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A B S T R A C T   

In the background of carbon neutrality targets, energy for power generation is being converted from fossil to 
renewable sources. Energy storage has become particularly more and more important because it is a key tech
nology to solve the instability of renewable energy. An energy storage method coupled with a heat pump and 
power cycle named thermodynamic cycle energy storage, which uses a heat pump and power cycle to run 
alternately for energy storage and has attracted the attention of international researchers because of its char
acteristics of green development, flexible application and convenience for large scale. The relations of operating 
parameters of the thermodynamic cycle energy storage are very important for operating this system sufficiently. 
Therefore, an optimization model of thermodynamic cycle energy storage was established for the CO2 tran
scritical thermodynamic cycle, with hot water as a hot storage medium and NaCl brine as a cold storage medium. 
The relations of its operating parameters were analyzed by pinch point temperature difference and control 
variable method. The results showed that turning of some parameter curves occurs with changing the position of 
pinch point and largest temperature difference points. The round-trip efficiency generally increases firstly and 
then decreases with increasing the high-temperature side pressure of the power cycle. In the calculation range, 
when the evaporating pressure of the heat pump is 2.00 MPa, the high-temperature side pressure of the heat 
pump is 20.00 MPa, and the CO2 temperature of the air cooler outlet is 20 ◦C, the peak value of round-trip 
efficiency is the largest, the maximum round-trip efficiency is 56.9 %.   

1. Introduction 

In order to deal with global ecological and environmental degrada
tion, most countries and regions are planning to reach carbon neutrality 
by 2050. With people's higher and higher requirements for the comfort 
of life, the proportion of electricity in the terminal energy increased 
significantly [1]. In energy industry, especially the power generation 
industry, the degree of low-carbon development in the future is almost 
the key to realizing carbon neutrality [2]. Henze et al. [3] predicted that 
renewable energy generation will account for 84 % of total electricity 
generation by 2050, indicating the energy for power generation is being 
converted from fossil to renewable sources. Due to the strong 

dependence of renewable energy (mainly wind and solar energy) on 
climate, it is intermittent and volatile, leading to the instability of power 
generation [4], which makes it difficult to absorb, resulting in the 
phenomenon of abandoning wind and light. However, energy storage 
can reduce peak load and fill the valley, improve absorption capacity, 
avoid wind and light abandonment and improve energy utilization rate, 
which is an essential technical solution to solve the Spatio-temporal 
mismatch of energy resources in the future. Taking wind power gener
ation as an example, the grid connection of 1 GW wind power generation 
requires a 200 MW standby power supply [5,6]. Therefore, a large-scale 
energy storage system as a standby power supply attracting more and 
more researchers' attention. 

Based on the mechanism used, the types of energy storage system can 
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be classified into: electrochemical, chemical, electrical, thermal, and 
mechanical. Among them, electrochemical and mechanical energy 
storage are the most common in current types power grids, such as lead- 
acid batteries, flow batteries, pumped hydro energy storage, compressed 
air energy storage, flywheel energy storage, etc. [7,8]. Considering the 
characteristics of various energy storage technologies and the reasons 
for storage capacity, cost, charge and discharge efficiency, operation 
cost, environmental protection, etc., pumped hydro energy storage and 
compressed air energy storage [9,10] are recognized as typical large- 
scale (hundreds of MW or even GW) energy storage systems, and they 
all belong to mechanical energy storage. Pumped hydro energy storage 
is the most mature and widely used energy storage technology at pre
sent, but it is not suitable for general promotion in the period of the rapid 
growth of renewable energy installation due to its harsh site selection 
and long construction cycle. Compressed air energy storage mainly in
cludes traditional compressed air energy storage and advanced adiabatic 
compressed air energy storage. The traditional compressed air energy 
storage for power generation requires fossil energy, and the gas storage 
chamber is generally a rock cave, abandoned mine, etc., which is limited 
by geographical conditions and cannot be flexibly applied [11]. 
Advanced adiabatic compressed air energy storage stores the heat of 
compressed air. Because the rise of compressed air temperature is rela
tively obvious and the temperature of the heat storage system is rela
tively high, the problem of a material's resistance to high temperature 
and high pressure needs to be solved, which also leads to high initial 
investment costs. 

In 1924, German scholar of Marguerite [12] first proposed a system 
that converts electric energy into heat energy and then heat energy into 
electric energy. This system used water as a circulating working fluid 
and hot storage medium. In 1978, Cahn [13] changed the hot storage 
medium from water to hydrocarbon fraction on the above basis, and 
some current advanced adiabatic compressed air energy storage has 
used this kind of hot storage medium to store heat energy. In 2009, 
Hemrle et al. [14] proposed the basic model of thermodynamic cycle 
energy storage, which consists of two closed thermodynamic cycles. 
During the period of electricity abundance, electric energy is converted 
into thermal energy and cold energy through a heat pump and stored in 
the hot storage system and cold storage system, respectively. During the 
period of electricity shortage, the hot storage system is used as the high- 
temperature heat source and the cold storage system as the low- 

temperature heat source, and the heat energy is converted into electric 
energy through a power cycle. This thermodynamic cycle energy storage 
model can realize the mutual conversion between electric energy and 
heat energy through the heat pump and power cycle alternately oper
ation. The overall structure of the thermodynamic cycle energy storage 
system is relatively compact, mainly including a compressor, expander, 
turbine, pump, heat exchanger and energy storage system, etc. In the 
same year, Hemrle et al. [15] also proposed a thermodynamic cycle 
energy storage model with an intermediate storage tank to optimize the 
heat transfer process at the high-temperature side. A shunt is set inside 
the gas heat exchanger to reduce the average heat exchange temperature 
difference between the circulating medium and the hot storage medium 
by controlling the mass flow of the hot storage medium. So as to improve 
the exergy efficiency of heat transfer and achieve the purpose of 
improving the round-trip efficiency. 

In terms of working principle, all thermodynamic cycles, such as the 
Brayton cycle, Rankine cycle, transcritical thermodynamic cycle, and all 
circulating working fluids, such as CO2, argon, and air, alkanes and their 
blend, can be adopted [16–18]. Because natural CO2 has good thermo
dynamic properties, such as low critical point, high power density, low 
cost and zero ODP (Ozone Depletion Potential), researchers have also 
done a lot of theoretical and experimental work on CO2 heat pump 
[19,20] and power cycle [21–23]. However, the analysis of the perfor
mance of a single cycle is no longer applicable to the energy storage 
system, because the energy storage system is coupled with a heat pump 
and power cycle. 

In 2012, Mercangöz et al. [24] analyzed that the transcritical ther
modynamic cycle was more conducive to improving the thermo-physical 
property matching degree between circulating working fluid and energy 
storage medium. A CO2 transcritical thermodynamic cycle energy stor
age model with hot water as hot storage medium and saltwater as cold 
storage medium was established, and the analysis results showed that 
the maximum round-trip efficiency was 53 %. In 2012, Morandin et al. 
[25,26] proposed the heat storage principle of multiple storage tanks to 
improve round-trip efficiency and showed that the relations of some 
operating parameters were highly nonlinear. In order to find the optimal 
working conditions, the genetic algorithm was used to optimize the 
operating parameters of the thermodynamic cycle energy storage system 
and obtain the ideal hot water temperature curve, which requires the 
support of countless storage tanks. However, this is not realistic. 

Nomenclature 

c specific heat capacity (kJ•kg− 1•◦C− 1) 
C mass concentration (kg•kg− 1) 
h enthalpy (kJ•kg− 1) 
m mass flow rate (kg•s− 1) 
p pressure (MPa) 
q heat transfer at per unit mass flow of CO2 (kW•kg− 1) 
Q heat transfer at the actual mass flow rate of CO2 (kW) 
t temperature (◦C) 
w work done at per unit mass flow rate of CO2 (kW•kg− 1) 
W work done at the actual mass flow rate of CO2 (kW) 

Subscript 
c cold 
com compressor 
cond condenser 
exp expander 
evap evaporator 
h heat 
high system high-temperature side 
HP heat pump 

low system low-temperature side 
PC power cycle 
pum pump 
RTE round-trip efficiency 
tur turbine 
isen isentropy 
max maximum 
1, 2, 3, 4, 5 state points of the transcritical cycle 

Superscripts 
' inlet 
“ outlet 

Greek letters 
Δt temperature difference 
η efficiency 
τ duration 

Abbreviation 
COP coefficient of performance 
ODP ozone-depleting potential  
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Through the least square method and piecewise linear fitting of the 
temperature curve of hot water, the parameters of the storage system of 
finite storage tank are obtained. The results showed that the maximum 
round-trip efficiency could reach 60 %. Further analysis by Morandin 
et al. [27] in 2013 showed that using an expander to replace the throttle 
valve for the CO2 transcritical thermodynamic cycle energy storage 
increased the economic cost but could improve the round-trip efficiency 
of the system by more than 10 %. The Pareto optimal condition was 
obtained by selecting the system structure and operating parameters 
with a genetic algorithm to improve the system round-trip efficiency and 
reduce the investment cost. When the energy storage capacity was 50 
MW, the round-trip efficiency could reach 64 %, and the corresponding 
investment cost was 684 $/kW. In 2013, Kim et al. [28] proposed an 
isothermal compression and isothermal expansion CO2 transcritical 
thermodynamic cycle energy storage system, which has a higher back 
work ratio than the traditional isentropic compression and expansion 
system, so it is more conducive to improving round-trip efficiency. In 
2014, Baik et al. [29] studied the influence of temperature of a low- 
temperature hot storage medium on the high-temperature side on 
round-trip efficiency by using a traditional CO2 thermodynamic cycle 
energy storage system. It is shown that in order to maximize the round- 
trip efficiency of the CO2 transcritical thermodynamic cycle energy 
system, it is necessary to optimize the temperature of the low- 
temperature hot storage medium at the high-temperature side. In 
2016, Ayachi et al. [30] analyzed the CO2 transcritical thermodynamic 
cycle energy storage system using stratum to store heat. They showed 
that when the minimum temperature difference between stratum and 
circulating working fluid for heat exchange increases from 1 ◦C to 5 ◦C, 
the round-trip efficiency decreases from 50 %–66 % to 42.5 %–55.5 %. 
In 2017, Wang et al. [31] reviewed and explored the thermodynamic 
cycle energy storage technology. The comparison with compressed air 
energy storage showed that the thermodynamic cycle energy storage 
system with CO2 as a working medium has the advantages of a large 
energy storage scale, long working time, low investment cost and high 
cycle efficiency. In 2019, Reyes et al. [32] discussed the influence of 
introducing solar high-temperature heat on the performance of CO2 
transcritical thermodynamic cycle energy storage system. It showed that 
in the case of no solar support and a pressure ratio of 9.4, the round-trip 
efficiency is 52 %; in the case of solar support to improve the turbine 
inlet temperature, the round-trip efficiency is more than 60 %, and the 
turbine inlet temperature increases to 950 K at this time. In 2020, Liu 
et al. [33] proposed a creative liquid CO2 energy storage system inte
grating the transcritical Brayton cycle, electrical thermal energy storage 
and ejector condensing cycle. The results showed that higher turbine 
inlet pressure and temperature can promote the net power output and 
round-trip efficiency of the system. The ejector entrainment ratio gives a 
decrease with the rise in ejector back pressure, and the decreasing trend 
is first steep until the ejector back pressure being at 8.2 MPa in the 
considered conditions and then becomes distinctly moderate. In 2021, 
Zhao et al. [34] optimized the thermal parameters of CO2 transcritical 
thermodynamic cycle energy storage system with or without regener
ator. The results showed that the energy storage system with regenerator 
has higher efficiency. When pressurized water is used as hot storage 
medium, the system efficiency without regenerator is 39.15 %, and the 
system efficiency with regenerator is 64.39 %. In 2022, Salomone- 
González et al. [35] analyzed a thermodynamic cycle energy storage 
system based on Rankie cycle and used different working fluids. Their 
model considered the main internal and external energy losses and heat 
leak to the environment. The results shows that when CO2 is used as the 
working fluids, the cycle efficiency can reach 50 %. 

To sum up, previous literature is devoted to optimizing the system 
structure to obtain the maximum round-trip efficiency and the lowest 
economic cost. However, the dependent relations of operating param
eters between systems are not clear yet. CO2 transcritical thermody
namic cycle energy storage system is a complex system with coupling 
with heat pump and power cycle, and the coupling relation has a 

significant impact on system performance. Therefore, it is necessary to 
study the dependent relation between operating parameters of CO2 
transcritical thermodynamic cycle energy storage system to fill the gaps 
in relevant research and provide a theoretical basis for the regulation 
and management of the system. In order to reveal the operation char
acteristics and influence mechanism of CO2 transcritical thermodynamic 
cycle energy storage system, and obtain the universal rules of the energy 
storage system during operation. In this paper, a CO2 transcritical 
thermodynamic cycle energy storage system model with hot water as the 
heat storage medium and NaCl brine as the cold storage medium was 
constructed. The pressure at the high-temperature side of the power 
cycle was discretized, and the relations between operating parameters of 
the CO2 transcritical thermodynamic cycle energy storage system were 
analyzed and summarized by pinch point temperature difference [36] 
and control variable method. 

2. Methodology 

2.1. Principle and model of CO2 transcritical thermodynamic cycle energy 
storage 

As shown in Fig. 1, in the supercritical state, the specific heat ca
pacity of CO2 at constant pressure changes significantly with tempera
ture. In contrast, the specific heat capacity of liquid water is almost 
unchanged, resulting in poor heat transfer matching at the high- 
temperature side. As a result, the average temperature difference of 
heat transfer at the high-temperature side of the storage system is large, 
which reduces the reversibility of the thermodynamic cycle. Based on 
the existing research, the segmented heat transfer at the high- 
temperature side is considered to improve the matching degree of heat 
transfer at the high-temperature side. 

The schematic diagram and optimization model diagram of the 
thermodynamic cycle energy storage system is shown in Fig. 2. This 
thermodynamic cycle energy storage system uses CO2 as a circulating 
working fluid, hot water as a hot storage medium, and NaCl brine as a 
cold storage medium. This thermodynamic cycle energy storage system 
mainly includes a motor, generator, compressor, gas cooler (heater), 
expander, evaporator, condenser, turbine, pump, layered storage tank, 
storage tank, throttle valve, valve, pipeline, and other essential 
equipment. 

It is worth noting that the layered storage tank diagram is divided 
into three layers, which is only a schematic diagram. In practical 
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Fig. 1. Variation of specific heat capacity of supercritical CO2 at constant 
pressure with the temperature under different pressures. 

L. Pan et al.                                                                                                                                                                                                                                      



Journal of Energy Storage 60 (2023) 106589

4

p p

p p

Fig. 2. Schematic diagram and optimization model diagram of CO2 transcritical thermodynamic cycle energy storage (a: Schematic diagram; b: Optimization 
model diagram). 
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application, the number of layers in the storage tank is determined by 
the number of units of the heat exchanger. 

During the period of electricity abundance, start the heat pump (2HP- 
1HP-5HP-4HP-3HP-2HP). The excess electric energy in the power grid is 
used to drive the motor, which drives the compressor to compress the 
low-temperature and low-pressure CO2 (2HP) from the evaporator into 
high-temperature and high-pressure gaseous CO2 (1HP). In the gas 
cooler, by controlling the mass flow rate of each layer of the left layered 
storage tank, according to the corresponding ways of high-temperature 
to high-temperature, moderate-temperature to moderate-temperature 
and low-temperature to low-temperature, high-temperature and high- 
pressure gaseous CO2 heats the cold water from each layer of the left 
layered storage tank to hot water and stores it in the right layered 
storage tank. At the same time, gaseous CO2 with high-temperature and 
high-pressure is cooled into gaseous CO2 with low-temperature and 
high-pressure (5HP). Then it expands into low-temperature and low- 
pressure CO2 (4HP) in the expander. The low-temperature and low- 
pressure CO2 enters the evaporator to evaporate and absorb heat to 
become low-temperature and low-pressure CO2 (2HP) and finally enters 
the compressor to complete the cycle of the heat pump. 

During the period of electricity shortage, start the power cycle (5PC- 
1PC-2PC-3PC-4PC-5PC). In the gas heater, by controlling the mass flow rate 
of each layer on the right layered storage tank, according to the corre
sponding ways of high-temperature to high-temperature, moderate- 
temperature to moderate-temperature, and low-temperature to low- 
temperature, the low-temperature and low-pressure liquid CO2 from 
the pump (5PC) is heated to high-temperature and high-pressure gaseous 
CO2 (1PC) by hot water from each layer of the layered storage tank at the 
right side. At the same time, the hot water is cooled to cold water and 
stored in a layered storage tank at the left side. Then the high- 
temperature and high-pressure gaseous CO2 enters the turbine to 
expand for work and expands into low-temperature and low-pressure 
CO2 (2PC), which drives the generator to operate and generate elec
tricity and is incorporated into the power grid. The low-temperature and 
low-pressure CO2 enters the condenser and is cooled into liquid CO2 
(4PC) by NaCl brine. Finally, the low-temperature and low-pressure 

liquid CO2 is transported to the gas heater by pump to complete the 
power cycle. 

In the case of only electric energy input without coupling other heat 
sources (such as industrial waste heat), the round-trip efficiency cannot 
reach 1 due to the irreversibility of the thermodynamic cycle, so part of 
electric energy will be dissipated in the form of heat energy. In order to 
maintain the thermal balance of the thermodynamic cycle energy stor
age system, a thermal balance system is set at the low-temperature side 
to extract the excess heat energy from the system. For the thermal bal
ance system, as required, the NaCl brine at a higher temperature in the 
right side storage tank is drawn and cooled to a lower temperature 
(isothermal to the NaCl brine at the left side) and transferred to the left 
side storage tank. Due to the characteristics of the CO2 transcritical 
thermodynamic cycle energy storage system's high pressure, the round- 
trip efficiency can be significantly improved by replacing the throttle 
valve with an expander [27]. However, the expander operates in the 
two-phase regions, which is harmful to the impeller. For the safe and 
reliable operation of the system, a non-impeller expander should be 
used, such as a piston expander, screw expander and so on [36]. 

2.2. Fixed parameters determination of thermodynamic cycle energy 
storage system 

In theoretical analysis, according to the current manufacturing ca
pacity of power machinery and heat exchanger, the following parame
ters of the thermodynamic cycle energy storage system are specified, as 
shown in Table 1. The pinch point temperature difference of heat 
exchanger is 5.0 ◦C. The inlet temperature difference of the heat pump 
evaporator (at 2HP) is 5.5 ◦C. The compressor inlet superheat degree is 
0 ◦C. The number of heat transfer units at the high-temperature side is 5. 
The auxiliary heat pump refrigeration coefficient is 3. The isentropic 
efficiency of the compressor, expander, turbine and pump are specified 
as 0.80, 0.75, 0.88 and 0.65, respectively [37]. Since the specific heat 
capacity at constant pressure of CO2 varies significantly with tempera
ture, the influence of pressure change at high-temperature side of the 
system is highly uncertain, so the pressure at high-temperature side of 
the power cycle is discretized. According to the practical application and 
the necessity of revealing the relations of operating parameters of 
thermodynamic cycle energy storage system, the following parameter 
ranges are specified in the theoretical calculation. The high-temperature 
side pressure of the power cycle range is 8.00–15.00 MPa. The evapo
rating pressure of the heat pump range is 1.75–3.00 MPa. The high- 
temperature side pressure of the heat pump range is 10.00–15.00 
MPa. The CO2 temperature of the air cooler outlet range is 20.0–45.0 ◦C. 

The state point 3 in the heat pump and power cycle is all on the 
saturation gas line, which is not the actual running state point, but set for 
convenient analysis. In order to prevent the pump from not working 
properly due to its inlet being in the two-phase regions, the pump inlet 
(4PC) is set on the saturated liquid line. The pressure drop of working 
fluid flow, mechanical efficiency of power machinery and heat dissi
pation loss of the system are not considered in the analysis. 

It is worth noting that the isentropic efficiency of machinery, pinch 
point temperature difference of heat exchanger and refrigeration 

Table 1 
Fixed parameters and study variable range.  

Name Value 

Pinch point temperature difference (◦C) 1.0 
Inlet temperature difference of the heat pump evaporator (at 2HP) 

(◦C) 
2.5 

Compressor inlet superheat degree (◦C) 0 
Number of segments at high-temperature side 5 
Auxiliary heat pump refrigeration coefficient 3 
Isentropic efficiency of the compressor 0.88 
Isentropic efficiency of the expander 0.90 
Isentropic efficiency of the turbine 0.90 
Isentropic efficiency of the pump 0.88 
High-temperature side pressure of the power cycle (MPa) 10.00–30.00 
Evaporating pressure of the heat pump (MPa) 2.00–3.00 
High-temperature side pressure of the heat pump (MPa) 10.00–20.00 
CO2 temperature of the air cooler outlet (◦C) 20.0–45.0  

Table 2 
Comparison table of NaCl concentration and icepoint [38].  

Mass concentration Icepoint (◦C) Mass concentration Icepoint (◦C) Mass concentration Icepoint (◦C)  

0.00  0.00  0.09  − 5.81  0.18  − 14.05  
0.01  − 0.59  0.10  − 6.56  0.19  − 15.22  
0.02  − 1.19  0.11  − 7.35  0.20  − 16.46  
0.03  − 1.79  0.12  − 8.18  0.21  − 17.78  
0.04  − 2.41  0.13  − 9.04  0.22  − 19.18  
0.05  − 3.05  0.14  − 9.94  0.23  − 20.68  
0.06  − 3.70  0.15  − 10.89  0.233  − 21.13  
0.07  − 4.38  0.16  − 11.89    
0.08  − 5.08  0.17  − 12.94    
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coefficient of auxiliary heat pump system all affect the round-trip effi
ciency. The round-trip efficiency may be small or even negative, but this 
is a normal phenomenon. However, it will not affect the rule between 
system operating parameters. 

2.3. Heat transfer calculation method of NaCl brine 

2.3.1. Thermophysics of NaCl brine 
Eutectic temperature is the temperature at which all salt and water in 

brine solidifies into eutectic, and the corresponding concentration of 
solution is called eutectic concentration. When the concentration of 
NaCl brine is lower than the eutectic concentration, the icepoint tem
perature of brine decreases with the increase of the concentration. 
Contrarily, with higher concentration than eutectic concentration, the 
icepoint temperature will increases with increasing the concentration. 
For NaCl brine, the eutectic temperature is − 21.13 ◦C and the eutectic 
concentration is 23.3 %. The icepoint of NaCl brine with different con
centrations is shown in Table 2. 

The relation between icepoint temperature and concentration is 
obtained through a polynomial fitting, as shown in Eq. (1), where the 
sum of squares of fitting residuals is 2.32•10− 4. 

ticepoint = − 6.87719⋅10− 4 − 58.72816⋅C − 15.10368⋅C2 − 648.80085⋅C3+

1521.78879⋅C4 − 4239.29187⋅C5

(1)  

where the unit of ticepoint is ◦C, and C is the mass concentration of NaCl 
brine. 

The specific heat capacity of liquid NaCl brine is related to mass 
concentration and temperature to a certain extent. Wu [39] used the 
polynomial fitting method to obtain the relations between the specific 
heat capacity of NaCl solution at constant pressure and mass concen
tration and temperature, as shown in Eq. (2), and pointed out that the 
maximum relative error is 0.83 % and the average relative error is 0.45 
%. 

cp,brine = 2.731 − 0.007194⋅t + 7.284⋅10− 5⋅t2

+56.54⋅C + 0.1332⋅t⋅C − 2.2⋅10− 3⋅t2⋅C
− 8.418⋅102⋅C2 − 0.3301⋅t⋅C2 + 1.42⋅10− 2⋅t2⋅C2

+5.1⋅103⋅C3 − 2.289⋅t⋅C3 − 2.652⋅10− 2⋅t2⋅C3

− 1.395⋅104⋅C4 + 7.529⋅t⋅C4

+1.419⋅104⋅C5

(2)  

where the unit of cp,brine is kJ•kg− 1•◦C− 1, the unit of t is ◦C, and C is the 
mass concentration of NaCl brine. 

The latent heat of solidification of water and melting of ice is 334 
kJ•kg− 1 [37], and the specific heat capacity of ice is shown in Table 3. 

The formula of ice specific heat capacity changing with temperature 
is obtained by polynomial fitting, as shown in Eq. (3), where the sum of 
squares of residuals is 0. 

cp,ice = 2.06+ 0.00303⋅tice − 2.3875⋅10− 4⋅t2
ice − 4.125⋅10− 6⋅t3

ice (3)  

where the unit of cp,ice is kJ•kg− 1•◦C− 1, the unit of tice is ◦C. 

2.3.2. Heat transfer calculation process and equivalent specific heat of 
NaCl brine 

The condensing process of NaCl brine at icepoint temperature is 
shown in Fig. 3. In this process, heat is divided into three parts, one is 
sensible heat from high-temperature brine to low-temperature brine, the 
other is latent heat from liquid water in high-temperature brine to 
precipitate and freeze with the temperature decreases, and the last part 
is sensible heat from ice to further reduce the temperature, as shown in 
formula (4). 

Qall = Qsensible,brine +Qlatent,ice +Qsensible,ice (4) 

The calculation formula of brine mass concentration is shown in eq. 
(5). 

C =
mbrine,pure

mbrine,pure + mwater
× 100% (5)  

where mbrine,pure is the mass of pure NaCl in brine. The quality of water 
in brine can be obtained from eq. (5). 

mwater =

(
1
C
− 1

)

⋅mbrine,pure (6) 

Therefore, the mass of water (ice) precipitated when the brine con
centration increases Cstep is shown in eq. (7). 

mice =

(
1
C
−

1
C + Cstep

)

⋅mbrine,pure (7) 

The sensible heat Qsensible,brine from high-temperature brine to low- 
temperature brine is shown in Eq. (8). 

Qsensible,brine =

∫ tbrine,high

tbrine,low

cp,brine⋅mbrine⋅dt =
∑N→∞

i=1
cp,brinei ⋅mbrinei ⋅(tbrinei − tbrinei− 1 )

(8) 

The latent heat Qlatent,ice of liquid water in high-temperature brine 
precipitates and freezes with the decrease of temperature is shown in eq. 
(9). 

Table 3 
The specific heat capacity of ice varies with temperature [37].  

Temperature (◦C)  − 40  − 20  − 10  0 
Specific heat capacity of ice at 

constant pressure (kJ•kg− 1•◦C− 1)  
1.821  1.947  2.010  2.060  
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Fig. 3. Schematic diagram of NaCl brine condensing process.  
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Qlatent,ice =
∑N

i=1
micei ⋅qlatent (9)  

where micei is the mass of ice shed each time, qlatent is the latent heat of 
solidification of water. micei is obtained from Eq. (7), as shown in Eq. 
(10). 

micei =

(
1
Ci

−
1

Ci+1

)

⋅mbrine,pure (10) 

The sensible heat Qsensible,ice of the shedding ice whose temperature 
decreases further is shown in Eq. (11). 

Qsensible,ice =
∑N

i=1
cp,icei ⋅micei

(
ticei − tbrine,low

)
(11) 

To sum up, when the mass flow rate of brine is mbrine, NaCl brine with 
concentration Clow and temperature tbrine,high at the icepoint is 
condensed into brine with concentration Chigh and temperature tbrine,low 
at the icepoint, and the heat Qall released is shown in Eq. (12). 

Qall =
∑N→∞

i=1
cp,brinei ⋅mbrinei ⋅(tbrinei − tbrinei− 1 )+

∑N→∞

i=1
micei ⋅qlatent

+
∑N→∞

i=1
cp,icei ⋅micei

(
ticei − tbrine,low

)
(12) 

The equivalent specific heat capacity of NaCl brine is shown in Eq. 
(13). 

cp,brine,equivalent =
Qall

mbrine⋅
(
tbrine,high − tbrine,low

) (13) 

Through the above calculation method, the equivalent specific heat 
capacity of NaCl brine at icepoint temperature was calculated by taking 
a temperature rise of 0.001 ◦C, and the formula of the equivalent specific 
heat capacity of brine was fitted by three exponential function segments. 
The temperature range of brine was − 20-0 ◦C, as shown in Eq. (14), and 
the piecewise fitting curve is shown in Fig. 4, where the sum of residual 
squares was 2619.46.  

2.4. Calculation method for parameters of thermodynamic cycle energy 
storage system 

The flow chart of calculation method for parameters of thermody
namic cycle energy storage system is shown in Fig. 5, including one main 
function and two sub-function. 

For the heat pump, the state point 3HP is obtained from the evapo
rating pressure. The compressor inlet parameters (state point 2HP) can 
be obtained according to the set compressor inlet superheat degree. The 
compressor outlet parameter (state point 1HP) can be obtained at the 

c

t

c

t

Fig. 4. Fitting curve of equivalent specific heat capacity of NaCl brine.  

cp,brine,equivalent

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

= 326.87⋅etbrine/-0.976 + 142.10⋅etbrine/-2.672 + 57.02⋅etbrine/-8.917 + 7.14(
-20∘C ≤ tbrine ≤ -3.3∘C

)

= 1664.62⋅etbrine/-0.185 + 730.72⋅etbrine/-0.484 + 327.32⋅etbrine/-1.842 + 43.65(
-3.3∘C < tbrine ≤ -0.7∘C

)

= 1784.10⋅etbrine/-0.153 + 1784.10⋅etbrine/-0.170 + 1784.10⋅etbrine/-0.187 + 390.59(
-0.7∘C < tbrine ≤ 0∘C

)

(14)   
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given high-temperature side pressure according to Eq. (15). The outlet 
parameters of the gas cooler (state point 5HP) can be obtained by 
combining the CO2 temperature of the gas cooler outlet with the pres
sure of the high-temperature side. According to Eq. (16), the expander 
outlet parameter (state point 4HP) can be obtained. The mass flow rate 
and outlet temperature of cold storage medium are limited by the pinch 
point temperature difference of the evaporator, which can be solved by 
the pinch point temperature difference method according to the given 
inlet temperature difference of the evaporator (at 2HP). 

ηisen,com =
h1,HP,isen − h2,HP

h1,HP − h2,HP
(15)  

ηisen,exp =
h5,HP − h4,HP

h5,HP − h4,HP,isen
(16) 

Each state point of the heat pump is now known. Therefore, the 
compressor power consumption, expander power recovery, input elec
tric energy, heat release to the high-temperature heat source and heat 
absorption from the low-temperature heat source at unit mass flow rate 
of CO2 can be obtained by formula (17)–(21) below. 

wcom = h1,HP − h2,HP (17)  

wexp = h5,HP − h4,HP (18)  

winput,HP = wcom − wexp (19)  

qgas,cooler,HP = h1,HP − h5,HP (20)  

qevap.HP = h2,HP − h4,HP (21) 

For the power cycle, the inlet and outlet temperature of the cold 
storage medium has been determined. The condensing pressure at the 
low-temperature side of the power cycle should simultaneously satisfy 
the minimum temperature difference of heat transfer at the low- 
temperature side of the power cycle and the high-temperature side of 
coupling the heat pump and power cycle equal to the pinch point tem
perature difference. Therefore, an iterative calculation is required. Ac
cording to the condensing pressure of the power cycle to be determined, 
state point 3PC and pump inlet parameters (state point 4PC) can be ob
tained. According to Eq. (22), the outlet parameters of pump (state point 
5PC) can be obtained. The ratio of the power cycle and heat pump CO2 

p

t t c
c N M t

t p
COP

p p
t

t

p

p t

p

Ratio Ratio W
Q Q

M t t

Ratio W W W

Ratio Ratio
Ratio

M t t

t t c

M t t

M t

t t t

M

p t

t t t

p

t t t

Ratio

p

t t N
t c c

p

Q Ratio

p

p

Ratio
t

t t t

Ra
tio

Fig. 5. Flow chart of calculation method for parameters of thermodynamic cycle energy storage system.  
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mass flow rate, the largest temperature difference of high-temperature 
side heat transfer, mass flow rate and inlet and outlet temperature of 
each unit of hot storage medium, and outlet parameters of gas heater 
(1PC) can be obtained by pinch point temperature difference method. 
Then, the turbine outlet parameters (state point 2PC) can be obtained 
according to Eq. (23). The mass flow rate of the cold storage medium is 
related to the position of the pinch point temperature difference at the 
low-temperature side of the power cycle, which is obtained by pinch 
point temperature difference method. 

ηisen,pum =
h5,PC,isen − h4,PC

h5,PC − h4,PC
(22)  

ηisen,tur =
h1,PC − h2,PC

h1,PC − h2,PC,isen
(23) 

Each state point of the power cycle is now known. Therefore, the 
pump power consumption, the power done by turbine, the electric en
ergy output and the heat released to the low-temperature heat source at 
unit mass flow rate of CO2 can be obtained by formula (24)–(27) below. 

wpum = h5,PC − h4,PC (24)  

wtur = h1,PC − h2,PC (25)  

woutput,PC = wtur − wpum (26)  

qcond,PC = h2,PC − h4,PC (27) 

In fact, the power cycle and heat pump CO2 mass flow ratio obtained 
in the above calculation is obtained when the running time of the power 
cycle and heat pump is the same. Nevertheless, the running time of the 
power cycle and heat pump is adjustable. The mass flow rate of hot 
storage medium and power cycle CO2 can be adjusted in the same 
proportion according to the actual power generation and operation time, 
without affecting the size and position of the pinch point temperature 
difference. 

If the heat pump running time is τHP and the power cycle running 
time is τPC, then: 

Winput,HP = mCO2 ,HP⋅winput,HP⋅τHP (28)  

Woutput,PC = mCO2 ,PC⋅woutput,PC⋅τPC (29)  

Qbalance = mCO2 ,PC⋅qcond,PC⋅τPC − mCO2 ,HP⋅qevap,HP⋅τHP (30)  

Wbalance = Qbalance
/

COPc,auxiliary (31)  

Wnet,PC = Woutput,PC − Wbalance (32)  

ηRTE =
Winput,HP

Wnet,PC
(33)  

3. Results and discussion 

Based on pinch point temperature difference and control variable 
method, the relations of operating parameters of the CO2 transcritical 
thermodynamic cycle energy storage system have been analyzed. For 
the convenience of description and understanding, the following in
structions should be noted in this study. 

Instruction 1: “pinch point temperature difference position at the 
high-temperature side” refers to the position of the minimum tempera
ture difference between heat pump CO2 and hot storage medium or 
power cycle CO2 and hot storage medium and in which heat transfer 
units (1–5). “largest temperature difference point position at the high- 
temperature side” refers to the maximum temperature difference be
tween heat pump CO2 and hot storage medium or power cycle CO2 and 
hot storage medium and in which heat transfer units (1–5). The 
sequence of heat transfer units is from low-temperature to high- 
temperature. 

Instruction 2: The turning caused by the position change of the pinch 
point temperature difference at the high-temperature side is called the 
first type of turning region. The turning caused by the position change of 
the largest temperature difference point at the high-temperature side is 
called the second type of turning region. The turning caused by the 
position change of the pinch point temperature difference at the low- 
temperature side of the power cycle from the saturated gas line to the 
turbine outlet is called the third type of turning region. 

Instruction 3: In some cases, because the condensing pressure of the 
power cycle cannot simultaneously satisfy that the pinch point tem
perature difference at the high-temperature side is equal to the pinch 
point temperature difference, and the pinch point temperature differ
ence at the low-temperature side of the power cycle is equal to the pinch 
point temperature difference and cannot be calculated, the previous 
working condition that cannot be calculated is defined as the termina
tion working condition. 

Instruction 4: The equivalent specific heat capacity of NaCl brine 
increases strongly with increasing its temperature, especially up to near 
0 ◦C. In the iteration process of the pinch point, an exact calculation for 

p

p

t

t

p

p

p
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t''
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Fig. 6. Variation of pcond,PC, t′′tur, Δt′′tur,superheat, Δt′′high,max with high-temperature side pressure of the power cycle.  
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the parameters of the pinch point is executed with many iterations of 
dichotomy. However, in the iteration process of the high temperature of 
the NaCl brine, its calculation accuracy can't reach as high as the pa
rameters of the pinch point. Additionally, the large equivalent specific 
heat capacity of NaCl brine causes that the temperature varies slightly 
with temperature. Therefore, a little calculation error which is inevi
table exists in the relative temperature between the pinch point tem
perature and the outlet temperature of the NaCl brine (in the condenser 
of the power cycle). Because of this reason, the pinch point temperature 
is a slightly higher than the outlet temperature of the NaCl brine (in the 
condenser of the power cycle) in some conditions and a peak value 
occurred for the condensing pressure of the power cycle. 

Annotation instruction: The first type of turning region is marked 
with black circles and black words in the figure. The second type of 
turning region is marked by red circles and red words in the figure. The 
third type of turning region is marked with blue circles and blue words 
in the figure. Termination working condition is marked by a black 
square and black words in the figure. Due to the inevitable calculation 
error caused by the strongly increase of the specific heat capacity of the 
NaCl brine, the condensing pressure shows a peak phenomenon, marked 
by a blue square in the figure. 

3.1. Analysis of curve turning region 

Taking the evaporating pressure of the heat pump of 2.00 MPa, the 
high-temperature side pressure of the heat pump is 20.00 MPa, and the 
CO2 temperature of the air cooler outlet is 30 ◦C as representative ex
amples, the detailed analysis and interpretation of the curve turning 
region were carried out. 

The variation of largest temperature difference of high-temperature 
side, condensing pressure of the power cycle, outlet temperature and 
outlet superheat degree of the turbine with high-temperature side 
pressure of the power cycle is indicated in Fig. 6. The curve turning 
region is shown in the figure. In the turning region of 11.20–11.30 MPa, 
the purple curve turn, which is the second type of turning region and is 
caused by the change of the position of the largest temperature differ
ence point at the high-temperature side. A schematic diagram of largest 
temperature difference point position change at the high-temperature 
side is shown in Fig. 7. The position of the largest temperature differ
ence point shifted from the fourth unit between power cycle CO2 and hot 
storage medium to the first unit between power cycle CO2 and hot 
storage medium, while the position of the pinch point temperature 
difference did not change at the fifth unit between power cycle CO2 and 
hot storage medium. Under the high-temperature side pressure of the 
power cycle range of 26.20–26.30 MPa, the value of condensing 

p
p

Q

p
p

Q

Fig. 7. Schematic diagram of largest temperature difference point position change at the high-temperature side.  

p p

Fig. 8. Schematic diagram of pinch point temperature difference position change at the low-temperature side of the power cycle.  
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pressure of the power cycle, outlet temperature and outlet superheat 
degree of the turbine simultaneously occur a turning, which is the third 
type of turning region. The third type of turning region is caused by the 
position change of the pinch point temperature difference at the low- 
temperature side of the power cycle from the saturated gas line to the 
turbine outlet, as shown in Fig. 8. When the pressure at the high- 
temperature side of the power cycle is 26.20–26.30 MPa, the 
condensing pressure shows a peak due to the change of NaCl brine 
specific heat capacity, as shown in the blue box in Fig. 8. For details, see 
instruction 4. 

It is also indicated from the Fig. 8 that after the third type of turning 
region, the condensing pressure, the outlet temperature and the super
heat degree of the turbine all keep constant. The superheat degree at the 
exit of the turbine is 0 ◦C, which is consistent with the pinch point po
sition at the low-temperature side of the power cycle in the two-phase 
region (turbine outlet). According to the characteristics of CO2 satura
tion line, the increase of condensing pressure of the power cycle is 
conducive to the turbine outlet in the superheat region, and the lower 
the turbine outlet temperature is, the more conducive to the turbine 
outlet in the two-phase regions. Therefore, in the third type of turning 
region, the degree of increase of condensing pressure of the power cycle 
is less than the degree of decrease of turbine outlet temperature. 

3.2. Influence of operating parameters 

3.2.1. Influence of evaporating pressure of the heat pump 
When analyzed the influence of evaporating pressure of the heat 

pump, the high-temperature side pressure of the heat pump is 20.00 
MPa, and the CO2 temperature of the air cooler outlet is 30 ◦C. 

The variation of round-trip efficiency with high-temperature side 
pressure of the power cycle under different evaporating pressures of the 
heat pump is indicated in Fig. 9. From a horizontal perspective, with the 
increases of the high-temperature side pressure of the power cycle, the 
round-trip efficiency first increases and then decreases, and there is a 
peak value. From a longitudinal perspective, the round-trip efficiency 
decreases with the increase of evaporating pressure of the heat pump, 
and the peak position moves to the direction of the high-temperature 
side pressure of the power cycle decreases. The above analysis shows 
that when the evaporating pressure of the heat pump is constant, the 
proper high-temperature side pressure of the power cycle is helpful to 
improve the round-trip efficiency of the thermodynamic cycle energy 
storage system. When the high-temperature side pressure of the power 

cycle is constant, reducing the evaporating pressure of the heat pump is 
helpful to improve the round-trip efficiency. In the case of the evapo
rating pressure of the heat pump is 3.00 MPa, there is a non-derivable 
feature when the pressure at the high-temperature side of the power 
cycle is 24.00–24.50 MPa, as shown by the black circle in Fig. 9 and 
Fig. 11. It is caused by the change of the position of the largest tem
perature difference point and the position of the pinch point tempera
ture difference at the high-temperature side at concurrent place. 

Fig. 10 reflects the temperature difference level of the high- 
temperature side of the heat exchanger. The largest temperature dif
ference at the high-temperature side first decreases rapidly, then de
creases slowly with the increases of the high-temperature side pressure 
of the power cycle. In most cases, the decreases (increases) of the largest 
temperature difference at the high-temperature side will increases (de
creases) the round-trip efficiency, which can represent the round-trip 
efficiency to a certain extent. 

The variation of condensing pressure of the power cycle with high- 
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Fig. 9. Variation of round-trip efficiency with high-temperature side pressure 
of the power cycle under different evaporating pressures of the heat pump. 
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Fig. 10. Variation of the largest temperature difference of the high- 
temperature side with high-temperature side pressure of the power cycle 
under different evaporating pressures of the heat pump. 
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Fig. 11. Variation of condensing pressure of the power cycle with high- 
temperature side pressure of the power cycle under different evaporating 
pressures of the heat pump. 
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temperature side pressure of the power cycle under different evapo
rating pressures of the heat pump is indicated in Fig. 11. When the 
evaporating pressure of the heat pump is between 2.00 and 3.00 MPa, 
from a horizontal perspective, with the increases of the pressure at the 
high-temperature side of the power cycle, the condensing pressure of the 
power cycle basically remains unchanged. From a longitudinal 
perspective, with the increases of the evaporating pressure of the heat 
pump, the condensing pressure of the power cycle increases. 

The variation of turbine outlet superheat degree with high- 
temperature side pressure of the power cycle under different evapo
rating pressures of the heat pump is indicated in Fig. 12. From a hori
zontal perspective, with the increases of the pressure at the high- 
temperature side of the power cycle, it decreases more and more 
slowly and finally keeps a constant value of zero (the turbine outlet 
enters the two-phase regions). From a longitudinal perspective, with the 
evaporating pressure of the heat pump increases, on the one hand, the 
superheat degree of the turbine outlet decreases before keeping constant 

value, on the other hand, they all finally enter the two-phase regions, 
and the position of turbine outlet enters the two-phase region moves in 
the direction of decreasing the high-temperature side pressure of the 
power cycle. Therefore, in order to maintain the normal operation of the 
turbine, it is necessary to avoid the situation that the high-temperature 
side pressure of the power cycle is too high, so as to avoid the turbine 
outlet in the two-phase regions. 

3.2.2. Influence of high-temperature side pressure of the heat pump 
When analyzed the influence of the high-temperature side pressure 

of the heat pump, the evaporating pressure of the heat pump is 2.00 
MPa, and the CO2 temperature of the air cooler outlet is 30 ◦C. 

As shown in Fig. 13, for the high-temperature side pressures of the 
heat pump between 10.00 and 20.00 MPa, the trend of curves change is 
roughly the same. With the increase of the high-temperature side pres
sure of the heat pump, the peak value moves to the direction of 
increasing high-temperature side pressure of the power cycle, and the 
peak value becomes larger and larger. Therefore, when the high- 

t

p

p
p
p
p
p

Fig. 12. Variation of turbine outlet superheat degree with high-temperature 
side pressure of the power cycle under different evaporating pressures of the 
heat pump. 
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Fig. 13. Variation of round-trip efficiency with high-temperature side pressure 
of the power cycle under different high-temperature side pressures of the 
heat pump. 
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Fig. 14. Variation of the maximum temperature difference of heat transfer on 
the high-temperature side with high-temperature side pressure of the power 
cycle under different high-temperature side pressures of the heat pump. 
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Fig. 15. Variation of condensing pressure of the power cycle with high- 
temperature side pressure of the power cycle under different high- 
temperature side pressures of the heat pump. 
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temperature side pressure of the heat pump is constant, the selection of 
appropriate high-temperature side pressure of the power cycle can 
maximize the round-trip efficiency of the thermodynamic cycle energy 
storage system. 

The variation of the largest temperature difference of the high- 
temperature side with high-temperature side pressure of the power 
cycle under different high-temperature side pressures of the heat pump 
is indicated in Fig. 14. From a horizontal perspective, with the increase 
of the high-temperature side pressure of the power cycle, it firstly de
creases rapidly and then decreases slowly. From a longitudinal 
perspective, the turning point value moves in the direction of increasing 

pressure of the high-temperature side of the power cycle. 
Fig. 15 illustrates the variation of condensing pressure of the power 

cycle with high-temperature side pressure of the power cycle under 
different high-temperature side pressures of the heat pump. From a 
horizontal perspective, with the increases of the high-temperature side 
pressure of the power cycle, the condensing pressure of the power cycle 
shows a general trend of steadily increasing first, then keeping constant. 
The reasons for the peak are detailed in Instruction 4. From a longitu
dinal perspective, with the increases of the high-temperature side 
pressure of the heat pump, on the one hand, before remaining un
changed, the higher the high-temperature side pressure of the heat 
pump, the lower the condensing pressure of the power cycle, on the 
other hand, the constant values at last are all equal and the position of 
entering constant value region move to the direction of the high- 
temperature side pressure of the power cycle increase. 

As shown in Fig. 16, for the high-temperature side pressures of the 
heat pump between 10.00 and 20.00 MPa, from a horizontal perspec
tive, with the increases of the high-temperature side pressure of the 
power cycle, it first decreases, then keeps a constant value of zero (the 
turbine outlet enters the two-phase regions). From a longitudinal 
perspective, with the increases of high-temperature side pressure of the 
heat pump, on the one hand, before keeping constant value, the turbine 
outlet superheat degree increases, on the other hand, the constant value 
position moves to the direction of increasing high-temperature side 
pressure of the power cycle. This is consistent with the phenomenon 
described in Fig. 15 that the constant value is finally maintained with the 
increase of the high-temperature side pressure of the power cycle, 
indicating that the turbine outlet enters the two-phase regions. 

3.2.3. Influence of CO2 temperature of the air cooler outlet 
When analyzed the influence of CO2 temperature of the air cooler 

outlet, the evaporating pressure of the heat pump is 2.00 MPa, and the 
high-temperature side pressure of the heat pump is 20.00 MPa. 

As shown in Fig. 17, from a horizontal perspective, with the increases 
of the high-temperature side pressure of the power cycle, all curves show 
a trend of first increases and then decreases and there is a peak value. 
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Fig. 16. Variation of turbine outlet superheat degree with high-temperature 
side pressure of the power cycle under different high-temperature side pres
sures of the heat pump. 
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Fig. 17. Variation of round-trip efficiency with high-temperature side pressure of the power cycle under different CO2 outlet temperatures of air cooler.  

L. Pan et al.                                                                                                                                                                                                                                      



Journal of Energy Storage 60 (2023) 106589

14

From a longitudinal perspective, the peak value decreases with the in
creases of the CO2 temperature of the air cooler outlet, and the position 
of the peak value moves to the direction of the increasing of the high- 
temperature side pressure of the power cycle. In the calculation range, 
when the CO2 temperature of the air cooler outlet is 20 ◦C, the peak 
value of round-trip efficiency is the largest. 

The variation of the largest temperature difference of the high- 
temperature side with the high-temperature side pressure of the power 
cycle under different CO2 temperatures of the air cooler outlet is indi
cated in Fig. 18. When the outlet temperature of the air cooler is between 
20 and 45 ◦C, it decreases rapidly first and then slowly. From a 

longitudinal perspective, the turning point value moves in the direction 
of increasing pressure of the high-temperature side of the power cycle. 
However, when the CO2 temperatures of the air cooler outlet are 45 ◦C, 
it decreases slowly from beginning to end. 

Fig. 19 shows the variation of condensing pressure of the power cycle 
with high-temperature side pressure of the power cycle under different 
CO2 temperatures of the air cooler outlet. For the circumstance that the 
CO2 temperatures of the air cooler outlet are between 20 and 45 ◦C, from 
a horizontal perspective, with the increases of the high-temperature side 
pressure of the power cycle, the curves of different CO2 temperatures of 
the air coolers outlet coincide with each other in the slowly increasing 
region. From a longitudinal perspective, with the increases of the CO2 
temperature of the air cooler outlet, the condensing pressure of the 
power cycle becomes smaller and smaller in the fastly increasing region, 
and the position of exits the slowly increasing region and enters the 
constant value region moves in the direction of the increases of the high- 
temperature side pressure of the power cycle. It is worth noting that the 
condensing pressure at the low-temperature side of the power cycle is 
the same when the final remains constant. 

Fig. 20 illustrates the variation of turbine outlet superheats degree 
with high-temperature side pressure of the power cycle under different 
CO2 temperatures of the air cooler outlet. For the CO2 temperatures of 
the air cooler outlet are between 20 and 45 ◦C, from a horizontal 
perspective, with the increases of the high-temperature side pressure of 
the power cycle, it shows a trend of decreasing and then keeps a constant 
value of zero (the turbine outlet enters the two-phase regions). From a 
longitudinal perspective, in the high-temperature side pressure are be
tween 22 and 30 MPa, the turbine outlet superheats degree increases 
with the increases of the CO2 temperature of the air cooler. The position 
of enters the constant value region moves to the direction of the in
creases of the high-temperature side pressure of the power cycle. It is 
worth noting that the turbine outlet superheat degree corresponding to 
the constant value is zero, indicating that the turbine outlet enters the 
two-phase regions, which is consistent with the phenomenon described 
in Fig. 19 that the condensing pressure of the power cycle finally 
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Fig. 18. Variation of the largest temperature difference of the high-temperature side with the high-temperature side pressure of the power cycle under different CO2 
temperatures of the air cooler outlet. 
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Fig. 19. Variation of condensing pressure of the power cycle with high- 
temperature side pressure of the power cycle under different CO2 tempera
tures of the air cooler outlet. 
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maintains a constant value with the increases of the high-temperature 
side pressure of the power cycle. 

4. Conclusions 

Based on the method of pinch point temperature difference and 
control variables, and the discrete treatment of high-temperature side 
pressure of the power cycle, the relations of operating parameters of CO2 
transcritical thermodynamic cycle energy storage system are analyzed, 
and the following main conclusions are summarized. 

(1) The change position of the pinch point temperature difference 
and largest temperature difference point may lead to the curve turning. 

(2) With the increases of the high-temperature side pressure of the 
power cycle, in general, the round-trip efficiency shows a trend of first 
increasing and then decreasing, and there exists a peak value, and the 
turbine outlet superheats degree decreases and finally keeps a constant 
value of zero. Therefore, the regulation of high-temperature side pres
sure of the power cycle is particularly important, which can not only 
make the round-trip efficiency of thermodynamic cycle energy storage 
system higher, but also avoid the turbine outlet in the two-phase regions. 

(3) Decreasing the evaporating pressure of the heat pump and 
increasing the high-temperature side pressures of the heat pump can not 
only improve the peak value of the round-trip efficiency of the ther
modynamic cycle energy storage system, but also the turbine outlet 
tends to be in the superheat region. In the calculation range, when the 
CO2 temperature of the air cooler outlet is 20 ◦C, the peak value of 
round-trip efficiency is the largest, the maximum round-trip efficiency is 
56.9 %. When the CO2 temperature of the air cooler outlet increases, the 
CO2 state of the turbine outlet is more inclined to the superheat region. 

This investigation reveals the operating characteristics and influence 
mechanism of CO2 transcritical thermodynamic cycle energy storage 
system, fill the gaps in relevant research, and obtain the universal rules 
of the energy storage system during operation. These universal rules 
provides a theoretical basis for the management and regulation of CO2 
transcritical thermodynamic cycle energy storage system and points out 

a clear direction to improve the round-trip efficiency of the system under 
the premise of ensuring the normal operating of the system. These 
universal rules may not only apply to CO2, but also have certain guiding 
significance for thermal cycle energy storage systems with other sub
stances as working fluids. 
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