide energy storage system in its entire life cycle, and
to compare and analyze the technical and economical aspects of
the compressed carbon dioxide energy storage system. Sensi-
tivity analysis and critical point impact analysis are carried out
on the economic factors that have a greater impact on the power
generation cost and prot and loss of the energy storage system
project, and the impact trend of the technical and economic
indicators of the energy storage system and the corresponding
critical point value are found. The whole life cycle analysis
method is an analysis method to obtain the best overall
equipment efficiency at an economical life cycle cost, and is the
core of equipment management.68 Life Cycle Cost (LCC) refers
to the synthesis of all costs that may occur in the process of
equipment from investment, operation, maintenance to scrap-
ping during the equipment life cycle.69 The whole life cycle
analysis method can effectively solve the contradiction between
equipment development and shortage of funds, and it is
a strategic measure to effectively improve the prot of equip-
ment life cycle.70 Fig. 9 shows the specic calculation ow of the
full life cycle method. For system investment projects, the
calculation of the whole life cycle model can predict the direct
and indirect economic benets of project investment to
a certain extent, comprehensively analyze the technicality and
economy of system investment projects, and provide reasonable
decision-making basis for system project investors.71

Wang et al.51 evaluate the economy of a new CCES system
that combines the storage of carbon dioxide in underground
coal seams with the compression and storage of carbon dioxide
above ground. The results show that reducing the compression
stage and increasing the expansion stage can enhance the
system's performance. By considering factors such as carbon tax
and carbon income price, the study identies the economic
conditions necessary for the energy storage system to achieve
economic benets. The system can generate a prot under most
electricity prices during the energy storage process. In
comparison to the integrated system and the independent
carbon dioxide storage system, the independent energy storage
Fig. 9 Flowchart of calculation of life cycle cost analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
system demonstrates economic advantages only when the
carbon tax is below $47 per ton and $68 per ton, respectively.
4.2 System operability

In the realm of dynamic simulation of CCES systems, Alami et
al.72 introduced a novel hybrid compressed supercritical carbon
dioxide energy storage system. This system utilizes an electric
heater powered by a wind farm's high-frequencymagnetoresistive
power to harness wind energy. Dynamic simulation is conducted
to evaluate the system's dynamic characteristics under stable
wind generation conditions and actual wind generation
scenarios. With a round-trip efficiency (RTE) of 57.55% and an
energy density of 84.1 kWhm−3, the system can store wind power
during off-peak hours and seamlessly release it to the grid.
Uncertainty quantication indicates that the system can operate
normally with an RTE standard deviation ranging from 55.72% to
58.16% and an energy density uncertainty between 83.7 kW h
m−3 and 86.5 kW h m−3. In experimental research on the CCES
system, Alirahmi et al.73 explored the use of carbon dioxide as the
working uid in a low-pressure compressed gas energy storage
system. They gathered experimental data on key thermal
parameters of the CCES system by constructing a test-bed. The
pressure regulator and heater are employed to manage the pres-
sure and temperature of the carbon dioxide entering the cylinder,
maintaining the carbon dioxide at initial pressures of 2 bar, 2.5
bar, and 3 bar, respectively. The experimental ndings demon-
strate that heat transfer losses during the charge–discharge cycle
can be minimized, and safety can be improved when the system
operates at a maximum starting pressure of 3 bar. The system's
cycle efficiency is approximately 79%.

It is vital to study the thermodynamic properties of a thermal
system while developing, optimizing, and integrating it to
understand the transfer, transformation, and loss of energy
within the system. According to the theory of thermodynamics,
there are various methods for analyzing thermodynamic
systems, such as the “energy balance method” based on the rst
law of thermodynamics, the “heat balance method, “entropy
analysis method, and the “exergy analysis method” based on the
second law of thermodynamics. Additionally, there is the exergy
economic analysis method based on thermodynamic analysis
(exergy economic analysis).74,75
RSC Sustainability, 2024, 2, 2731–2750 | 2741
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4.3 Exergy analysis

Energy exhibits the characteristic of mutual transformation,
yet not all forms of energy can be converted into useful work.
This indicates variations in the capacity to convert different
energy forms into useful work. Consequently, energy
embodies both the concept of “quantity” and the aspect of
“quality.” The rst law of thermodynamics, which is the
foundation of energy analysis, primarily focuses on the attri-
bute of energy.

Exergy is dened as the maximum work that can be ob-
tained from a specic type of energy when a particular envi-
ronmental condition is used as the reference state.
Consequently, exergy exhibits both “quantity” and “quality”
characteristics. The classical analysis method, which is
grounded in the rst and second laws of thermodynamics, is
an energy system analysis technique based on the concept of
exergy. In practical applications, exergy losses occur due to the
irreversibility of processes. Exergy analysis can uncover the
inefficiencies of a thermodynamic system under specic
thermal conditions, and the efficiency of a thermodynamic
process can be assessed by the extent of exergy loss. A high
exergy loss indicates irreversibility in the thermodynamic
process. Typically, during exergy analysis, the ratio of input
exergy to output exergy is utilized to gauge exergy utilization.
Through exergy analysis, the efficiency of energy utilization in
the energy conversion system can be assessed, identifying any
inefficiencies in energy use and providing a foundation for
optimizing the energy system.76

The exergy analysis method is based on the exergy equilib-
rium equation. In thermodynamics, the exergy equilibrium
equation is:77

E
c

In;tot ¼ E
c

P þ
X
k

E
c

L;k þ E
c

Out (4-1)

where, ĖIn,tot-the total exergy amount of the input system, kW;
ĖP-exergy produced for the system, kW; ĖOut-the exergy output

into the environment by the system, kW;
P
k
E
c

L;k-the sum of

exergy losses of components (k) in the system, kW.
For any part of the system, the exergy loss is:77

ĖL,k = ĖIn,k − ĖP,k (4-2)

where, ĖL,k-the exergy loss of component k in the system, kW;
ĖIn,k-the amount of exergy for the input component k, kW; ĖP,k-
exergy produced for component k, kW.

The exergy loss of the internal components of the
compressed carbon dioxide energy storage system can be cate-
gorized as two parts: internal exergy loss and external exergy
loss. It can also be divided into avoidable exergy loss and
unavoidable exergy loss.78 The exergy loss of components in the
system can be expressed as:

ĖL(i) = EL
ĖN(i) + EL

ĖX(i) = EL
_AV(i) + EL

_UN(i) (4-3)

In the formula, EL
ĖN(i) is the internal exergy loss of the i-th

component in the system, kW; EL
ĖX(i) is the external exergy loss
2742 | RSC Sustainability, 2024, 2, 2731–2750
of the i-th component in the system, kW; EL
_AV(i) is the avoidable

exergy loss of the i-th component in the system, kW; EL
_UN(i) is

the unavoidable exergy loss of any component in the
system, kW.

To analyze the interrelationship between the various oper-
ating components in the energy storage system, the exergy loss
of the i-th component is divided into internal exergy loss and
external exergy loss.79 The internal exergy loss refers to the
exergy loss caused by the structure of the part in the system
when the other parts in the system, except the part, are in an
ideal state. The calculation formula is:

EE
�

N
L ðiÞ ¼ E

c

P;tot

"
E
c

LðiÞ
E
c

PðiÞ

#EN

(4-4)

In the formula, EL
ĖN(i) is the internal exergy loss of the i-th

component, kW; the superscript EN means the internal exergy
loss.

The external exergy loss of the i-th component in the system
is the exergy loss caused by the structural defects of other
components (excluding this component) under the non-ideal
state, and its calculation formula is:79

EL
ĖX(i) = ĖL(i) − EL

ĖN(i) (4-5)

where EL
ĖX(i) is the external exergy loss of any component in the

system, kW.
The external exergy loss of the system is:79

EE
�

X
L;totðiÞ ¼ E

c

L;totðiÞ � EE
�

N
L;totðiÞ ¼

Xn

i¼1

E
c

LðiÞ �
Xn

i¼1

E
� E

�

N

L ðiÞ (4-6)

where EL,tot
ĖX(i) is the external exergy loss of the system, kW;

EL,tot
ĖN(i) is the internal exergy loss of the system, kW.

To effectively reduce the exergy loss of the internal compo-
nents of the system, it can be achieved by optimizing the
structure of the components or optimizing the cooperation
between the various components within the system. The
avoidable exergy loss of any component in the system means
that the loss is reduced by optimizing the structure of the
components and optimizing the cooperation between the
components in the system under the unavoidable working
conditions of the remaining components in the system except
the component. The inevitable exergy loss is:80

EU
�

N
L ðiÞ ¼ E

c

P;tot

"
E
c

LðiÞ
E
c

PðiÞ

#UN

(4-7)

where EL
_UN(i) is the unavoidable Hata loss of the i-th compo-

nent in the system, kW.
Inevitable exergy loss refers to the exergy loss that cannot be

reduced by optimizing the structure of other components or
optimizing the operating conditions of the system under
unavoidable working conditions except for the i-th component.
The avoidable exergy loss is:80

EL
_AV(i) = ĖL(i) − EL

_UN(i) (4-8)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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In the formula, EL
_AV(i) is the avoidable exergy loss of any

component in the system, kW; the superscript AV means the
avoidable exergy loss.

The avoidable exergy loss of the system is:80

EA
�

V
L;totðiÞ ¼ E

c

L;totðiÞ � EU
�

N
L;totðiÞ ¼

Xn

i¼1

E
c

LðiÞ �
Xn

i¼1

EU
�

N
L ðiÞ (4-9)

In the formula, EL,tot
_AV(i) is the avoidable exergy loss of the

system, kW.
Liu et al.81–84 conducted an advanced and economic analysis

of the new liquid CCES system. They calculated the thermal
efficiency of the system by considering “loss cost” and “invest-
ment cost”. Provided energy management strategies for system
components to offer technical guidance for optimizing and
enhancing the system. The analysis revealed that the avoidable
internal system loss accounted for only 42.1% of the total
consumption, 43.42% of the total consumption cost, and
55.43% of the total investment cost. Traditional tank analysis
indicated that the compressor had the most signicant impact
on overall consumption. However, advanced economic evalua-
tion suggested that the expander, being the most crucial
component, should be prioritized for improvement.
4.4 Exergy economic analysis

The conclusions obtained through exergy analysis are all
considered from the perspective of improving energy utilization
efficiency. However, these conclusions are oen limited by
economic factors and may not be feasible. This presents
a contradiction between “saving energy” and “saving money”.
Therefore, in engineering practice, it is essential to combine
thermodynamic analysis with economic analysis to make
practical decisions. This integration of thermodynamics and
economics has led to the development of a new analysis method
known as thermoeconomic analysis, or exergy economic anal-
ysis method. The concept of exergy economics was introduced
in the 1960s by Tribus and Evans. R. A. Gaggidi optimized the
thickness of the thermal insulation layer in a power plant using
Table 3 Comparison of thermodynamic analysis methods

Enthalpy analysis Entropy analysis

Theoretical
basis

The rst law of
thermodynamics

The second law of
thermodynamics

Evaluation
standard

Energy efficiency Irreversible coefficient

Essence Conservation of
energy in “quantity”

Pay more attention to
the level of energy
“quality”

Environment Benchmark Benchmark
Content Quantity Quality

Purpose Analyze external
losses

Reveal the irreversibility
of the system

Scope of
application

Suitable for short-
term decisions

Suitable for mid-term
decisions

© 2024 The Author(s). Published by the Royal Society of Chemistry
exergy economics and proposed a method for calculating the
cost of steam exergy. In recent years, with the increasing envi-
ronmental concerns, there has been a growing focus on the
system's impact on the environment. Building upon thermoe-
conomics and considering environmental factors, there has
been a shi towards an integrated approach that combines
thermodynamics, economics, and environmental protection,
resulting in environmental economics based on exergy
economics.

At present, thermodynamic analysis methods include:
enthalpy analysis method; entropy analysis method; exergy
analysis method; and exergy economic analysis method. The
enthalpy analysis method follows the rst law of thermody-
namics, which is the law of conservation of energy. This method
considers heat loss, kinetic energy loss, and total energy loss as
the analysis criteria. The thermodynamic efficiency of the
system is assessed using thermal efficiency as the evaluation
standard. The entropy analysis method considers both the
“quantity” and “quality” of energy and adheres to the second
law of thermodynamics. In this method, the analysis criteria are
the rate of entropy increase and entropy yield, with the revers-
ible coefficient used as the evaluation standard to assess the
system's performance. The exergy analysis method evaluates
the thermodynamic efficiency of the system by examining the
exergy loss and exergy efficiency during energy transfer or
conversion within the system. This approach helps identify
inefficiencies in energy utilization and enables further
enhancement of energy efficiency. The goal is to uncover the
essence of energy transfer or transformation. Exergy-economic
analysis integrates both thermodynamic and economic
aspects. Its primary objective is to assess the effective energy
utilization of the system and propose solutions to enhance
exergy efficiency while minimizing system costs. To compre-
hensively understand the similarities and differences among
these four methods, they are summarized from various
perspectives in Table 3.

From the above analysis, the exergy economic analysis
method is an approach that considers both thermodynamic and
Exergy analysis Exoeconomic analysis

The rst and second
laws of
thermodynamics

The rst and second laws of
thermodynamics; economics; cost
accounting, etc.

Exergy efficiency Economic isometrics such as exergy
efficiency, cost difference, and exergy
economic factors

Taking into account the
“quantity” and “quality”
of energy

Balance the thermodynamic and
economic properties of energy

Physical environment Physical and economic environment
Quantity and quality The relationship between exergy and

economy
Internal and external
losses

Revealing the weak links in the exergy
economy

Suitable for mid-term
decisions

Focus on ideals and apply strategic
decisions
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economic performance. The fundamental concept of this
method involves placing the system under analysis in two
environments: one is the physical environment, which includes
parameters like pressure, density, and temperature that adhere
to the law of conservation of energy. The other is the economic
environment, which includes costs, benets, and other
economic parameters. When applying exergy economic analysis
to address practical issues, it is common to establish a ther-
modynamic model (exergy equilibriummodel, eqn (4-1)) and an
economic model (exergy cost conservation model, eqn (4-11)).85

In the thermoeconomic analysis of energy systems, the unit
price or value of various exergies is involved. Therefore, in
addition to the mass conservation equation, the energy
conservation equation, and the commission balance equation,
it is also necessary to add an economic balance equation, also
known as the exergy cost equation. The so-called exergy cost
equation is a capital balance formula that lists the product cost
of any energy system (unit, equipment), including one-time
initial investment and operating costs (energy consumption,
maintenance, wages, and management costs). According to the
exergy economic model shown in Fig. 10, the exergy cost
balance equation can be obtained as:86

ĊP,k = ĊF,k + Żk (4-10)

In the formula, ĊP,k is the product congestion exergy cost per
unit time, $ per s; ĊF,k is the fuel exergy cost per unit time, $ per
s; Żk is the equal annual amortization cost, $ per s.

In part k, due to factors such as the equipment itself and
operating conditions, exergy losses will occur in the equipment,
and the cost of equipment exergy losses due to exergy losses is:86

Ċk = cF,kĖk (4-11)

In the formula, Ċk is the unit time exergy loss cost of component
k, $ per s; cF,k is the unit time fuel exergy cost of input equip-
ment k, $ per s; Ėk is the exergy loss of equipment k, kW.

For the combined operation system of compressed carbon
dioxide energy storage and new energy power generation, there
are two distinct forms of energy input: electric energy converted
from new energy input into the energy storage system, and heat
energy added to enhance the output work during the energy
release process of the energy storage system. The diverse sour-
ces of input electrical energy and thermal energy in the energy
storage system result in variations in input location and energy
levels, making the performance evaluation of the compressed
carbon dioxide energy storage system complex.
Fig. 10 Exergy cost analysis model.
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To accurately measure the thermoeconomic properties of
compressed carbon dioxide energy storage systems, Xu et al.87

proposed a relationship between the unit exergy cost of a poly-
generation energy system product and the “energy quality
factor” of the product based on the principle of “high quality
and high price”. The unit exergy cost of electricity and heat of
the polygeneration energy system is calculated through an
example. By comparing the unit exergy cost per unit of elec-
tricity and heat production with the unit exergy cost obtained by
the equivalent distribution of products, it is found that
according to the “energy quality factor”. It is more appropriate
to determine the unit exergy cost of the product. Petrakopoulou
et al.88 applied exergy economic theory to a wind power-
compressed air energy storage system and proposed the evalu-
ation index of exergy and cost “proportional coefficient”. The
cost of storing wind energy and the factors that affect cost
growth are revealed. Wen-Yi et al.89 improved the exoeconomics
framework by considering environmental factors when building
the exoeconomics model. By dividing system losses into
avoidable and unavoidable exergy losses, it is demonstrated
that system improvement potential and cost interact. Kesha-
varzian et al.90 based on the theory of exergy economics and
considering environmental costs, established an exergy
economic model including environmental cost variables and
optimized the system. However, the modeling time is long and
cannot reect the performance of a single component. On this
basis, Succar et al.91 proposed a “functional analysis method”,
which divides the system into multiple subsystems for analysis
one by one. The experimental results show that the more
detailed the system is divided, the more stable the economy of
a single component is. With the continuous development of
exotics, the limitations of exergy analysis are addressed.
4.5 Cycle efficiency of energy storage system

Because electric energy is used as both an input and an output
in most energy storage systems, the cycle efficiency of the
system is described as the ratio of output electric energy to
input electric energy. To improve the output electric energy of
a compressed gas energy storage system, an additional
component of thermal energy is normally provided to heat the
high-pressure gas entering the expansion turbine during the
energy release phase, to boost the turbine's output work. To
compare compressed gas energy storage systems to other types
of energy storage systems, the additional thermal energy must
rst be converted to electrical energy, and then the cycle effi-
ciency must be computed.

As a result, the compressed gas energy storage system's cycle
efficiency is:92

h ¼ wt

wc þ hsgQhe

(4-12)

where, wt-the external output work of the expansion turbine,
kW; wc-consume power for the compressor, kW; Qhe-the heat
absorption of the working uid in the combustion chamber, kJ;
hsg-thermal efficiency of the standard gas-red power plant, it is
generally 62%.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The adiabatic efficiency of the compressor increases as the
number of stages of the compressor unit increases. On the one
hand, this leads to a compression process that is closer to the
isothermal adiabatic process, reducing the power consumption
of the compressor unit. On the other hand, the compression
heat temperature of the system decreases gradually, resulting in
a decrease in the temperature of the carbon dioxide working
medium at the inlet of the expander and a decrease in the
output power of the expansion unit. When the reduction in
output power of the expansion unit exceeds the reduction in
power consumption of the compressor unit increases, leading
to a decrease in cycle efficiency decreases when the system
output power is generated.
4.6 Energy storage density

he energy storage density is dened as the amount of useable
energy stored per unit space or mass of matter.87 In
a compressed gas energy storage system, energy is stored in the
gas storage chamber using the gas working system as the
carrier. Therefore, the electrical energy stored in a single gas
storage chamber represents the energy storage density of
a compressed gas energy storage system:92

rEG ¼ 1

2
w

0
tðbV þ bWÞ

�
rh;CDph þ rl;CDpl

�
(4-13)

where, rEG-energy storage density, kW h cm−3; w
0
t-output work

for expansion turbine, kW; Dph-pressure change in the high-
pressure gas storage chamber, MPa; Dpl-pressure change in
low-pressure gas storage chamber, MPa; rh,C-carbon dioxide
density in the high-pressure gas storage chamber, kg cm−3; rl,C-
carbon dioxide density in the low-pressure gas storage chamber,
Fig. 11 The effect of turbine inlet temperature on the damage of LCES

© 2024 The Author(s). Published by the Royal Society of Chemistry
kg cm−3; bV-void compression coefficient, bW-coefficient of
density variation of an underground aquifer.

To compare the performance of compression systems using
air and CO2 as working uids, exergy, system cycle efficiency,
heat storage efficiency, and energy storage density are widely
used as thermodynamic evaluation indices. Exergy analysis and
sensitivity analysis can help explain the causes of exergy loss in
the CCES system from the perspective of system components
and topology. Subsequently, the exergy cost analysis method is
employed to assess the thermal efficiency of the system.

The energy and exergy of the system can be analyzed using
a thermodynamic model to compare the effects of key factors on
the system's performance, laying the groundwork for further
system enhancements. Liquid carbon dioxide energy storage
system (LCES) and liquid air energy storage system (LAES) were
assessed through thermodynamic analysis to evaluate their
performance. Zhang et al.93 proposed a new LCES with two
articial storage tanks based on the Rankine cycle. Fig. 11
illustrates the impact of turbine inlet temperature on compo-
nent exergy loss. The turbine inlet temperature signicantly
affects the net output power and energy generated per unit
volume (EVR) of both systems. The exergy loss of the heater
increased by 1.9%, while the co-current heat exchanger and
turbine exergy damage rose by 1.9% and decreased slightly with
a reduction in turbine inlet temperature. In the LAES system,
the cooler, heater, and throttle valve are the main sources of
exergy loss. Exergy damage to heat exchangers and heaters is
more pronounced in the LCES system.

Most of the relevant work has been conducted in the past
using traditional exergy analysis methods to identify the energy-
saving potential sources of each component and to compare the
components.93
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Fig. 12 (a) The effect of turbine efficiency on SC-CCES under traditional turbine analysis; (b) the effect of turbine efficiency on SC-CCES under
advanced turbine analysis.80
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thermodynamic properties of different systems. However,
traditional exergy analysis is unable to reveal the thermody-
namic interactions between components. To assess the perfor-
mance of CAES and SC-CCES, Liu et al.80 apply both traditional
and advanced exergy analysis methods. The improvement
techniques for different energy storage systems vary signi-
cantly based on sophisticated exergy analysis, as illustrated in
Fig. 12a and b. In SC-CCES, the energy-saving potential of the
entire system and individual components align with their
exergy loss, while in CAES, they are not in balance with exergy
loss. The interaction between different components is crucial
for SC-CCES to reduce exergy loss, whereas the internal struc-
ture of CAES has the most signicant impact on preventable
exergy loss.

Improved turbine and compressor efficiency, as well as
a smaller temperature differential between hot and cold
refrigerants, can signicantly minimize the system's unneces-
sary exergy loss. Yang et al.94 designed and investigated a CCES
system based on the Brayton cycle and using hot water as the
heat storage system. The study of energy and exergy is done by
creating a thermodynamic model of the system, as illustrated in
Fig. 13a and b. Then, to expose the inuence of various factors
on system performance and to seek improvement possibilities,
Fig. 13 (a) The scale diagram of CCES system components under supe
under supercritical condition.94

2746 | RSC Sustainability, 2024, 2, 2731–2750
a sensitivity analysis is performed. The cycle pressure is quite
high, despite the fact that the RTE and exergy efficiency are
relatively excellent and steady with changes in operating
parameters under supercritical operation circumstances. Even
the lowest pressure is higher than the critical pressure to
maintain the post-input cooler's temperature higher than the
output temperature. As a result, rather than a high compression
ratio and isentropic efficiency of compressors and turbines, the
path of system optimization is toward a relatively high heat
transfer efficiency and the lowest water temperature.

Several compressed gas energy storage technologies have
been subjected to exergy studies. Traditional exergy analysis,
however, can only reveal the location, magnitude, and cause of
exergy loss in an energy conversion system, not the energy-
saving potential of a single component or the thermodynamic
interaction between several components.95 For the combined
operation of compressed carbon dioxide energy storage and
new energy power generation, there will be two different forms
of energy input in the system. On the one hand, it is the electric
energy converted from new energy that is input into the energy
storage system. On the other hand, it is the heat energy added to
increase the output work of the energy release system during the
energy release process of the energy storage system. Due to the
rcritical condition; (b) the scale diagram of CCES system components

© 2024 The Author(s). Published by the Royal Society of Chemistry
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different sources of input electrical energy and thermal energy
in the energy storage system, the input location and energy level
are also different, which makes the performance evaluation of
the compressed carbon dioxide energy storage system compli-
cated. Therefore, enhanced exergy analysis that focuses on
identifying causes and decreasing exergy losses is required.96–98

Exergy loss is split into internal/external and inevitable/
avoidable portions in advanced exergy analysis, which
substantially increases exergy analysis accuracy and compre-
hension of thermodynamic inefficiency.99

5 Summary and outlook

Future research should focus on the following aspects: rst,
improving the overall efficiency and economic viability of the
system; second, reducing energy losses; and third, optimizing
system components and structural design. Through these
efforts, CCES technology is expected to play a more signicant
role in energy storage and utilization in the future.

Furthermore, the development of CCES systems should also
emphasize the following areas: (a) optimizing the distribution of
compression and expansion ratios. During the energy storage
process, carbon dioxide is gradually compressed, and the
working uid state changes from transcritical to supercritical;
during the energy release process, carbon dioxide is gradually
expanded, and the working uid state changes from supercritical
to transcritical. Due to the unique physical properties of super-
critical carbon dioxide, as temperature and pressure increase,
the power consumption during the compression process
decreases, while the output work during the expansion process
increases. Therefore, it is necessary to optimize the distribution
of compression and expansion ratios in transcritical CCES
systems to achieve energy savings and efficiency improvements.
(b) Combining surface equipment and underground energy
storage to simulate the entire system. Although existing studies
have proposed using underground saline aquifers for gas
storage, these studies only focus on the thermodynamic analysis
of surface equipment and lack thermodynamic analysis and
research on the underground energy storage part of deep aquifer
CCES systems. (c) Simulating thermo-hydro-mechanical-
chemical coupling. During the compression of carbon dioxide
for underground storage, chemical reactions may occur between
carbon dioxide and formation rocks and minerals, and changes
in pressure and temperature can cause mechanical effects. The
fatigue damage effect of rocks during cyclic pumping should also
be considered, thus further improving multi-eld coupling
methods to make simulations closer to actual conditions.

With these improvements, CCES technology is expected to
achieve more efficient, economical, and environmentally
friendly energy storage and utilization in the future. as follow:

(1) Develop a compressed carbon dioxide (CO2) system
model for gaseous or liquid uid, and implement coupling and
innovation based on application scenarios, energy-saving
requirements, etc.

(2) Aer analyzing the economy and maneuverability of
CCES through thermodynamic analysis, the economic and
technological advantages of CCES can be claried.
© 2024 The Author(s). Published by the Royal Society of Chemistry
(3) The energy-saving potential of individual components
and the thermodynamic interaction between different compo-
nents are discussed through advanced analysis. The source of
damage is further analyzed to optimize the system structure and
components. To ensure transcritical or supercritical operating
conditions, most of the carbon dioxide energy storage systems
mentioned above are designed with low compression and
expansion ratios.

However, given the system's low compression ratio for
producing low-pressure heat, it's safe to assume that the
system's restricted power capacity and poor energy density will
unavoidably lead to a size and cost increase. In addition, the
design scheme of equal distribution of compression ratio and
expansion ratio is employed in the process of step-by-step
compression and step-by-step expansion while determining
the thermal parameters of the above-CCES system. The effect of
changes in carbon dioxide's physical properties on the ther-
modynamic parameters of the system's compression and
expansion processes is not fully taken into consideration. As
a result, there is signicant room for improvement in the CCES
system's thermal performance. Presently, research on CCES
systems focuses on the variations in carbon dioxide storage
states, and then the system is built based on these different
storage states, but there is a lack of comparative analysis of
CCES systems in different storage states. Simultaneously, there
is a scarcity of studies on system losses. The upcoming large-
scale CCES system will concentrate on developing a more
precise analysis and system model. For multi-stage compres-
sion and multi-stage expansion processes, the design strategies
involving the average distribution of compression ratio and
expansion ratio of compressors at all stages were used in
previous CCES system designs and studies. To advance the
CCES system, attention should be directed towards the
following areas:

(a) Optimize the compression and expansion ratio distribu-
tions. On the contrary, during the energy storage process,
carbon dioxide is gradually compressed, and the state of the
working uid changes from transcritical to supercritical; during
the energy release process, carbon dioxide is gradually
expanded, and the state of the working uid changes from
supercritical to transcritical. With increasing temperature and
pressure, the power consumption of the compression process
decreases while the output work of the expansion process
increases due to the specic physical properties of supercritical
carbon dioxide. Consequently, as the power consumption
capacity of carbon dioxide differs between each stage
compressor and expander, it is essential to optimize the
compression and expansion ratio distributions in the operation
process of a transcritical CCES system to achieve the objectives
of energy savings and efficiency enhancement.

Combined surface devices and underground energy storage
to simulate the entire system. The thermodynamic analysis of
CCES systems of underground gas storage tanks is currently
being utilized in research on CCES systems. Although Cao
et al.99 proposed using an underground saltwater aquifer for gas
storage, their research only focuses on the thermodynamic
analysis of a portion of the compressor, regenerator, and
RSC Sustainability, 2024, 2, 2731–2750 | 2747
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expansion permeability of surface equipment. There is a lack of
thermodynamic analysis and research on the underground
energy storage component of the deep aquifer CCES system
(wellbore-aquifer). Due to the pressure involved in underground
gas storage, gas energy storage technology requires a broad
range of expertise, including energy engineering, electric power
engineering, groundwater engineering, geotechnical engi-
neering, and more. Currently, research on pressure gas energy
storage of underground gas storage oen examines surface
devices and underground energy storage separately. The ther-
modynamic analysis of the above-ground compressor, heat
exchanger, and turbine idealizes the process of underground
energy storage. Similarly, the study of the underground energy
storage process idealizes the surface device, making it impos-
sible to conduct a comprehensive thermodynamic analysis of
the entire system in the research.

(c) Simulation of thermal-hydro-mechanical-chemical
coupling is essential. During the compression of carbon
dioxide for underground storage, chemical reactions may occur
between carbon dioxide and formation rocks and minerals.
Moreover, changes in pressure and temperature can lead to
mechanical effects. It is crucial to consider the fatigue damage
effect on rocks during cyclic pumping. Therefore, themulti-eld
coupling method requires further enhancement in the future to
improve the accuracy of simulations and align them more
closely with real-world conditions.

Abbreviations
AA
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Advanced adiabatic

AV
 Avoidable exergy loss

Ċ
 Exergy cost ($ per s)

c
 Compressor

C
 Carbon dioxide

C
 Compressor

CAES
 Compressed air energy storage

CCES
 Compressed carbon dioxide energy storage

CCS
 Carbon capture and storage

CCUS
 Carbon capture, utilization and storage

CES
 Cold energy storage

CFT
 Cold uid tank

CR
 Cooler

CS
 Cold storage

E
 Expander

Ė
 Exergy (kW)

EG
 Energy

EN
 Internal exergy loss

EX
 External exergy loss

EVR
 Energy generated per unit volume

FES
 Flywheel energy storage

F
 Fuel

G
 Generator

h
 High-pressure

he
 Heat

HE
 Heat exchanger

HFT
 Hot uid tank
stainability, 2024, 2, 2731–2750
HST
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High-pressure storage tank

In
 Input

k
 System components

l
 Low-pressure

L
 Loss

LAES
 Liquid air energy storage

LCES
 Liquid carbon dioxide energy storage

LST
 Low-pressure storage tank

M
 Motor

Out
 Output

P
 Produce

P
 Pressure (MPa)

PES
 Pumping energy storage

Q
 Heat absorption (kJ)

RTE
 Round-trip efficiency

sg
 Standard gas power plant

SC
 Supercritical

t
 Turbine

tot
 Total

T
 Turbine

TC
 Transcritical

TES
 Thermal energy storage

TV
 Throttle valve

UN
 Unavoidable exergy loss

V
 Value

V
 Void compression

W
 Underground aquifer

W
 Work (kW)

Ż
 Equal annual amortization cost ($ per s)

h
 Efficiency (%)

r
 Density (kg m−3)

b
 Coefficient
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