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As the integration of high-proportion renewable energy into the grid increases, the
intermittency and uncertainty of renewable energy output significantly affect the
safe and stable operation of the power system. Combining utility-scale energy
storage technology with renewable coordination is one of the methods to address
these issues. Compressed air energy storage (CAES) has garnered extensive
attention due to its large capacity, long operational life, and clean, low-carbon
advantages. Given the poor compressibility of air and its high critical point, using
carbon dioxide as the working fluid in utility-scale energy storage systems can
achieve higher energy storage density and cycle efficiency. Accordingly, this paper
focuses on the study of utility-scale energy storage system modeling and
scheduling methods considering carbon dioxide energy storage. It investigates
Compressed Carbon Dioxide Energy Storage (CCES) systems, analyzes the
operational framework of typical CCES systems, and sequentially establishes
models for the energy storage process, energy release process, hot water tank
operation, and gas storage tank operation. Based on this, it explores power system
optimization dispatch methods considering CCES, incorporating the established
models into an optimization dispatch model for power systems with high wind
power penetration. Within the framework of a safe constraint unit commitment
study, using the IEEE-30 nodes model, the effectiveness of the established models
is validated. The case study results confirm the role of CCES in enhancing the
absorption rate of renewable coordination. Moreover, under the same storage
conditions, compared to, CCES offers greater charging and discharging power and
higher energy storage density.
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1 Introduction

With the rapid depletion of global fossil energy resources, the issues of global warming
and environmental pollution are becoming increasingly severe (Liu et al., 2020; Wang et al.,
2020; Wang et al., 2023). Energy conservation, emission reduction, and the utilization of
renewable energy have emerged as effective strategies to address the growing environmental
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and energy challenges. To respond to global climate change and
achieve the goals of peaking and neutralizing carbon dioxide
emissions as soon as possible, it is necessary to further expand
the coordination of renewable energy and actively realize a leapfrog
development from fossil fuel-based power generation to clean and
low-carbon energy sources (Dou et al., 2022; Ti et al., 2022; Zhang
et al., 2022; Han et al., 2023; Yu et al., 2023). In 2020, China
proposed the objectives of achieving carbon peak and carbon
neutrality. The realization of these “dual carbon” goals
necessitates proactive efforts in energy conservation and emission
reduction, as well as vigorous development of renewable energy
sources to reduce and offset our carbon emissions. Consequently, in
recent years, China’s renewable energy power generation has
entered a phase of multiple growth.

Currently, the only large-capacity storage systems that can achieve
100 MW levels are pumped hydro storage systems and CAES systems
(Zhang et al., 2023). However, the construction of pumped hydro
storage plants requires special geographical conditions, and they have
long construction periods, high initial investments, and can cause
damage to the surrounding ecological environment during
construction, severely restricting their development. In comparison,
compressed air energy storage uses air as the compression medium in
the system, not only is it safer, but the required geographical
conditions are not as strict, and it has advantages in terms of
construction period and investment cost. However, due to the
lower compressibility of air compared to other gases (e.g., carbon
dioxide), compressed air requires high thermodynamic parameters,
necessitating more energy consumption in compressors during the
compression process; and because of the low critical temperature of air
(−140.5°C), liquid state energy storage places high demands on the
equipment, making the technical and economic performance of
compressed air energy storage systems often less than ideal (Jiang
et al., 2022; Wang et al., 2022).

Compared to pumped hydro and CAES, compressed carbon
dioxide energy storage systems, utilizing carbon dioxide as the
compression medium, have several major advantages due to its
excellent physical properties and environmental friendliness: (1)
Compared to air, carbon dioxide has better compressibility,
reducing energy consumption during the compression process;
(2) The critical temperature and pressure of carbon dioxide are
30.98°C and 7.38 MPa, respectively, making it easier to liquefy than
air and thus can be stored in tanks in liquid form, eliminating the
need for specific geographical conditions; (3) The thermal cycle
based on carbon dioxide is well-developed; (4) Using carbon dioxide
as the working medium provides a new pathway for its large-scale
application and offers a new effective indirect method for carbon
dioxide emission reduction (Cavallo, 2001; Crotogino et al., 2001;
Jiang et al., 2022; Wang et al., 2022). Based on these advantages,
compressed carbon dioxide energy storage systems have shown
better technical and economic performance, leading to an
increasing number of proposals for such systems.

Morandin et al. (2012) proposed a hybrid system combining hot
water and transcritical CO2 circulation, which was optimized using
pinch point analysis tools. Liu et al. (2016) presented a carbon
energy storage system that utilized underground double reservoirs as
carbon dioxide gas storage chambers, noting that transcritical
systems exhibited higher cycle efficiency and energy density. A
mathematical model of a compressed liquid CCES was

established in (Wang et al., 2015). Parameter analysis was
conducted and the results demonstrated that the incorporation of
CCES significantly increased the penetration rate of renewable
power. Xu et al. (2020) proposed a comparison with a liquid
CAES revealed that the liquid CCES exhibited higher cycle
efficiency. Furthermore, a trigeneration system based on the
transcritical brayton cycle and energy storage system was
proposed in (Liu et al., 2019). A thermodynamic model was
developed to analyze its performance. Parameter analysis revealed
that a lower thermal fluid utilization rate enhanced the cooling
capacity, heating capacity, and total output energy of the system,
making it more suitable for heating users than cooling users. Other
studies have explored different aspects of CCES. For example,
Bartela et al. (2021) presented the model of CCES utilizing a
post-mining underground infrastructure, and CO2 is stored
under low pressure.

Existing studies often focus on the structural parameters and
efficiency optimization of compressed carbon energy storage
systems, with less research on the involvement of carbon storage
systems in the optimization of power system scheduling. Therefore,
this paper conducts research on the actual dispatch issues of utility-
scale power systems involving carbon storage systems, based on the
actual physical properties of carbon dioxide. Themain contributions
of this paper are as follows: 1) It proposes the system composition
and operational framework of CCES utility-scale system, including
compressors, expanders, CO2 storage chambers, and thermal
storage systems, and models the energy storage process, energy
release process, thermal tank operation process, and gas storage tank
operation process separately. 2) It employs a mixed-integer
programming method to establish the corresponding
mathematical model to study the optimal dispatch problem of
power systems including compressed carbon dioxide energy storage.

2 Compressed carbon dioxide energy
storage system modeling

This section presents the working principles and components of
a CCES utility-scale system, including compressors, expanders, gas
storage chambers, and thermal storage systems. Models are
developed for the energy storage process, energy release process,
thermal storage tank operation, and gas storage tank operation.

2.1 Principle of CCES

As shown in Figure 1, during low load periods in the power grid,
compressors are used to compress low-pressure carbon dioxide
stored in underground gas chambers to high-pressure state and
deposit it within high-pressure gas reservoir. At the same time, a
thermal storage medium recovers and stores the compression heat
from the compressor units. During peak electricity usage periods in
the power grid, the carbon dioxide stored in high-pressure gas
chambers absorbs thermal energy and enters the expander units,
utilizing the stored compression heat to drive multi-stage expanders
for power generation. The carbon dioxide, after working through the
expanders, enters the low-pressure gas chambers. The energy
storage system’s thermal storage/cooling units include cold
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storage tanks, heat storage tanks, intercoolers between compressors,
and reheaters between expander stages. When carbon dioxide is
compressed, the thermal medium (water or another medium) in the
cold tank is heated in the intercooler between compressors and then
stored in the heat storage tank. When the expander is working, the
high-temperature thermal medium from the heat storage tank enters
the expander’s reheater to heat the high-pressure carbon dioxide.
The thermal medium, after releasing heat in the reheater, is
recovered back to the cold storage tank.

2.2 Physical modeling of CCES

2.2.1 Charging and discharging power constraints

Pcces,cha
t � _mc

tcp∑
nc

k�1
Tc,in
k,t βck,t

r − 1
r

− 1( )/ηc

where Pcces,cha
t represents the total charging power at time t; _mc

t

represents the mass flow rate of carbon dioxide entering the
compressor at time t; cp is the constant pressure specific heat
capacity of carbon dioxide; Tc,in

k,t represents the inlet temperature of
the k-th stage compressor. ηc denotes the isentropic efficiency of the
compressor during the charging process. βck,t

r−1
r represents the

compression ratio for k-th compressor, satisfying the following equation:

βck,t �
php
t

plp
t

( )
1
nc

, k � 1, 2,/, nc

where php
t and plp

t represent the pressure in the high and low-
pressure gas storage chambers during time t respectively; nc
represents the total stages of compressors.

Discharge power is the sum of the power of each stage expander
during the discharge process.

Pcces,dis
k,t � _me

tcp∑
ne

k�1
Te,in
k,t 1 − βek,t−

γ − 1
γ

( )ηe
where Pcces,dis

k,t represents the total discharging power at time t; _me
t

represents the mass flow rate of carbon dioxide entering the turbine
at time t; Te,in

k,t represents the inlet temperature of the k-th turbine. ηe
represents the isentropic efficiency of the turbine during the
discharging process. βek,t signifies the compression ratio for the
turbine at stage k, satisfying the following equation:

βek,t �
php
t

plp
t

( )
1
ne

, k � 1, 2,/, ne

where ne represents the total stages of turbines.
The power consumption of the compressor and the work done by

the expander are essentially determined by the inlet and outlet states
of CO₂ and thermodynamic equations. Taking the compression
process as an example, the ideal power consumption of the
compressor is calculated by the difference in enthalpy values of
CO₂ at the outlet and inlet, multiplied by the unit mass flow rate.
This result is then divided by the isentropic efficiency and mechanical
efficiency to obtain the actual power consumption. The difference in
enthalpy values of CO₂ at the inlet and outlet is further expressed as

FIGURE 1
Topology of the IEEE 30-node System.
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the product of the specific heat capacity at constant pressure and the
temperature difference of CO₂.

2.2.2 Temperature constraints of CCES system
In this study, the CCES system employs multistage compression

and expansion. It is evident that the temperature of the working
medium is a crucial factor influencing the charging and discharging
power of CCES system. Thus, accurately characterizing the
temperature of carbon dioxide during the charging and
discharging processes is an essential aspect of modeling CCES
systems. The inlet and outlet temperatures of the compressors
and expanders satisfy the following equations:

Tc,out
k,t � Tc,in

k,t β
c
k,t

r − 1
r

Te,out
k,t � Te,in

k,t β
e
k,t−

r − 1
r

Tc,out
k,t signifies the outlet temperatures for the k-th compressor

during time t; Te,out
k,t signifies the outlet temperatures for the k-th

stage turbine during time t; γ is the specific heat ratio of carbon
dioxide. its value is equivalent to the ratio of the specific heat at
constant pressure over the specific heat at constant volume.

During the heat exchange process, the introduction of the heat
exchanger effectiveness ε denotes the outlet temperature of the heat
exchanger, and assuming equal specific heat capacities for the cold
and hot fluids, the inlet temperatures of each stage compressor and
expander can be expressed as:

Tc,in
1 � Tlp

Tc,in
k,t � 1 − ε( )Tc,in

k−1β
c
k−1,t

r − 1
r

+ εTcold k � 2,/, nc

⎧⎪⎪⎨⎪⎪⎩
Te,in
1 � Thp

Te,in
k,t � 1 − ε( )Te,in

k−1β
e
k−1,t−

r − 1
r

+ εThot k � 2,/, ne

⎧⎪⎪⎨⎪⎪⎩
Tlp and Thp respectively denote the temperatures of the low-pressure
and high-pressure gas storage chambers; ε represents the
effectiveness coefficient of the heat exchanger; Tcold and Thot

denote the temperatures of the cold and hot fluids respectively.

2.2.3 Constraints of gas storage chamber
According to existing literature, the gas storage chamber of

CCES can utilize underground saline aquifers and abandonedmines.
When employing these as storage chambers, it is essential to account
for the upper and lower limits of the storage pressure. The gas
volume and mass within the storage chamber are determined by the
state from the previous cycle and the mass flow rate during the
scheduling period. Given that the volume remains constant, the
relationship between pressure constraints and gas mass is
established using the CO₂ volume-pressure-temperature equation.
Since the storage chamber exchanges heat with the external
environment, it is considered an isothermal storage chamber. The
CCES system comprises two gas storage chambers, high-pressure
and low-pressure, each satisfying the following equations:

mhp
t+1 � mhp

t − _mg
t + _mc

t

mlp
t+1 � mlp

t + _mg
t − _mc

t

mhp
t and mlp

t individually denote the aggregate mass of the gas
storage chambers at low and high pressure. Additionally, the gas
storage chambers are subject to constraints on upper and lower
pressure limits:

p lp
min ≤p

lp

t ≤p lp
max

p hp
min ≤p

hp

t ≤p hp
max

p lp
min and p lp

max respectively represent the lower and upper pressure
limits of the low-pressure of CO2 storage reservoir. p

hp
min and p hp

max

respectively denote the lower and upper limits of the high-pressure
CO2 storage reservoir.

2.2.4 Operating constraints of CCES system

vct + vet ≤ 1

vct and vet are binary variables representing whether the energy
storage station is in a charging or discharging state.

2.3 Whole life cycle modeling of CCES

As a new type of power storage system, CCES has a long
construction cycle and an operation income period of more than
10 years to decades, which makes the project balance period
extended, and the economic benefits are not obvious in the short
term. In order to comprehensively and accurately analyze and
evaluate the technical and economic characteristics of the system,
the economic status of the CCES system in the whole life cycle
is studied.

Whole life cycle cost refers to the comprehensive expenses that
may occur throughout the entire life cycle of equipment, from
investment, operation, maintenance, to decommissioning. Whole
life cycle analysis methods can effectively address the contradiction
between equipment development and financial constraints, making
it a strategic measure to enhance life cycle profitability. For system
investment projects, life cycle cost modeling can, to some extent,
predict the direct and indirect economic benefits of the project,
providing a comprehensive analysis of the technical and economic
aspects of system investment projects, thereby offering rational
decision-making support for investors. According to the
definition of life cycle cost, the production cost of an energy
storage system consists of investment construction costs and
operating costs.

Ctotal � CInv + COM

The investment construction costs of a compressed carbon
dioxide energy storage station primarily include the procurement
costs of key equipment such as compressors, expanders, and gas
storage chambers. The operating and maintenance costs include
fixed maintenance costs, variable maintenance costs, electricity
purchase costs, and personnel costs. Fixed maintenance costs are
determined by the scale of the compressed carbon dioxide energy
storage station, while variable maintenance costs are related to the
energy throughput of the storage station. The electricity purchase
cost of the energy storage system is derived from the off-peak
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electricity price and the total electricity consumption of the system
over its life cycle.

COM � Cfix + CvarE
Lab

Cfix � fOM,fix · PCCES,cha,max + PCCES,dis,max( )
Cvar � fOM,var · ∑N

y�1
∑T
t�1

PCCES,cha
t

1 + y( )d
CE � cpur · ∑N

y�1
∑T
t�1
PCCES,cha
t

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

3 Optimization scheduling model for
power system including CCES system

An optimal scheduling model incorporating CCES and wind
power is established. The optimization model minimizes the
operational cost of the power system and considers operational
constraints of CCES power stations, thermal power generation units,
and wind power output.

3.1 Equations objective function of the
optimization model

The objective function comprises the fuel costs for electricity
generation and the startup costs of thermal power generation units.
It is assumed that the operating cost of wind power generation
is zero.

min∑T
t�1

∑NG

t�1
Fi P

G
i,t( ) + SGi,t[ ] + Pcces

t Ccces + St
cces + αPt

windlost
⎧⎨⎩ ⎫⎬⎭

T represents the total scheduling duration,NG represents the
number of thermal power generation units. F denotes the
production cost function of thermal power generation units;
SGi,t denotes the cost associated with initiating and ceasing
operations of thermal power generation units. Ccces represents
the operational cost coefficient of the CCES unit, Stcces is the
startup and shutdown cost of the CCES power station; Pt

windlost

represents the curtailed wind power, and α denotes the wind
curtailment penalty coefficient.

3.2 Constraints of the optimization model

3.2.1 Operational constraints of thermal power
generation units

UG
i,tP

G
i,max ≤PG

i,t ≤U
G
i,tP

G
i, max

PG
i,t+1 − PG

i,t+1 ≤ vGupi · Δt
PG
i,t − PG

i,t+1 ≤ vGdowni · Δt
TGon
i,t ≥TGon

i, min

Toff
Gi,t ≥T

Goff
i, min

Equations delineate the upper and lower bounds of the unit’s
output, with UG

i,t signifying binary variables that reflect the unit’s
start-up and shut-down conditions. The unit’s ramping
limitations are outlined, where vGupi and vGdowni are the
maximum and minimum ramping power thresholds of the
unit, respectively. The minimum operational durations for
starting up and shutting down the unit are defined by TGon

i, min

and TGoff
i, min.

FIGURE 2
Forecast output of wind power and load.

TABLE 1 Parameters of thermal power generation units.

Unit number 1 2 3 4 5 6

Pmax (MW) 200 150 100 150 50 100

Pmin (MW) 100 75 50 75 10 20

Fuel Cost Coefficient a ($/MW2) 0.012 0.0014 0.0023 0.0032 0.0085 0.0046

Fuel Cost Coefficient b ($/MW) 8.66 9.66 12.1 13.4 19 12.69

Fuel Cost Coefficient c ($) 190 230 215 220 270 250

Ramp Rate (MW/min) 0.83 0.83 0.7 1.1 1.66 2.92

Minimum Start-Up/Shutdown Time (h) 8 8 4 4 1 1

Unit Start-Up/Shutdown Cost ($) 1,600 1,500 700 800 500 500
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3.2.2 Operational constraints of thermal power
generation units

0≤Pwinds
t ≤Pwindf

t

The actual dispatch output of wind power cannot exceed the
forecasted wind power.

3.2.3 Constraint of system power balance

∑NG

i�1
PG
i,t + Pcces,dis

t + PsW,t � PLoad,t + Pcces,cha
t

3.2.4 Constraint of system power flow

KpP
G
i,j,t + KwP

wind
j,t − KDDj,t � SFPL ∀i,∀j,∀t

0< � PL < � PL
max

Equations calculate network power flows using the correlation
matrix and transfer factor matrix, and constrain line power flows not
to exceed limits.

4 Case studies

4.1 Description

This paper conducts case studies based on an improved IEEE 30-
node system. The schematic diagram of the system structure is

TABLE 2 Main parameters of CCES.

Parameters Values Unit

Rated power of total compressors 10 MW

Rated power of total turbines 10 MW

Machine efficiency of each compressor and turbine 0.98 —

Temperature of low presser chamber 305 K

Pressure range of low presser chamber 5–7 Mpa

Temperature of high presser chamber 350 K

Pressure range of high presser 16–24 Mpa

Volume of low presser chamber 15,000 m3

Volume of low presser chamber 8,000 m3

Isentropic efficiency of compressor 0.84 —

Isentropic efficiency of turbine 0.82 —

Rated ratio of compressors 2.7 —

Rated ratio of turbines 2.8 —

FIGURE 3
Output results of units without energy storage.

FIGURE 4
Output results of units without energy storage.

FIGURE 5
Output results of units with CAES system.
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illustrated in Figure 2. A wind farm and a CCES power station are
connected to node 23 of the original system. Economic comparative
analysis is carried out considering three scenarios: no energy storage,
carbon-containing energy storage power station, and compressed air
energy storage power station, to analyze the total operating costs of
the system. The Cplex toolbox in MATLAB 2020b is took for
optimization scheduling modeling solving.

The IEEE 30-node system depicted in Figure 2 is studied over a
24-h period, comprising ten thermal power generation units labeled
as G1 to G6, one wind power, and one CCES unit. The parameters of
these units are presented in Tables 1, 2.

Figure 3 illustrates the hourly load forecast and wind power
forecast over the 24-h period.

The analysis is conducted using the following three typical
scenarios: Case 1: Without the inclusion of an energy storage
power station; Case 2: With the inclusion of a CAES power
station; Case 3: With the inclusion of a CCES power station.

4.2 Output results

Case 1. Without the inclusion of an energy storage power station.
As indicated by Figures 4, 5, during the hours with high actual wind

power outputs, specifically the 5th, 7th, 9th, and 17th hours, with values
of 297.672MW, 320.11MW, 327.01MW, and 225.34MWrespectively,
the system’s scheduled wind power dispatch did not fully utilize the
surplus wind power generation. This suggests that the system is willing
to endure partial shutdowns of thermal power units along with the
associated start-up and ramping costs to avoid substantial penalties for
wind curtailment. However, due to the lack of energy storage facilities, a
significant amount of wind power is still being wasted. This leads to an
increased overall operational cost for the system.

Case 2. With the inclusion of a compressed air energy storage
power station;
As depicted in Figures 6, 7, after the integration of a CAES system,
the system experiences virtually no wind curtailment during the last
16 h, compared to Case 1, and significantly reduced wind
curtailment in the first 8 h. The CAES system charges during
periods of ample wind power supply and discharges during peak
load periods, effectively performing peak shaving and valley filling.

FIGURE 6
Output results of units with CCES system.

FIGURE 7
Wind power actual scheduling results with CAES.

FIGURE 8
Wind power actual scheduling results with CCES.

FIGURE 9
Typical daily energy storage status.
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This mitigates the impact of wind power variability on the grid and
subsequently reduces wind curtailment penalties.

Case 3. With the inclusion of a compressed carbon dioxide energy
storage power station.

Figures 8, 9 illustrate that, following the implementation of a CCES
system, the wind power absorption ratio during the initial 8 hours is
significantly enhanced compared to Case 2. This improvement is
attributed to carbon dioxide’s ability to more easily surpass critical
conditions and enter a supercritical state under the same operating
conditions. With a higher fluid density, the working capacity of the
medium is enhanced, leading to a substantial increase in both the
charging/discharging power and storage capacity of the CCES.
Consequently, this elevates the wind power absorption ratio.

Compared to traditional electrochemical energy storage, the state
of charge (SOC) of a CCES system must consider both the pressure

limits of the gas storage chamber and the maximum heat storage
limits of the thermal storage system. To represent the SOC curve of a
CCES, it is necessary to construct a dual-state curve of gas storage
SOC and thermal storage SOC. The gas storage SOC is defined as the
ratio of the mass of gas in the high-pressure storage chamber to the
maximum storage mass, while the thermal storage SOC is defined as
the ratio of the current heat storage amount to the maximum heat
storage amount in the thermal storage system.

Figure 10 illustrates the changes in SOC within a single energy
storage cycle under rated conditions for a compressed carbon dioxide
energy storage system. Throughout the scheduling cycle, the maximum
energy storage capacity of the system is constrained by both the pressure
limits of the gas storage chamber and the heat limits of the thermal
storage system. During the discharge process, the gas storage SOC
decreases more rapidly, with the maximum discharge capacity limited
by the pressure of the gas storage chamber. Conversely, during the

FIGURE 10
Schematic diagram of carbon energy storage system.

TABLE 3 Economic indicators.

Case number Total operating costs ($) Wind curtailment cost ($)

1 187,703 122,430

2 112,880 53,540

3 89,513 35,722
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charging process, the thermal storage SOC increases more rapidly, with
the maximum charging capacity constrained by the thermal storage
limit. At the end of the scheduling cycle, the gas storage SOC returns to
its initial state, allowing direct participation in the next cycle. The
thermal storage system retains excess heat due to the heat absorption
during the compression and charging process exceeding the heat release
during the expansion and discharging process.

In summary, the reasonable configuration of a compressed
carbon dioxide energy storage station needs to consider both the
pressure limit of the gas storage chamber and the maximum heat
storage limit of the thermal storage system. Additionally, the excess
heat in the thermal storage system during the charge-discharge
process validates that the compressed carbon dioxide energy storage
system can provide thermal load supply under combined heat and
power operation. This scheme can effectively reduce the operational
costs of cogeneration units and improve the overall economic
efficiency of the system.

4.3 Operating cost comparison

As shown in Table 3, in Case 1, due to the absence of storage
units, the system is unable to absorb a significant amount of wind
power during peak wind periods, leading to excessive wind
curtailment penalties, particularly during initial 8 hours, when
the curtailment reached 113 MW and 142 MW, respectively.
Compared to Case 1, Case 2 sees reduced operating costs due to
the participation of storage units in the dispatch. In Case 3, thanks to
the high power and large capacity of the CCES station, wind
curtailment is further reduced, and the system’s operating costs
continue to decrease.

5 Conclusion

This paper presents the system composition and operational
framework of CCES system, including compressors, expanders, gas
storage chambers, and thermal storage systems. It models the energy
storage process, energy release process, thermal storage tank operation,
and gas storage tank operation, respectively. A mixed integer
programming approach is employed to establish the corresponding
mathematical models, focusing on the optimal dispatch problem of
power systems incorporating CCES. Case studies validate that under
identical energy storage conditions, compared to CAES, the CCES
system utilizing carbon dioxide as the working fluid possesses higher
charging and discharging power and energy storage capacity. In power
system optimization dispatch, it can maximize the absorption ratio of
renewable energy, effectively reducing the operational costs of the
system. As case study highlights the advantages of using CO₂ as a
working fluid, there are also associated technical limitations. The large-
scale geological sequestration of CO₂ is still under continuous
development and improvement. The use of geological sequestration
as a gas storage chamber is currently only studied theoretically and
requires further validation in actual engineering applications.
Additionally, due to the high-density characteristics of CO₂, existing
compressors and expanders are mostly designed based on air.
Therefore, the energy storage and discharge components suitable for
CO₂ gas require further research.
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