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A B S T R A C T   

Compressed CO2 energy storage technology is a feasible resolution to stabilize the fluctuation of renewable 
energy output and has significant development prospects. The main challenge currently facing is how to achieve 
high-density storage of low-pressure CO2. To get rid of the engineering application limitations caused by low- 
pressure CO2 liquefaction storage and large-scale cave storage, a new type of adsorption trans-critical com-
pressed CO2 energy storage system is proposed in this paper. Using Fe-MOR(0.25) as an adsorbent, the storage 
density of CO2 can reach 390.94 kg/m3 at 298 K and 0.1 MPa. The thermodynamic simulation is carried out 
based on the first and second laws of thermodynamics. The results demonstrate that the system round trip ef-
ficiency, exergy efficiency, and energy storage density under the design conditions are 66.68 %, 67.79 %, and 
12.11 kWh/m3, respectively. The results of sensitivity analysis indicate that the storage pressure and storage 
temperature of the high-pressure tank have compound effects on the system, and they are the key parameters 
affecting the performance of the system. Releasing pressure at critical points can cause abrupt changes in system 
performance. Heat exchanger effectiveness, compressor, and turbine isentropic efficiency improvements posi-
tively affect the system performance.   

1. Introduction 

With the increasing environmental pollution and greenhouse effect 
caused by fossil fuels, speeding up the establishment of a new energy 
system with renewable energy as the main source has become the theme 
of the times [1,2]. However, the new energy sources represented by 
wind power and photovoltaic have inherent properties such as volatility 
and intermittency, and cannot provide a continuous and steady power 
supply [3]. The solution to the issue lies in developing an energy 
network with the deep coupling of source-grid-load-storage [4]. Energy 
storage technology applies to multiple scenarios such as power supply 
side, grid side, and load side, with functions such as “peak shaving and 
valley filling” and “fluctuations smoothing” and has been developing 
rapidly in recent years [5,6]. 

Due to the restrictions of technical characteristics, only pumped 
hydro storage and compressed gas energy storage can be installed on a 
large scale [7]. Pumped hydro storage requires strict geographic con-
ditions, making site selection hard, and development has tapered off in 

recent years [8]. Compressed gas energy storage(CGES) has the advan-
tages of a short construction period, a long lifespan, and stable perfor-
mance, making it one of the most promising technologies [9]. 

Most conventional CGES use air as the working medium, namely 
compressed air energy storage (CAES) [10]. According to the working 
principle, the CAES operation process can divide into two stages: energy 
storage and energy release. During the low load period of the grid, the 
compressor unit compresses the air to a high temperature and high- 
pressure state and stores it in the storage chamber after cooling. In the 
peak load period of the grid, the high-pressure air released from the 
storage chamber enters the turbine after reheating to do work. 

To improve the power production capacity of the turbine, the con-
ventional CAES needs to use supplemental combustion in the energy 
release stage. The commercially operating Huntorf (Germany) and 
Mclntosh (USA) power plants use natural gas for combustion, resulting 
in cycle efficiencies of 42 % and 49 %, respectively, and still produce 
large amounts of CO2 emissions [11,12]. To overcome the above 
dilemma, scholars have proposed the advanced adiabatic compressed air 
energy storage (AA-CAES) technology [13]. The principle of AA-CAES is 
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to store the compression heat generated in the energy storage stage in 
the thermal storage medium, and the air is reheated and then enters the 
turbine to produce work during the energy release stage [14]. AA-CAES 
can get rid of fossil fuels and operates more efficiently. Nevertheless, due 
to the low air density, AA-CAES usually requires large-capacity under-
ground caverns as high-pressure storage chambers, which is too 
demanding for geographical conditions and has limited applications 
[15]. 

Carbon dioxide(CO2) has non-flammable, high density, low viscos-
ity, excellent heat transfer performance, a mild critical point (304.25 K, 
7.38 MPa), and other properties. Thus CO2 can be used as a substitute for 
air [16]. The principle of compressed CO2 energy storage(CCES) is the 
same as CAES, but the exception is that CO2 belongs to greenhouse gas 
and needs to be in a closed-loop, so there is a low-pressure CO2 storage 
issue. Liu et al. [17] proposed a CCES with subsurface saline aquifers as 
gas storage chambers. The system uses different depth aquifers as high 
and low-pressure storage chambers. The results showed that the super-
critical system has higher energy storage density, while the cross-critical 
system has higher cycle efficiency. Chaychizadeh et al. [18] presented a 
CCES based on a double underground storage chamber to improve the 
wind power dispatch, which improved the turbine work capacity by 
mixing compression heat with electrical heat storage. The cycle effi-
ciency ranges from 55.72 to 58.16 %, and the energy storage density is 
83.7–86.5 kWh/m3 considering the wind power volatility conditions. 
Cao et al. [19] suggested a CCES with an abandoned mine as the high- 
pressure storage chamber and an underground cavern as the low- 
pressure storage chamber. The thermodynamic analysis suggested that 
the cycle efficiency of the system was up to 53.75 %. Similarly, Hao et al. 
[20] introduced a TC-CCES system with an integrated heat pump. By 
applying a heat pump to enhance the waste heat energy grade, the 

system cycle efficiency, energy storage efficiency, and heat storage ef-
ficiency were 66 %, 54.81 %, and 46 %, respectively. Based on the 
system structure of the literature [21], Fu et al. [22] used trough solar 
collectors instead of a combustion chamber. The cycle efficiencies of 
supercritical and trans-critical systems reached 77.75 % and 67.72 %, 
respectively. Xu et al. [23] applied submerged flexible airbags to store 
low-pressure CO2. The utilization of heat return and diversion measures 
improved the system circulation efficiency and exergy efficiency by 
13.42 % and 12.46 %, respectively, compared to the base configuration. 

Nevertheless, all the studies mentioned above employed large un-
derground caves as low-pressure gas storage chambers, which dramat-
ically restricted the geographical application of the system. The 
liquefaction approach can improve the storage density of low-pressure 
CO2, making it a viable solution to the issue. Wang et al. [24,25] 
compared three system configuration options for low-pressure CO2 
liquefaction by employing cold storage units. The results suggested that 
the improved system with coupled ORC has the optimal performance 
with cycle efficiency and energy storage density of 56.7 % and 36.06 
kWh/m3, respectively. Zhang et al. [26] investigated a system with low- 
pressure CO2 condensation and evaporation through a cold storage unit. 
In comparison, the energy storage density of this system is 2.8 times 
higher than that of AA-CAES under the same conditions. Wang et al. [27] 
explored a TC-CCES with low-pressure CO2 liquefaction storage. Simu-
lation results revealed that the system cycle efficiency and energy 
storage density were 59.98 % and 2.6 kWh/m3, respectively. The exergy 
analysis showed that the condenser exergy destruction was the greatest, 
accounting for 16.88 %. 

Liu et al. [28] examined a system in which high and low-pressure 
CO2 was stored in the liquid phase, and performed thermal and eco-
nomic analyses. The multi-objective optimization results indicated that 

Nomenclature 

Symbols 
ṁ mass flow rate (kgs) 
p pressure (MPa) 
S specific entropy (kJ/kg K) 
T temperature (K) 
t time (s) 
V volume (m3) 
M mass (kg) 
EVR energy storage density (kWh/m3) 
RTE round trip efficiency (%) 
u thermodynamic energy (kJ/kg) 
h enthalpy (kJ/kg) 
Q̇ thermal power (kW) 
Ė exergy flow rate (kW) 
Ẇ electrical power (kW) 

Abbreviations 
CO2 carbon dioxide 
CGES compressed gas energy storage 
CAES compressed air energy storage 
AA-CAES advanced adiabatic compressed air energy storage 
CCES compressed CO2 energy storage 
TC-CCES trans-critical compressed CO2 energy storage 
A-TC-CCES adsorption-type trans-critical compressed CO2 energy 

storage 
A-LPT adsorption-type low pressure tank 
C compressor 
IC intercooler 
HPT high pressure tank 
TV throttle valve 

RH reheater 
T turbine 
P pump 
HT hot tank 
CT cold tank 
Fe iron 
MOR mordenite 

Greeks 
η efficiency (%) 
ρ density (kg/m3) 
ε heat exchanger effectiveness (/) 
β adsorption performance of adsorbent (m3/m3) 

Subscripts and Superscripts 
es energy storage stage 
er energy release stage 
is isentropic 
in inlet 
out outlet 
i stage number 
D destruction 
EX exergy 
HE heat exchanger 
hot hot fluid 
cold cold fluid 
ideal ideal state 
k stream number 
j component number 
net net power 
0 ambient state  
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the investment cost is 0.25$/kWh when reaching the optimal exergy 
efficiency of 61.39 %. Liu et al. [29] researched a system of condensing 
CO2 via an injected refrigeration cycle. In addition, the turbine inlet CO2 
is heated with fluctuating electrical power. Economic analysis results 
suggested that the system cost per unit capacity is lower than CAES. 
Zhang et al. [30] introduced a CCES employing low-pressure CO2 liquid 
storage. Low-pressure CO2 phase changes were conducted using ice 
slurry as the heat storage medium. The kinetic energy of liquid CO2 was 
recovered using a cryo-turbine with a cycle efficiency of 55.7 % at the 
design operating conditions. Likewise, Zhang et al. [31] suggested a 
CCES with the same heat storage heat exchanger to make the CO2 phase 
change. The optimization results revealed that the maximum cycle ef-
ficiency and the corresponding energy storage density were 43.96 % and 
17.77 kWh/m3, respectively. Bao et al. [32] introduced a novel liquefied 
CCES, which achieves CO2 condensation by liquefied natural gas and a 
two-stage ORC cycle. The optimal cycle efficiency and the lowest eco-
nomic cost of this system are 375.49 % and 0.08 USD/kWh, respectively. 
Huang et al. [33] proposed a novel thermal storage configuration 
scheme for the low heat transfer efficiency of liquid compressed CO2 
energy storage system. By dividing and matching the heat transfer 
temperature gradient, the system circulation efficiency reached 57.85 
%. To solve the problem of subcritical CO2 condensation within a liq-
uefied compressed CO2 energy storage system, Liu et al. [34] considered 
the utilization of CO2 mixed with organic fluid. The results show that the 
pure CO2 system has higher circulation efficiency, while the mixing fluid 
system has a higher energy density. Sun et al. [35] proposed two liq-
uefied CCES with refrigeration functions. Compared with the basic 
structure, the system with added recuperative cycle had better perfor-
mance, and the cycle efficiency and energy storage density reached 
78.66 % and 12.69 kWh/m3, respectively. Xu et al. [36] suggested a 
CCES-based combined heat and power system with CO2 condensation 
and evaporation via methanol and water. The thermodynamic analysis 
results show that the improved system efficiency and capacity are 63.44 
% and 16.23 MW, respectively, and the thermoelectric ratio is flexible 
and adjustable. To improve the operational flexibility of thermal power 
plants, Chae et al. [37] proposed three types of liquefied compressed 
CO2 energy storage systems using steam as the heat source. The simu-
lation results show that the maximum cycle efficiency and energy stor-
age density are 46 % and 36 kWh/m3, respectively. Compared with the 
conventional CCES, the liquefied CCES has significantly improved en-
ergy storage density, but at the same time, the cycle efficiency decreased 
seriously. 

From the literature research mentioned above, it is evident that most 
of the current studies usually adopt liquefaction to enhance the storage 
density of low-pressure CO2. However, this would cause many chal-
lenges: (1) high storage pressure leads to a small range of pressure 
variation of the working mass, which reduces the work capacity; (2) a 
heat storage heat exchanger is usually required to condense and evap-
orate CO2, resulting in an enormous heat storage heat exchanger and 
high investment and maintenance costs; (3) the heat storage heat 
exchanger has a gigantic exergy loss, which reduces system perfor-
mance, etc. 

CO2 adsorption enables high-density storage of low-pressure CO2 
and has become a viable alternative to CO2 liquefaction. Compared with 
chemical adsorbents, solid physical adsorbents possess the advantages of 
high efficiency, easy regeneration, and suitability for industrial appli-
cations [38,39]. Furthermore, the adsorbent applied in the energy 
storage system should have the features of low cost, high efficiency, fast 
adsorption and desorption rate, high stability, and excellent moisture- 
proof performance [40]. Zhou et al. [41] developed a self-formable 
CO2 adsorbent, Fe-MOR(0.25) (where 0.25 is the molar ratio of Fe to 
Si in zeolite), by adding Fe ions to mordenite. The performance of 
adsorption of Fe-MOR(0.25) can reach 219 cm3/cm3 at 298 K and 0.1 
MPa, which is better than previous typical adsorbents [42,43]. In 
addition, experimental data showed that Fe-MOR(0.25) could achieve 
90 % of saturated CO2 adsorption in 2.5 min when the adsorbent was a 

mixture of 15 % N2 and 85 % CO2, so Fe-MOR(0.25) could achieve CO2 
adsorption and desorption process under dynamic conditions. In terms 
of engineering applications, Fe-MOR(0.25) also has the advantages of 
good moisture resistance, fast self-forming, and high compression 
resistance [41]. In summary, Fe-MOR(0.25) has excellent performance 
and is suitable for internal application in energy storage systems. 

Based on the logical analysis mentioned above, this paper proposes a 
novel adsorption-type trans-critical compressed CO2 energy storage 
system (A-TC-CCES) using Fe-MOR(0.25) as the base adsorbent. The 
main innovation of this system is that CO2 is stored at a high density by 
physical adsorption at 0.1 MPa. As a result, the system does not need to 
rely on large underground caves and has a broader range of applications. 
Furthermore, the CO2 in the system does not need to liquefy, and no heat 
storage heat exchanger is used, which makes the engineering application 
much more practical. In addition, the pressure range of CO2 in the sys-
tem is 0.1 ~ 10 MPa, which is larger than the current study, and the 
single-cycle storage and power supply capacity is more robust. 

2. System description 

The schematic diagram of the novel A-TC-CCES is exhibited in Fig. 1. 
The main innovation is that the low-pressure storage tank is filled with 
high-performance adsorbents (Fe-MOR(0.25)) to achieve high-density 
low-pressure CO2 storage. Both high and low-pressure storage tanks 
are artificial containers, which makes the system more suitable for large- 
scale engineering applications. 

During low load periods on the grid, the system begins to store en-
ergy. The CO2 released from the A-LPT (state 1) is compressed in three 
stages (1–2, 3–4, 5–7) and cooled between stages (2–3, 4–5, 6–7) to 
complete the energy storage process. Supercritical CO2 is injected into 
the HPT for storage. Meanwhile, cold water from the CT is pumped into 
the interstage coolers (IC1, IC2, IC3) to absorb the heat of compression, 
and hot water enters the HT for storage. In this stage, the pressure inside 
the HPT continues to rise as CO2 is continuously filled, and the energy 
storage stage ends when the pressure reaches the upper limit. 

Fig. 1. Schematic diagram of A-TC-CCES.  
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The energy release stage starts during peak load periods of the grid. 
The CO2 released from the HPT (state 8) stabilized by the TV (state 9), 
and then the energy release is completed by pre-stage reheating (9–10, 
11–12, 13–14) and three-stage expansion (10–11, 12–13, 14–15). CO2 
exhaust gas (15) enters the A-LPT for adsorption and storage. Due to the 
strong electrostatic interaction between Fe-MOR (0.25) pore size and 
CO2 molecules and the low temperature of CO2 exhaust gas, the 
adsorption process can proceed spontaneously, so the adsorption pro-
cess does not require additional special conditions [41]. The tempera-
ture of the CO2 exhaust gas from the third stage turbine is relatively low, 
so the adsorption process only needs to ensure the circulating flow of 
CO2 and the power consumption is negligible. During this stage, the hot 
water from the HT is pumped into the 3-stage reheater (RH1, RH2, RH3), 
and the cold water is returned to CT for storage after exotherm. In the 
energy release stage, the pressure inside the HPT continuously reduces 
due to the continuous release of CO2, and when the pressure reaches the 
lower limit, the energy release stage ends. The system completes a single 
cycle through the above steps. Under the action of the throttle valve, the 
compressor and turbine operate at the design condition, i.e., the pres-
sure ratio and expansion ratio are constant. The proposed A-TC-CCES 
system state point T-s diagram is given as Fig. 2. 

3. Thermodynamic model 

This section performs A-TC-CCES modeling and analysis based on the 
laws of thermodynamics. The device models are established in the PY-
THON environment, and the thermal property parameters of the work 
mediums are obtained by means of COOLPROP database. To facilitate 
the modeling process, the following assumptions are made 
[20,30,44,45]:  

(1) Ignore the pressure loss in pipes, heat exchangers and storage 
tanks.  

(2) Except for the HPT, the system is in steady-state operation under 
design conditions.  

(3) Equipment such as compressors, turbines and heat exchangers 
are adiabatic from the outside world, while the tanks operate as 
an isothermal process.  

(4) The power consumption of the pump is negligible.  
(5) Motor and generator efficiency is considered as 100 %.  
(6) The storage temperature of A-LPT is same as the ambient 

temperature. 

3.1. Energy analysis 

Based on the above assumptions, the first law of thermodynamics 
and the laws of conservation of mass are applied to model the devices. 
Each component is considered a control volume process. The detailed 
models are as follows. 

3.1.1. Compressor model 
To calculate the compressor outlet enthalpy, it is essential to estab-

lish its isentropic efficiency formula [46]: 

ηC =
hout,is − hin

hout − hin
(1)  

where η represents the isentropic efficiency and the subscript is illus-
trates the isentropic process. The subscripts in and out indicate the inlet 
and outlet, respectively. 

The system proposed in this paper has 3 stages of compressors, 
driven by surplus power from the grid. The power required for each 
compressor stage is: 

ẆC,i = ṁco2 ,es(hout,i − hin,i) (2)  

in which ẆC,i represents the compressor input power of the stage i,ṁco2 ,es 

is the CO2 mass flow rate in the energy storage stage, h denotes specific 
enthalpy. 

3.1.2. Heat exchanger model 
The proposed system includes 6 heat exchangers, including 3 in-

tercoolers and 3 reheaters. The heat exchanger general energy balance 
model is: 

Q̇HE = ṁhot(hhot,in − hhot,out) = ṁcold(hcold,out − hcold,in) (3)  

where the subscript HE denotes the heat exchanger abbreviation, the 
subscript hot denotes the hot fluid, the subscript cold denotes the cold 
fluid. 

In this paper, the heat exchanger effectiveness model is used to 
calculate the fluid outlet thermodynamic parameters [47]: 

Q̇max = min(ṁhot(hhot,in − hideal
hot,out), ṁcold(hideal

cold,out − hcold,in)) (4)  

in which Q̇max indicates the theoretical maximum heat load. hideal
hot,out de-

notes the specific enthalpy that the hot fluid outlet has at the same 
temperature as the cold fluid inlet. Analogously, hideal

cold,out indicates the 
specific enthalpy of the cold fluid when the cold fluid outlet temperature 
is the same as the hot fluid inlet temperature. 

εHE =
Q̇HE

Q̇max
(5)  

where εHE denotes the heat exchanger effectiveness. 

3.1.3. Throttle valve model 
According to the actual working process, the throttle is an iso-

enthalpic process [48]: 

hout = hin (6)  

3.1.4. HPT model 
During the operation of HPT, the internal pressure changes contin-

uously with the inflow or outflow of the working medium. In this paper, 
a constant temperature model is applied, i.e., the internal temperature of 
HPT is constant during the charging and discharging process. The 
required HPT volume is considered as the performance parameter, and 
the dynamic change characteristics of the internal thermodynamic pa-
rameters of the HPT are examined [49]: 

Fig. 2. T-s description diagram of the novel A-TC-CCES system.  
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VHPT =
Mco2

(ρco2 ,start − ρco2 ,end)
(7)  

in which V means volume, Mco2 denotes the total mass of CO2 charge and 
discharge,ρ indicates the CO2 density. The relationship between the 
dynamic parameters can be obtained: 

p(t) = f [ρ(t),THPT ] (8)  

where, p(t) denotes the internal pressure of HPT at time t, ρ(t) expresses 
the internal density of the HPT at time t, THPT indicates the storage 
temperature of HPT. 

3.1.5. A-LPT model 
The A-TC-CCES system uses Fe-MOR(0.25) as the adsorbent and sets 

it in advance in the A-LPT. Since Fe-MOR(0.25) can realize the CO2 
adsorption and desorption process under dynamic conditions, the 
macroscopic performance of the A-TC-CCES system is stable and 
balanced in the compressor and turbine flow rate at a relatively small 
CO2 mass flow rate. Then the volume of A-LPT required is: 

VA− LPT =
Mco2

ρCO2
βFe− MOR(0.25)

(9)  

where VA− LPT is the volume required for A-LPT. βFe− MOR(0.25) is the 
adsorption ratio, taken as 219 m3/m3 [41]. ρCO2 

is the density of CO2. 

3.1.6. Turbine model 
Also as a power machine, the turbine is used for the expansion of the 

working mass to do work. The working process can be regarded as the 
inverse process of the compressor, and its model is: 

ηT =
hin − hout

hin − hout,is
(10) 

This system contains 3 turbines with the following output power: 

ẆT,i = ṁco2 ,er(hin,i − hout,i) (11)  

where ẆT,i is the output power of the turbine stage i. ṁco2 ,er denotes the 
CO2 mass flow rate during the energy release process. 

3.2. Exergy analysis model 

Exergy represents the maximum available energy of a stream unit 
under specific environmental conditions. Exergy analysis is an essential 
method to evaluate the thermodynamic performance and is mainly used 
to estimate the level of irreversible losses and energy utilization of the 
system. In the proposed system, the exergy values of each stream unit 
are [15]: 

Ėk = ṁk[(hk − h0) − T0(sk − s0)] (12)  

where Ė stands for exergy power, the symbol s represents the specific 
entropy value, and the subscripts k and 0 represent the serial number of 
the flow unit and the environmental state, respectively. 

For a given system component, the exergy destruction is calculated 
as: 

ĖD,j = ĖQ,j +
∑

(Ėin,j − Ėout,j) − Ẇj (13)  

in which j denotes the component number, D represents destruction. 
Based on the Eqs. (12) and (13), the exergy destruction model of each 

component in the system is displayed in Table 1. 

3.3. Performance criteria 

3.3.1. Round trip efficiency 
Round trip efficiency is commonly used to measure energy storage 

performance. It is defined as the ratio of net output power in the energy 
release stage to net input power in the energy storage stage [50]: 

ηRTE =
Ẇnet,erter

Ẇnet,estes
× 100% (14)  

where the subscripts es and er represent the energy storage stage and the 
energy release stage, respectively. 

3.3.2. Exergy efficiency 
The exergy efficiency reflects the level of energy utilization of the 

system. It is defined as [49]: 

ηEX = 1 −
∑

componentĖD

Ẇnet,estes
(15)  

3.3.3. Energy storage density 
The energy storage density represents the net output per unit volume 

of work mass. Considering that the proposed system consists of 2 tanks, 
the energy storage density is defined as [34]: 

EVR =
Ẇnet,er ter

VA− LPT + VHPT
(16)  

3.4. Model validation 

The system presented in this paper is a novel concept and has not 
been verified in engineering. To ensure the accuracy of the simulation, 
the device model is compared with that in the literature, and the results 
are shown in Table 2. The error is less than 1 % when compared with the 
equipment model in the literature, which proves the accuracy of the 
model in this paper. [22,47]. 

4. Results and discussion 

4.1. Design working conditions 

To verify the system performance, the system parameters were set 
based on published literature. The main design parameters are shown in 
Table 3. 

Table 4 and Table 5 show the performance of the system and the state 
parameters under the design conditions shown in Table 3, respectively. 
The compressors consume 3537.4kWh of low valley electricity during 
the period when CO2 was compressed from 0.1 MPa to 10 MPa. 
Compression heat is absorbed by the cold water and stored in the hot 
tank. In the energy release stage, the CO2 is depressurized to 8 MPa by 
the throttle valve. before absorbing reheat, it enters the turbine and 
expands to do work, generating 2358.57 kWh of electricity. Round-trip 
efficiency value is 66.68 % at the design conditions. In the whole cycle, 

Table 1 
A-TC-CCES system component exergy destruction model.  

Component Exergy destruction model 

C1 ẆC1 + Ė1 − Ė2 

IC1 Ė2 − Ė3 + Ė19 − Ė22 

C2 ẆC2 + Ė3 − Ė4 

IC2 Ė4 − Ė5 + Ė18 − Ė21 

C3 ẆC3 + Ė5 − Ė6 

IC3 Ė6 − Ė7 + Ė17 − Ė20 

TV Ė8 − Ė9 

RH1 Ė27 − Ė30 + Ė9 − Ė10 

T1 Ė10 − Ė11 − ẆT1 

RH2 Ė26 − Ė29 + Ė11 − Ė12 

T2 Ė12 − Ė13 − ẆT2 

RH3 Ė25 − Ė28 + Ė13 − Ė14 

T3 Ė14 − Ė15 − ẆT3  
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the total exergy destruction of the components is 1139.48kWh and the 
system exergy efficiency is 67.79 %. Under the conditions of mass flow 
rate of 5 kg/s and storage and release time of 2 h, a total of 36 tons of 
CO2 are involved in the cycle. The volume of HPT is 102.65 m3, the 
volume of A-LPT is 92.07 m3, and the energy storage density is 12.11 
kWh/m3. The above results suggest that the utilization of Fe-MOR(0.25) 
can dramatically reduce the volume of low-pressure storage tanks and 
significantly enhance the energy storage density of the system. 

Fig. 3 and Fig. 4 illustrate the dynamic charging and discharging 
processes of HPT under the design conditions, respectively. As shown in 
Fig. 3(a), the storage temperature is kept at 313.15 K during HPT 
inflation, but the internal pressure increases from 8 MPa to 10 MPa with 
the inflow of CO2. As shown in Fig. 3(b), the internal specific enthalpy of 
HPT decreases from 402.9 kJ/kg to 313.04 kJ/kg during the inflation 
process, while the specific thermodynamic energy decreases from 
374.11 kJ/kg to 297.13 kJ/kg. Accordingly, as shown in Fig. 4, during 
the pressure drop from 10 MPa to 8 MPa inside the HPT, the storage 
temperature remains constant, and the internal specific enthalpy and 
specific thermodynamic energy return to the original state. After the 
above steps, the HPT completes a single cycle, and the dynamic calcu-
lation results verify its operational reliability. 

Fig. 5 shows the results of exergy destruction analysis of system 
components under design conditions. The exergy destruction value of 
RH1 is 136.63 kW, accounting for 23.98 % of the total exergy destruc-
tion. The main reason is that the temperature of hot water is 428.99 K 
and the temperature of CO2 is 306.74 K, thus the temperature difference 
between hot and cold fluids is large, resulting in a largely irreversible 
loss of RH1. In addition, from Fig. 5, it can be regarded that the 
compressor group has 7.17 %, 7.75 %, and 7.86 % of the exergy 
destruction, and the turbine group has 7.16 %, 8.13 %, and 8.29 % of the 
exergy destruction. Which demonstrates that the difference between the 
exergy destruction of power equipment is relatively small, and the heat 
exchanger is the component with greater change in exergy destruction. 

4.2. Sensitivity analysis 

The simulation results of the design conditions reveal that the system 
has the advantages of high round trip efficiency, high exergy efficiency 
and high energy storage density, which powerfully prove the feasibility 
of the proposed system. To further specify the effect of the parameters on 
the system performance, a sensitivity analysis study is conducted in this 
section. The key parameters can be identified by analyzing storage 
pressure, storage temperature, release pressure, heat exchanger effec-
tiveness, compressor isentropic efficiency, and turbine isentropic effi-
ciency. When investigating the effect of a specific parameter change on 
the system, the other parameters remain the same as the values listed in 
Table 3. The range of parameter variation is exhibited in Table 6. 

4.2.1. Effect of storage pressure 
Fig. 6 reveals the effect of storage pressure on the system. Fig. 6(a) 

shows the influence of storage pressure on the power of the equipment. 

Table 2 
Model validation comparison results.  

Component State P (MPa) T (K) 

Ref Model Error (%) Ref Model Error (%) 

Compressor [22] 1 1.480 1.480 0  297.15  297.15 0 
2 4.441 4.441 0  393.55  392.60 0.24 

Turbine [22] 12 6.119 6.119 0  668.15  668.15 0 
13 2.000 2.000 0  558.35  561.40 0.55 

Throttle valve [22] 15 1.980 1.980 0  302.65  302.65 0 
1 1.480 1.480 0  297.15  297.23 0.027 

Heat exchanger [47] 2 14.141 14.141 0  566.27  566.27 0 
13 10 10 0  293.72  293.72 0 
3 14 14 0  328.374  328.373 − 0.0003 
14 9.9 9.9 0  517.616  518.408 0.15  

Table 3 
Design conditions parameters of A-TC-CCES.  

Parameter Unit Value 

Ambient temperature K 298 [28] 
Ambient pressure MPa 0.1 [28] 
Cold water temperature K 298.15 [22] 
Water pump outlet pressure MPa 2 
Compressor inlet pressure MPa 0.1 
Energy storage pressure MPa 10 
HPT storage temperature K 313.15 
Isentropic efficiency of compressor / 0.89 [51] 
Isentropic efficiency of turbine / 0.9 [21,28,51] 
Effectiveness of heat exchanger / 0.8 [47] 
Mass flow rate of CO2 kg/s 5 
Duration of energy storage h 2 
Duration of energy release h 2 
Storage pressure of A-LPT MPa 0.1 
Adsorbent materials for A-LPT / Fe-MOR(0.25) [41] 
Adsorbent performance m3/m3 219 [41]  

Table 4 
System performance under design conditions.  

Parameter Unit Value 

VA− LPT m3  92.07 
VHPT m3  102.65 
ẆC kWh  3537.40 
ẆT kWh  2358.57 
ĖD kWh  1139.48 
ηRTE /  66.68 % 
ηEX /  67.79 % 
EVR kWh/m3  12.11  

Table 5 
Thermal parameters of the flow unit of the system under design conditions.  

Stream p 
(MPa) 

T(K) ṁ(kg/ 
s) 

Stream p 
(MPa) 

T(K) ṁ(kg/ 
s) 

1  0.1  298.15 5 17  2.0  298.15  2.51 
2  0.46  425.9 5 18  2.0  298.15  1.18 
3  0.46  324.77 5 19  2.0  298.15  1.1 
4  2.15  461.02 5 20  2.0  440.72  2.51 
5  2.15  330.33 5 21  2.0  429.38  1.18 
6  10.0  474.78 5 22  2.0  400.74  1.1 
7  10.0  316.07 5 23  2.0  428.99  4.79 
8  10.0  313.15 5 24  2.0  428.99  4.95 
9  8.0  306.74 5 25  2.0  428.99  1.1 
10  8.0  383.67 5 26  2.0  428.99  1.18 
11  1.86  276.98 5 27  2.0  428.99  2.67 
12  1.86  398.68 5 28  2.0  326.19  1.1 
13  0.43  300.17 5 29  2.0  307.6  1.18 
14  0.43  404.27 5 30  2.0  331.44  2.67 
15  0.1  307.32 5 31  2.0  324.81  4.95 
16  2.0  298.15 4.79      
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As the storage pressure increases from 10 MPa to 20 MPa, the power of 
the compressors, turbines, and total exergy destruction increase by 
306.34 kW, 70.22 kW, and 233.81 kW, respectively. The main reason is 
that the compressor pressure ratio increases due to the rising storage 
pressure. And the compressor outlet pressure and temperature both in-
crease, which directly leads to the increase in compressor power con-
sumption. The compressor outlet temperature elevates the hot water 

temperature, which will enhance the turbine inlet temperature in the 
energy release stage and indirectly increase the turbine power output. 
Fig. 6(b) exhibits the effect of storage pressure on the volume of the 
tanks. The storage pressure increases by 12 MPa, while the release 
pressure remains unchanged, reduces the volume of the high-pressure 
tank by 38.58 m3. Fig. 6(c) presents the effect of storage pressure on 
round-trip efficiency, exergy efficiency, and energy storage density. As 
the compressor power consumption increases more than the turbine 
output power and the total exergy destruction, the round-trip and exergy 
efficiency decrease by 6.47 % and 6.53 %, respectively. In addition, the 
energy storage density increases by 3.9 kWh/m3 due to the combined 
effect of turbine power increase and tank volume reduction. Fig. 6(d) 
shows the effect of storage pressure on the exergy destruction of the 
components. With the improvement of storage pressure, the exergy 

Fig. 3. Variation of HPT parameters during the energy storage stage: (a) pressure and temperature; (b) specific enthalpy and specific thermodynamic energy.  

Fig. 4. Variation of HTP parameters during the energy release stage: (a) pressure and temperature; (b) specific enthalpy and specific thermodynamic energy.  

Fig. 5. Exergy destruction value of components at design conditions.  

Table 6 
Sensitivity analysis parameters range.  

Parameter Unit Range Step 

Storage pressure MPa 10–20 1 
Storage temperature K 310–320 1 
Release pressure MPa 5–9 1 
Heat exchanger effectiveness / 0.8–0.9 0.01 
Compressor isentropic efficiency / 0.7–0.9 0.02 
Turbine isentropic efficiency / 0.7–0.9 0.02  
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destruction of intercoolers, reheaters, and the throttle valve increase by 
93.52 kW, 68.07 kW, and 57.57 kW, respectively. The reason is that the 
increase in storage pressure raises the compressor pressure ratio and the 
compressor outlet temperature, which causes the increase in heat 
transfer temperature difference between intercoolers and reheaters and 
the exergy destruction increase. And the throttle valve import and 
export pressure difference increased from 2 MPa to 12 MPa, and the 
irreversible loss gradually increase. 

4.2.2. Effect of storage temperature 
Fig. 7 exhibits the effect of storage temperature on the system. Fig. 7 

(a) illustrates the impact of storage temperature on the power of the 
devices. In the storage temperature range from 310 K to 320 K, the 
compressor power remains constant at 1768.7 kW, while the turbine 
power increases by 20.49 kW and the total exergy destruction decreases 
by 58.28 kW. Because the operating condition of the compression side 
components are not related to the storage temperature. However, the 
increase in storage temperature improves the throttle valve outlet 
temperature, reheater inlet temperature, and turbine inlet temperature, 
and thus increases the turbine power. At the same time, the temperature 
difference between the hot and cold streams of the reheaters reduce, and 
the general exergy destruction also reduces. Fig. 7(b) shows the effect of 
storage temperature on the volume of the storage tank. It can be seen 
from the figure that the volume of HPT decreases first and then in-
creases. The main reason is that the storage temperature increases, 
which leads to the kinetic energy of CO2 molecules increasing, and the 
intermolecular distance also increases. The macroscopic manifestation is 
the growth of the storage tank volume, which reaches 166.38 m3 at 320 

K. Fig. 7(c) represents the effect of storage temperature on round-trip 
efficiency, exergy efficiency, and energy storage density. Due to the 
constant compressor power, the increasing turbine power, and the 
decreasing total exergy destruction as storage temperature increases, 
round-trip efficiency and exergy efficiency increase by 1.16 % and 3.3 
%, respectively. The energy storage density increases and then decreases 
with the synergistic effect of compressor power and tank volume. The 
maximum and minimum value are 12.31 kWh/m3 and 9.26 kWh/m3, 
respectively. Fig. 7(d) indicates the effect of storage temperature on the 
exergy destruction of components. The compressor and intercooler 
exergy destruction remain unchanged, but the reheater exergy 
destruction decreases by 67.34 kW, the turbine exergy destruction in-
creases by 0.79 kW, and the throttle exergy destruction increases by 
8.27 kW. The results suggest that the change in storage temperature 
mainly affects the energy release process. 

4.2.3. Effects of release pressure 
Fig. 8 displays the effect of the release pressure on the system. Fig. 8 

(a) exhibits the impact of the release pressure on the power of the 
equipment, where the compressor power is constant for a release pres-
sure in the range of 5–9 MPa. While the turbine power shows a trend of 
the first increase, then decrease and then increase, and the total exergy 
destruction shows a trend of first increase and then decreases. Moreover, 
the compressor and overall exergy destruction decreases and increases 
6.36 kW and 58.5 kW at 7–7.5 MPa, respectively. The reason is that the 
trans-critical process of CO2 occurs around 7.38 MPa, resulting in a 
sudden change of CO2 physical parameters. Fig. 7(b) provides the effect 
of release pressure on the tank volume. As the release pressure increases, 

Fig. 6. Effect of storage pressure on system: (a) equipment power; (b) volume of tanks; (c) system performance; (d) exergy destruction of components.  
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the difference of storage and release pressure decreases continuously, 
resulting in an increase of 181.73 m3 in the high-pressure tank volume, 
and the change rate increases gradually. Likewise, Fig. 8(c) represents 
the effect of release pressure on system performance, as turbine power 
and total exergy destruction change abruptly at 7–7.5 MPa, resulting in 
decrease in exergy efficiency and round-trip efficiency by 3.31 % and 
0.36 %, respectively. Under the synergistic effect of turbine power and 
volume of HPT, the energy storage density decreases by a total of 6.91 
kWh/m3. Fig. 7(d) shows the effect of release pressure on the exergy 
destruction of the equipment. As shown, the total exergy destruction of 
the compressors and intercoolers remain unchanged, while the reheater 
exergy destruction shows a trend of increasing and then decreasing, and 
increases by 61.62 kW at 7–7.5 MPa. The total exergy destruction of the 
throttle valve decreases by 43.17 kW due to the decreasing differential 
pressure between inlet and outlet. The turbine exergy destruction in-
creases by 16.62 kW during the whole process. The above analysis 
proves that the release pressure variation only affects the energy release 
stage. 

4.2.4. Effect of heat exchanger effectiveness 
Fig. 9 depicts the effect of heat exchanger effectiveness on the sys-

tem. Fig. 9(a) shows the influence of heat exchanger effectiveness on 
equipment power. During the heat exchanger effectiveness upgrades 
from 0.8 to 0.9, the compressor power and total exergy destruction 
decrease by 66.97 kW and 66.47 kW, respectively, but the turbine power 
increases by 79.01 kW. The reason is that the compressor inlet tem-
perature decreases due to the increase in heat exchanger effectiveness, 
and the compressor power consumption decreases. The inlet 

temperature of the turbine increases with the rising of heat exchanger 
effectiveness, which increases the turbine output power. At the same 
time, the heat exchanger effectiveness improves, the irreversible loss 
inside the heat exchanger decreases, and the total exergy destruction 
reduces. As shown in Fig. 8(b), the tank volume is not related to the heat 
exchanger’s effectiveness. Fig. 8(c) presents the effect of heat exchanger 
efficiency on system performance, as shown in the figure, the exergy 
efficiency and round-trip efficiency vary almost linearly, and for every 
0.01 increase in heat exchanger efficiency, the exergy efficiency and 
round-trip efficiency increase by 0.26 % and 0.73 %, respectively. Since 
the volume of the storage tanks remain unchanged, the turbine power 
increases linearly. The energy storage density also tends to increase 
gradually, with a total increase of 0.81 kWh/m3. Fig. 8(d) shows the 
effect of heat exchanger effectiveness on the exergy destruction of the 
devices, the sum exergy destruction of the reheaters reduces by a total of 
64.35 kW, with the exergy destruction of the rest of the devices remains 
almost the same, because the heat exchanger effectiveness increases, the 
end difference between the cold and hot streams decreases, and the 
irreversible losses of the reheaters also decrease. The above analysis 
proves that the change in heat exchanger effectiveness has significant 
influence on the energy storage process and energy release process, 
while there is no impact on the volume of the storage tank. 

4.2.5. Effect of compressor and turbine isentropic efficiency 
Fig. 10 indicates the synergistic effect of compressor and turbine 

isentropic efficiencies on the power of equipment. By increasing the 
compressor isentropic efficiency from 0.7 to 0.9, the compressor power 
decreases by 542.32 kW. Furthermore, the compressor power is not 

Fig. 7. Effect of storage temperature on system: (a) equipment power; (b) volume of tanks; (c) system performance; (d) exergy destruction of components.  
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affected by the turbine’s isentropic efficiency. Nevertheless, the increase 
in compressor isentropic efficiency hurts the turbine power. The cause is 
that the compressor isentropic efficiency increases, the compressor 
outlet temperature decreases, the hot water temperature decreases, and 
the turbine inlet temperature decreases, causing the turbine power to 
reduce. The maximum turbine power is 1263.38 kW when the 
compressor and turbine isentropic efficiencies are 0.7 and 0.9, respec-
tively. The lowest turbine power is 922.09 kW when the compressor and 
turbine isentropic efficiencies are 0.9 and 0.7, respectively. By 
increasing the efficiency of the compressor and turbine, the total exergy 
destruction of the system reduces. When the entropy efficiency of both 
compressor and turbine is 0.7, the total exergy destruction is 1176.59 
kW. When the entropy efficiency of both compressor and turbine is 0.9, 
the total exergy destruction is 552.99 kW, which decreases relatively by 
53 %. 

Fig. 11 illustrates the synergistic effect of compressor and turbine 
isentropic efficiency on the system performance. As shown in Fig. 11(a), 
the round-trip and exergy efficiency both rise with the increase of the 
two parameters. In the range from (0.7, 0.7) to (0.9, 0.9), the round-trip 
efficiency increases by 24.12 %, and the exergy efficiency increases by 
19.74 %. Fig. 11(b) shows the combined effect of compressor and tur-
bine isentropic efficiencies on energy storage density. The energy stor-
age density decreases with increasing the compressor isentropic 
efficiency but increases with rising turbine isentropic efficiency. With 
compressor and turbine entropy efficiencies of 0.7 and 0.9, the energy 
storage density is 12.98 kWh/m3. The lowest energy storage density is 
9.47 kWh/m3 when the compressor and turbine isentropic efficiencies 
are 0.9 and 0.7, respectively. The above analysis demonstrates that the 

compressor and turbine isentropic efficiencies have a synergistic effect 
on the system performance, and the system efficiency increases as both 
parameters increase. The system efficiency increases as both parameters 
improve. But the energy storage density decreases with the increase in 
compressor isentropic efficiency. 

4.3. System comparison 

In this section, a comprehensive comparison between the A-TC-CCES 
proposed in this paper and the TC-CCES presented by Hao et al. [20,49] 
is conducted. Fig. 12 illustrates the structure of TC-CCES. The round-trip 
efficiency and energy storage density of A-TC-CCES is 66.68 % and 
12.11 kWh/m3, respectively, under design conditions, while the indexes 
of TC-CCES are 66 % and 2.12 kWh/m3, respectively. The energy storage 
density of A-TC-CCES is 5.71 times that of TC-CCES, with comparable 
round-trip efficiency. Furthermore, the pressure range of TC-CCES is 
1–17 MPa, and the pressure range of the A-TC-CCES is 0.1–10 MPa, 
which requires less material strength for HPT and lower system opera-
tion and maintenance costs. More importantly, TC-CCES stores low- 
pressure CO2 directly in large underground caves, which causes the 
system strictly depends on the geographical environment. In contrast, A- 
TC-CCES, based on an adsorption strategy, can achieve the storage 
density of CO2 of 390.94 kg/m3 at 0.1 MPa, and the system can be free 
from geographical constraints, with better prospects for industrial ap-
plications. From the above comparative analysis, A-TC-CCES is non- 
polluting, does not depend on specific geography, has a lower pressure 
range, and is more feasible. 

Fig. 8. Effect of release pressure on system: (a) equipment power; (b) volume of tanks; (c) system performance; (d) exergy destruction of components.  
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5. Conclusions 

This paper proposes an adsorption type trans-critical compressed 
CO2 energy storage system, which can significantly improve the system 
energy storage density with the low-pressure CO2 adsorption strategy. A 
sensitivity analysis study is conducted to investigate the effect of crucial 
parameters on system performance indexes. The main conclusions can 
be drawn based on the current research as follows:  

(1) The exergy efficiency, round-trip efficiency, and energy storage 
density of the proposed system are 67.79 %, 66.68 %, and 12.11 
kWh/m3 at the design conditions. The exergy destruction of the 
first-stage reheater is the largest, accounting for 23.98 %. Under 
the design conditions, the required volumes of A-LPT and HPT are 
92.07 m3 and 102.65 m3, respectively.  

(2) As the storage pressure increases, the system exergy and round- 
trip efficiency decrease, but the energy storage density in-
creases. Besides, the rising storage pressure increases the exergy 
destruction of all components. As the storage temperature in-
creases, the turbine power increases, while the volume of HPT 
first reduces and then increases, which ultimately leads to higher 
round-trip and exergy efficiency, while the storage density tends 
to increase and then decrease. The storage pressure and storage 
temperature have compound effects on the system.  

(3) With the increase of the release pressure, the exergy destruction 
of the reheaters increases abruptly around the critical pressure 
(7.38 MPa), where the turbine power decreases suddenly, 
resulting in a sudden decrease in both round-trip and exergy ef-
ficiency. And with the increase of release pressure, the volume of 
HPT increases continuously, causing the energy storage density 
to drop sharply, and the gap between the highest and lowest 
energy storage density can reach 6.91 kWh/m3.  

(4) The heat exchanger’s effectiveness has no impact on the volume 
of the storage tanks. However, an increase in heat exchanger 
effectiveness results in a linear increase in turbine output power 
and a linear decrease in compressor input power, ultimately 
causing a linear growth in round-trip efficiency and energy 

Fig. 9. Effect of heat exchanger effectiveness on system: (a) equipment power; (b) volume of tanks; (c) system performance; (d) exergy destruction of components.  

Fig. 10. Compressor and turbine isentropic efficiency on equipment power.  
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storage density. Furthermore, an increase in heat exchanger 
effectiveness will result in a dramatic decrease in reheater exergy 
destruction.  

(5) When increasing the isentropic efficiency of the compressor and 
turbine from 0.7 to 0.9, the round-trip efficiency and exergy ef-
ficiency increase by 24.12 % and 19.74 %, respectively. There is a 
peak value for energy storage density of 12.98 kWh/m3 when the 
isentropic efficiencies of the compressor and turbine are 0.7 and 
0.9, respectively. The increase in the isentropic efficiency of the 
compressor and turbine has positive effects on improving the 
system efficiency. However, the increase in the isentropic effi-
ciency of compressors harms improving the energy storage 
density. 

This paper presents an adsorption type compressed CO2 energy 
storage system. To accurately simulate the system performance, energy 
analysis and exergy analysis are carried out based on the laws of ther-
modynamics. Energy analysis proves that the system has high energy 
storage density and is of great value for engineering applications. Exergy 
analysis identifies components with high available energy losses and 
provides fundamental data for subsequent system optimization. For 
practical applications, futural research should include adsorbent bed 
design, system optimization, and dynamic operation scheme design. 
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