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Liquid CO2 energy storage (LCES) offers advantages such as high energy storage 
density, compact equipment, and high safety, making them one of the most promis-
ing large-scale long-duration energy storage technologies. However, their relative-
ly low cycle efficiency remains the primary factor limiting their development. To 
improve the cycle efficiency of the LCES system, this paper proposes coupling the 
coal-fired power plant (CFPP) with the LCES system. This integration optimizes 
LCES performance while eliminating thermal storage infrastructure requirements. 
Simultaneously, it increases the peak-shaving capacity of CFPP, enhancing grid 
stability amid high renewable penetration. This study investigates the coupling 
performance of the CFPP with LCES systems of different capacities under various 
operating conditions. The results show that under different operating conditions, 
the cycle efficiency of the LCES system coupled with the CFPP can reach over 
60%. Among these, the best performance is achieved when the CFPP operates at 
100% THA and the LCES system has double the capacity. At this point, the LCES 
system’s cycle efficiency can reach 67.49%.
Keywords: LCES, coupled with CFPP, performance enhancement,  

techno-economic analysis, multi-condition

Introduction

Against the backdrop of accelerating global energy transition, large-scale utilization 
of renewable energy has emerged as a critical pathway for power system decarbonization [1]. 
However, wind and PV power generation systems exhibit inherent intermittency and volatil-
ity, posing substantial challenges to grid security and stability [2]. As the primary regulating 
power source in current power systems, traditional CFPP play an irreplaceable supporting role 
in ensuring the integration of new energy and maintaining grid stability [3]. However, CFPP 
generally face technical bottlenecks such as significantly reduced operational efficiency and 
limited regulatory flexibility under low-load conditions [4]. This not only severely impacts the 
economic benefits of power plants but also to some extent constrains their ability to accom-
modate new energy sources [5]. To address this technical challenge, the synergistic operation 
model of new energy storage technology and CFPP provides an innovative solution enhance 
system regulatory capacity and new energy accommodation levels [6].
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Energy storage technology functions as an essential enabler for energy system trans-
formation, facilitating the efficient conversion of electrical energy into other forms through 
physical or chemical processes [7]. This capability proves vital for improving energy efficiency 
and managing grid loads [8]. Not only does it balance the temporal and spatial disparities be-
tween power supply and demand, facilitating a smooth transition in power output, but it also 
possesses functions such as peak shaving, frequency regulation, and capacity reserve, thereby 
promoting the stable grid integration of renewable energy generation and reducing curtailment 
rates for wind and solar power [9]. Coupling energy storage technology with CFPP can optimize 
equipment utilization, address technical bottlenecks in low-load operation and thermal-electrol-
ysis decoupling, and significantly enhance the regulatory capabilities of CFPP [10].

Common large-scale energy storage technologies primarily include pumped hydro stor-
age (PHS), compressed air energy storage (CAES), compressed CO2 energy storage (CCES), 
and liquid air energy storage (LAES) [11]. While PHS provides high capacity and efficiency, 
its deployment is limited by geographical constraints and potential ecological disruption during 
construction [12]. The CAES offers operational efficiency and low costs but requires extensive 
caverns or vessels for working fluid storage [13]. The CCES features compact design and high 
energy density (due to CO2 superior density vs. air under equivalent conditions), though it simi-
larly depends on suitable geological formations for fluid containment [14]. The LAES technology 
offers high energy storage density (ESD) and is not constrained by geographical conditions, but 
the air liquefaction process consumes a significant amount of energy, causing severe damage, and 
storage tank materials often cannot withstand the liquefaction temperature of air [15]. Compared 
to air, CO2 has superior thermophysical properties (critical temperature of 30.98 ℃, critical pres-
sure of 7.38 MPa), giving it an advantage in gas-liquid conversion. Additionally, energy storage 
technology using liquid CO2 as the working fluid demonstrates higher ESD (up to 2.8 times that 
of CAES), but its cycle efficiency is approximately 55%, posing the primary challenge to its de-
velopment [16]. Therefore, enhancing the efficiency of LCES systems is a key research direction 
for advancing new energy storage technologies.

Researchers have investigated LCES integration with diverse energy systems to 
enhance thermodynamic performance and operational flexibility. Jiang et al. [17] proposed 
a multi-mode solar-thermal-assisted LCES system integrated with an organic Rankine cycle, 
increasing the overall efficiency of the coupled system from 49.5%-62.1%. Gao [18] proposed 
a novel LCES system combining a tower-type solar system with a waste heat recovery system. 
The energy efficiency of the LCES system coupled with the tower-type solar system is 51.65%. 
Liu et al. [19] proposed a new LCES system coupling solar energy and liquefied natural gas 
with low pressure storage, achieving a round-trip efficiency (RTE) of 74.33%. Hou et al. [20] 
proposed two novel isobaric LCES systems coupled with pumped-storage hydroelectricity, 
conducting dynamic characteristic analyses of the systems. The optimal RTE and specific effi-
ciency of the coupled systems can reach 19.50% and 52.95%, respectively. Performance of the 
LCES can be significantly enhanced through its thermal integration with multi-energy systems.

Additionally, some researchers have studied the integration of LCES systems with 
CFPP. Chae and Lee [21] proposed three methods for integrating LCES systems with coal-fired 
units, achieving a maximum RTE of 46% and an ESD of 36 kWh/m³. Hou et al. [22] proposed 
a novel LCES system integrated with CFPP, utilizing the steam-water medium of CFPP to 
couple with the LCES system. The results showed that the system achieved an RTE of 45.68% 
and an ESD of 16.01 kWh/m³. Han et al. [23] proposed several CFPP-LCES coupling schemes. 
Simulation analysis identified using fifth-stage extracted steam during energy release as the 
optimal approach. Hou et al. [24] further proposed a new LCES system coupled to a CFPP, se-
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lecting eight refrigerant additives mixed with CO2. The CO2/difluoromethane mixture reduced 
the system operating pressure by 20.95% compared to pure CO2 at an ambient temperature of 
298.15 K, while only degrading the RTE and ESD by 5.78% and 0.76%, respectively. Zheng 
et al. [25] introduced a CFPP-LCES integration concept and compared four distinct coupling 
schemes. Through comparison, it was found that the best coupling effect was achieved when 
the power source was the five-stage extraction of steam from the turbine and circulating fluid-
ized bed boiler. Previous studies have primarily focused on how to effectively utilize compres-
sion heat, with limited system analysis methods. In contrast, the CFPP contains multiple steam 
flows at different temperatures, and integrating it with the LCES system offers various potential 
solutions. These results, though valuable, reveal notable potential for further development in 
LCES-CFPP integrated systems.

Building upon this foundation, this paper proposes an integrated design framework 
coupling CFPP with LCES systems. Accounting for real-world peak shaving requirements, we 
model and analyze the coupled system across diverse CFPP operational modes. Key contribu-
tions include:
	– Based on the principles of energy cascade utilization and waste heat utilization, the system 

employs two-stage heat exchange between the steam-water medium at different tempera-
tures within the CFPP unit and the CO₂ from the LCES system.

	– Thermodynamic modelling of LCES-CFPP coupling systems was performed, including 
parametric analysis of unit scaling and thermal media selection.

	– The performance and efficiency of the LCES-CFPP system under different operating condi-
tions were studied, and the economic viability of the system for peak shaving was analyzed.

System instruction

As shown in fig. 1, this paper proposes a system that integrates a CFPP [26] with a 
LCES system [27]. In the energy storage process, where CO2 is compressed through two-stages, 
Compressor A (COMA) and Compressor B (COMB), the heat generated from the compression is 
transferred to the CFPP through inter-stage cooling, heat exchanger A (HEA) and heat exchanger 
B (HEB). During the heat transfer process, the condensate from the CFPP is used as the cooling 
medium and is deaerator (DEA) before being heat exchange and then discharged. During the 
charging phase, the compression heat produced within the LCES subsystem is transferred to the 
feedwater stream of the CFPP. This heat recovery strategy obviates the need for steam extraction, 
thereby enhancing the net power generation without necessitating extra fuel consumption.

During energy release, liquid CO2 stored in a high pressure storage tank (HST) is 
released and heated by means of heat return B (HRB) and heat exchanger D (HED). Next, the 
CO2 drives the turbine B (TURB). The low temperature CO2 is again heated through heat return 
A (HRA) and heat exchanger C (HEC), and then enters the turbine A (TURA) for expansion, 
where the heat exchange medium for the heat exchanger and heat return is the CFPP feed water 
and extraction steam. Eventually, the generated power is delivered to the grid. The LCES sub-
system in the coupling scheme proposed in this paper has two more return heaters compared to 
the case system, which allows for more uniform heating and better temperature control.

Through thermal integration with the CFPP, steam extraction and feedwater streams 
serve as heat transfer media to supply thermal energy and cooling capacity to the LCES subsys-
tem, enabling cascaded energy utilization. This symbiotic configuration eliminates standalone 
heat/cold storage infrastructure requirements for the LCES system while enhancing operational 
flexibility and stability.
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Model

Basic assumptions

In this study, a novel LCES-CFPP integrated system is designed and modeled using 
the EBSILON Professional simulation platform. The proposed configuration comprises two 
primary modules: the CFPP unit and the LCES subsystem. Thermodynamic assessment models 
are developed for each individual module as well as for the integrated system, with performance 
indicators established in accordance with the First and Second laws of thermodynamics. To 
streamline the simulation process, the following simplifying assumptions are adopted [28-30]:
	– Steady-state operation is maintained for both LCES and CFPP subsystems [28].
	– The HE thermal losses are negligible (adiabatic boundaries assumed) [28].
	– Constant temperature/pressure conditions prevail in HST and LST during operation [29].
	– Kinetic and potential energy changes of working fluids are insignificant throughout the system 

[30].
	– Equal duration is maintained for energy charging and discharging cycles [30].

Evaluation indicators

Energy index

The RTE of an independent LCES subsystem is defined as the ratio of energy gener-
ation energy consumption [31]:

h
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Q
Q

E = (1)

Figure 1. Diagram of the integrated system with different loads
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where Qdis is the energy generation of the LAES subsystem during energy release and Qch – the 
energy consumption of the LAES subsystem during energy storage.

For the integrated LCES-CFPP system, total power generation and energy consump-
tion calculations must account for coupling-induced variations in CFPP output alongside LCES 
subsystem performance. During energy charging, compression heat from LCES preheats CFPP 
feedwater/condensate, reducing extraction steam demand. This increases steam flow through 
the turbine, elevating CFPP generation relative to standalone operation. Conversely, during en-
ergy discharge, thermal absorption from CFPP steam by LCES decreases turbine mass-flow, re-
ducing CFPP output below baseline levels. Accordingly, to provide a more precise and practical 
representation of the round‑trip efficiency for the LCES subsystem, the metric is redefined [32]:
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where Qdis,net [MWh] is the total net energy generation of the coupled system during energy re-
lease, Qch,net [MWh] – the total net energy consumption of the coupled system during energy stor-
age, Wdis,net [MW] – the net power generation of the coupled system during energy release, Qch,net 

[MW] – the net power consumption of the coupled system during energy storage, tdis and tch [hour] 
– the operation time of energy release and energy storage, respectively, Wch and ΔWch [MW] – the 
power consumption of the LAES system and the increase power generation of CFPP unit during 
energy storage, respectively, and Wdis and ΔWdis [MW] – the power generation of the LCES system 
and the increase power generation of CFPP unit during energy release, respectively.

The thermal efficiency of the system of coupled systems can be expressed as [33]:
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where Wout [MW] is the net power generation of the coupled system, Win [MW] – the input ener-
gy of the coupled system, Dboiler [MW] – the boiler evaporation, and ηboiler – the boiler efficiency, 
which is 94.11% in this paper.

Peak performance evaluation metrics

The peaking performance of thermal power units can be explored in depth from two 
perspectives: peaking capacity and peaking depth. Among them, the analysis of peaking capaci-
ty can provide a basis for the design of capacity compensation mechanism of the peaking power 
plant, while the examination of peaking depth is an important reference for the calculation of 
the peaking efficiency of thermal power plants. Due to the introduction of the energy storage 
system, its coupling effect with the coal-fired units in the energy storage stage will lead to an 
increase in the overall power output. Accordingly, during the energy storage phase, the peaking 
capacity is characterized as the difference between the actual power generation of the coupled 
system and the baseline output of the standalone CFPP. In contrast, during the energy release 
phase, the total output of the integrated system is the sum of the CFPP generation and the dis-
charge power supplied by the LCES subsystem. Therefore, in the energy release process, the 
peaking-capacity is defined as the difference between the combined electrical energy output 
power of the coupled system and the electrical energy output power of the case coal-fired unit 
when it operates alone. The peaking-capacity of the two processes is calculated [34]:
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pc,ch c 0hP E E= − (5)

pc,dis dis 0P E E= − (6)
where Ppc,ch are the peaking capacity of the coupled system’s energy storage and release process, 
respectively, Ech and Edis – the output electric energy of the coupled system’s energy storage and 
release process, respectively, and E0 – the electrical output of the coal-fired power generation 
unit in the case study.

In addition, the peaking depth of the energy storage process and the energy release 
process is defined as the ratio of the peaking capacity at each stage to the rated electrical energy 
output power of the thermal power unit, which is calculated [34]:
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where ξch and ξdis [%] are the peaking depths in the coupled system energy storage and release 
process, respectively.

Results and discussion 

Model validation

Verification of the system simulation model constitutes a critical step in this research. 
By comparing the simulation results with design parameters from the literature, the validation 
outcomes for the CFPP system model [26] and the LCES system model [27] are presented in 
tabs. 1 and 2, respectively. The comparison results indicate that the relative error between the 
proposed simulation model and the case system design parameters is less than 1% in all cases, 
fully within the permissible engineering tolerance range. This outcome validates the effective-
ness and accuracy of the simulation model developed in this study, confirming its applicability 
for subsequent analyses.

Coupling scheme options

During the energy storage stage, the condensed water from the RH8 inlet (No. I) of 
the CFPP unit was selected as the heat exchange medium. This choice was guided by the inlet 
temperature requirement of the COMA in the LCES system, which is maintained at 20 °C. To 
maximize thermal compatibility and overall system efficiency, the RH8 inlet condensed water, 
having a temperature most closely matching the required value, was identified as the most suit-
able heat exchange medium for this process.

In the energy release phase of the CFPP unit, eight potential heat transfer media were 
initially considered: feedwater from four locations (RH1 outlet, RH1 inlet, RH2 inlet, and RH3 
inlet) and extracted steam from four positions (RH5, RH6, RH7, and RH8). Thermodynamic 
analysis indicated that the extracted steam from RH6, RH7, and RH8 had temperatures insuf-
ficient to heat the CO2 at the TUR inlet to the target level and was therefore, excluded from 
consideration. Based on this evaluation, Option V – comprising feedwater from the RH1 out-
let, RH1 inlet, RH2 inlet, and RH3 inlet, along with extracted steam from RH5, was selected, 
resulting in a total of five heat exchange points for the energy release process. Table 3 shows 
the different coupling locations during energy storage and release processes, along with the 
temperature ranges at these locations from 30% THA to 100% THA.
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Table 1. Model validation of the CFPP unit [26]

Item Flat Design value Actual value Error [%]

Rated power [MW] 629.11 629.4 –0.05

Main steam flow rate [kgs–1] 520.14 520.14 0.00

Main steam pressure [MPa] 16.7 16.7 0.00

Main steam temperature [℃] 538.0 538.0 0.00

RH1 outlet temperature [℃] 276.4 276.4 0.00

RH1 inlet temperature [℃] 243.9 243.8 0.00

RH2 inlet temperature [℃] 201.9 201.9 0.00

RH3 inlet temperature [℃] 169.9 170.0 –0.06

ES5 temperature [℃] 228.1 228.1 0.00

ES6 temperature [℃] 135.9 135.9 0.00

ES7 temperature [℃] 83.8 83.7 0.1

ES8 temperature [℃] 58.7 58.9 –0.3

30%THA power generation [MW] 189.0 189.0 0.00

40%THA power generation [MW] 252.0 252.0 0.00

50%THA power generation [MW] 315.0 315.0 0.00

75% THA power generation [MW] 472.5 472.5 0.00

Table 2. Model validation of the LCES subsystem [27]

Item Flat Design value Actual value Error [%]

Ambient temperature [℃] 20.0 20.0 0.00

Ambient pressure [MPa] 0.10 0.10 0.00

HST pressure [MPa] 20.00 20.00 0.00

LST pressure [MPa] 1.50 1.50 0.00

TV pressure [MPa] 0.50 0.50 0.00

Compressor intake pressure [MPa] 1.00 1.00 0.00

Compressor outlet pressure [MPa] 20.00 20.00 0.00

HST temperature [℃] 30.0 30.0 0.00

LST temperature [℃] –35.1 -35.1 0.00

Isentropic efficiency of 
ompressor (turbine) [%] 85.00 85.00 0.00

Energy storage (release) time [hour] 4 4 0.00

System output power [MW] 10.00 10.10 –1.00

System onput power MW 17.01 17.18 –1.00

RTE [%] 58.79 58.79 0.00

EVR [kWh/m–3] 16.30 16.30 0.00
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Table 3. Selection of heat exchange medium
Process HEA/HEB HEC/HED

Energy storage Condensate water (No. I) (29.03 ℃)

Energy release

Extraction steam (RH 5) (209.2-228.1 ℃)
Extraction steam (RH 6) (119.8-135.9 ℃)
Extraction steam (RH 7) (57.6-83.8 ℃)
Extraction steam (RH 8) (37.8-58.7 ℃)

Feed water (RH1 outlet) (211.6-276.4 ℃)
Feed water (RH1 inlet) (186.1-243.9 ℃)
Feed water (RH2 inlet) (153.8-201.9 ℃)
Feed water (RH3 inlet) (129.0-169.9 ℃)

In this paper, the performance of the coupled system of CFPP units with LCES sys-
tems of different capacities under different load conditions is analyzed. In the simulation, CFPP 
units with 30%, 40%, 50%, 75%, and 100% THA were selected to couple LCES systems with 
single, double and triple flow rates, respectively (the flow rate difference corresponds to differ-
ent energy storage capacities of the system). At low load conditions, the steam and water mass-
flow rates within the CFPP unit decrease, which in turn limits the capacity of the regenerative 
system to absorb the compression heat generated by the LCES system. This constraint reduces 
the allowable CO2 mass-flow rate available for cooling purposes. Consequently, the 30% THA 
CFPP unit was excluded from integration with both the double‑flow and triple‑flow LCES con-
figurations, while the 40% THA CFPP unit was not connected to the triple‑flow LCES system. 
This design choice fully considered the matching of thermodynamic cycles and the feasibility 
of energy transfer under low load conditions to ensure the operational stability and efficiency 
optimization of the coupled system.

Multi-condition analysis

Energy analysis results

The coupled system employs a low load strategy during the energy storage process 
and a full load regulation strategy during the energy release process. Its performance is also 
compared and analyzed with a standalone LCES system using ordinary hot water as the heat 
transfer medium. From tab. 4, it can be seen that under identical unit stages and pressure con-
ditions, the LCES-CFPP system achieves an RTE exceeding 60% across various operating con-
ditions, while the standalone LCES system with ordinary hot water attains only 58.79% RTE. 
This demonstrates that the efficiency of the LCES system is significantly improved through 
strategic coupling with the CFPP unit.

Figure 2 reveals the comparison plot of RTE of CFPP unit with different heat transfer 
media used in the coupling of LCES system with single flow rate at different loads. It can be 
seen that the system RTE shows a positive proportional increase with increasing load level. 
This is mainly due to the fact that the RH1-outlet is located in the high temperature and high 
pressure region, where the heat capacity and heat transfer coefficient of the work medium are 
large, and the temperature of the heat source increases when the load increases, which strength-
ens the heat exchange efficiency. At the same time, the main steam flow rate increases at high 
load, and the heat transfer rate of the heat exchanger in the high temperature region is signifi-
cantly increased, so the RTE will increase accordingly.
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Table 4. Optimal coupling scheme for CFPP and LCES systems under different loads

State of LCES 
system

Coupling condition
Best solution

Output 
power 
[MW]

Input 
power 
[MW]

RTE [%]Energy 
storage

Energy  
release

Stand-alone – – 10.1 17.18 58.79

Coupled
(LCES-CFPP)

30% THA 100% THA RH1 outlet – single flow 14.20 22.64 62.72
40% THA 100% THA RH1 outlet – single flow 14.20 22.65 62.71
50% THA 100% THA RH1 outlet – single flow 14.20 22.58 62.90
75% THA 100% THA RH1 outlet – triple flow 43.69 68.58 63.71
100% THA 100% THA RH1 import – double flow 28.22 41.82 67.49

Figure 3 represents the RTE comparison plots of the CFPP unit coupled with the 
LCES system of double flow rate at different loads using different heat transfer media. With 
double flow rate, the liquid CO2 in the LCES system circulates faster and absorbs the high tem-
perature heat source from the coal-fired unit more efficiently at high loads, which significantly 
improves the heat transfer rate. At low loads, the double flow rate may result in too short a res-
idence time of the mass in the heat exchanger to fully absorb the heat. At the same time, at low 
loads of coal-fired units, the temperature of the heat source is low, and the double flow rate may 
exacerbate the local pressure drop and reduce the effective heat transfer temperature difference.

Figure 2. Comparison of coupled  
systems at a single flow rate

Figure 3. Comparison of coupled  
systems with double flow rates

Figure 4 represents the comparison of RTE using different heat transfer media after 
coupling the CFPP unit with the triple flow LCES system at different loads. At low load, the 
triple flow rate increases the amount of work mass circulating in the low temperature region, 
but the RTE is lower due to the lower feedwater temperature at the high temperature regenera-
tive system of the CFPP unit, which has limited heating of the high pressure CO2 entering the 
expander in the LCES system. While the heat source parameters of the coal-fired unit at 75% 
THA are optimally matched to the thermodynamic state of the liquid CO2 at triple flow rate, and 
the heat transfer efficiency is maximized, while at 100% THA the local heat loss increases due 
to the system being close to the design limit.

The LCES-CFPP system significantly improves the RTE of the LCES system com-
pared with the independently operated LCES system. As can be seen from the comparison in 
fig. 5, the RTE improvement effect of the LCES-CFPP system is obvious under different load 
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conditions. With the further increase of system load, the efficiency improvement shows a con-
tinuous upward trend. When the CFPP unit operates at a load of 100% THA and the flow rate 
of the LCES system is twice the capacity, the RTE of the LCES subsystem is 67.49%, which is 
an improvement of 8.7% compared to the case LCES system. This is mainly due to the fact that 
when the system is in the 100% THA high load operating condition, the feedwater temperature 
is high, which provides abundant high temperature waste heat resources for the LCES system, 
thus significantly improving the system’s circulation efficiency. Under low load operation, the 
system’s circulation efficiency still has a small increase.

The thermal efficiencies of the CFPP unit before and after coupling with the LCES 
system are shown in fig. 6. As can be seen in fig. 6, the thermal efficiency of the CFPP with-
out coupling to the LCES system is about 1%-5% points lower than when it is coupled to the 
LCES system under different load conditions. This is because at low loads, the condensate 
and feedwater temperatures of the CFPP are lower, and the heat generated by the LCES sys-
tem through two-stage compression is directly absorbed, reducing the boiler’s steam extraction 
requirements and improving the thermal cycle efficiency. Through interstage cooling (HEA, 
HEB) and multi-stage heat exchange, the LCES system efficiently utilizes the compression 

Figure 6. Thermal efficiency before 
and after coupling CFPP and LCES 
systems

Figure 7. Evaluation of the RTE 
exhibited by LCES

 

Figure 4. Comparison of coupled  
systems with triple flow rates

Figure 5. The RTE improvement of the  
coupling system
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heat and injects it into the CFPP unit regenerative system, reducing irreversible losses. At high 
loads, the LCES system utilizes CFPP feedwater to heat CO₂ through the return heaters (HRB, 
HRA) and heat exchangers (HED, HEC) to drive the turbines to generate electricity, increasing 
the total system capacity. The addition of two new return heaters (HRB, HRA) realizes uniform 
heating of CO₂ and avoids the efficiency loss due to temperature fluctuation in the conventional 
LCES system, which leads to an increase in thermal efficiency.

Furthermore, the RTE of the LCES subsystem in this study was compared with those 
in [22-25], as shown in fig. 7. The results indicate that the proposed LCES system exhibits a 
higher RTE.

Peaking performance analysis

Figures 8 and 9 illustrate the results of the peak shaving performance analysis for the 
LCES-CFPP system. The peak shaving capability of the integrated system is influenced not 
only by the input and output power of the LCES but, more importantly, by the dynamic inter-
action between the LCES and the CFPP unit, which affects overall power generation. During 
the energy storage phase, the peak shaving capacity is primarily determined by the input power 
contributions from COMA and COMB, whereas in the energy release phase, it is largely dic-
tated by the output power from TURA and TURB. The research results indicate that during the 
energy storage phase, the cumulative maximum peak-shaving capacity of the coupled system 
reaches 274 MWh under 75% THA load with threefold capacity configuration, achieving a 
peak-shaving depth of 14.5%. In the energy release phase under the same conditions, the cu-
mulative maximum peak-shaving capacity is 175 MWh with a peak-shaving depth of 9.25%. 
These findings demonstrate that integrating an energy storage system can effectively enhance 
the peak-shaving performance of coal-fired power units.

Figure 8. Peaking capacity of the LCES system Figure 9. Peaking depth of the LCES system

Conclusions 

Against the background of the large-scale development of new energy power systems, 
improving the flexible regulation capability and power supply guarantee capability of power 
systems has become a key technical challenge to realize the high proportion of renewable en-
ergy consumption. In this paper, CFPP is proposed to be coupled with LCES system. Based on 
thermodynamic modelling and numerical steady-state simulation, different coupling schemes 
of CFPP and LCES systems are analyzed, and thermodynamic and peak-regulating perfor-
mance analyses are performed, and the conclusions are as follows.
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	y By comparing different coupling schemes, the optimal scheme for coupling CFPP units 
with LCES systems of different capacities at different loads was determined. The optimal 
scheme is: the best performance of LCES system is achieved when CFPP is 100% THA and 
LCES system is twice the capacity (the heat transfer medium is selected as condensate at 
the inlet of RH8 (No. I) for energy storage, and the feed water at RH1 outlet – double flow 
for energy release).

	y The RTE of the LCES-CFPP system exceeds 60% across various operating conditions, rep-
resenting an improvement of 3%-9% points compared to the standalone LCES system using 
ordinary hot water as the heat transfer medium. Notably, when coupled with the CFPP unit 
under 100% THA conditions and operating at twice the flow rate, the system achieves a 
peak efficiency of 67.49%.

	y Based on the peak‑shifting performance analysis of the coupled system, the results indi-
cate that, at a 75% THA load and a triple‑capacity configuration, the cumulative maximum 
peak‑shifting capacity reaches 274 MWh during the energy storage phase. Under the same 
operating conditions, the cumulative maximum peak‑shifting capacity during the energy re-
lease phase is 175 MWh. The corresponding peak‑shifting depths for the storage and release 
processes are 14.51 % and 9.25 %, respectively.
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Nomenclature
D 	 – boiler evaporation, [kgs–1]
E 	 – electric energy, [kW]
P 	 – peaking capacity, [MWh]
Q 	 – energy, [kW]
t 	 – time, [hour]
W 	 – work, [kW]

Greek letters

η 	 – efficiency, [%]
ξ 	 – peaking depths, [%]

Subscripts

ch 	– charge
dis 	– discharge
in 	 – input
out 	– output
pc – peaking capacity
net 	– net power generation

Acronyms

CAES  – compressed air energy storage
CCES 	– compressed CO2 energy storage
CES 	 – cold energy storage

CFPP 	 – coal-fired power plant
COM 	 – compressor
CON 	 – condenser
CP 	 – condensate pump
DEA 	 – deaerator
ESD 	 – energy storage density
FWP 	 – feed water pump
HE 	 – heat exchanger
HPT 	 – high pressure turbine
HR 	 – heat regenerator
HST 	 – high pressure storage tank
IPT 	 – intermediate pressure turbine
LAES  – liquid air energy storage
LCES 	– liquid CO2 energy storage
LPT 	 – low pressure turbine
LST  	 – low pressure storage tank
PHS 	 – pumped hydro storage
RH 	 – regenerative heater
RTE 	 – round-trip efficiency
THA 	 – turbine heat acceptance
TUR 	 – turbine
TV 	 – ventil
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