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ABSTRACT

Energy storage is a supporting technology to
achieve large-scale consumption of renewable energy
and smart grid. Supercritical compressed carbon dioxide
energy storage (SC-CCES) systemis an appealing physical
energy storage thanks to its compact system structure
and high round-trip efficiency. However, in previous
studies, the temperature and pressure of storage
chamber are traditionally set to a constant value, there
is a lack of thermodynamic analysis for SC-CCES system
from the perspective of storage chambers interactively
varying, which results in compressor and turbine
operating consistently at off-design conditions. Hence,
the off-design performance of SC-CCES system is
investigated. The parametric analysis is conducted to
evaluate the influence of system parameters and the
optimization design platform is established to explore
the optimization potential. Results indicate that round-
trip efficiency and energy density of SC-CCES system
present opposite varying trends with increasing
compressor efficiency and the initial temperature of
charge in low-pressure storage chamber. The optimal
round-trip efficiency of SC-CCES system is achieved as
78.14 %, along with the optimal energy density of 0.2580
kWh/m3.

Keywords: supercritical compressed carbon dioxide
energy storage, off-design, storage chamber,
thermodynamic analysis, system optimization
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1. INTRODUCTION

Due to the requirements of a low-carbon economy,
the utilization of renewable energy is experiencing rapid
growth. However, renewable energy sources such as
wind and solar are intermittent and unstable, requiring
integration with energy storage systems to ensure the
provision of high-quality electrical power supply [1,2].

An increasingly attention has been devoted to
compressed carbon dioxide energy storage (CCES)
systeminrecentyears[3-14]. Amongthem, Sunetal. [3]
proposed a liquid CO, energy storage (LCES) system with
low-pressure stores, which stores cold energy using
methanol and latent cold storage to liquefy discharged
CO, after expansion. The analysis results indicate that the
round-trip efficiency and energy density of the system
can be 51.45 % and 22.21 kWh/m?3respectively. Chae et
al. [4] conducted a thermodynamic analysis of an
integrated LCES system with steam cycle of thermal
power plant, which achieves a round-trip efficiency of
46 % and an energy density of 36 kWh/m3. Despite LCES
system owning a higher energy storage density, the
necessity for liquefaction storage on both the high-
pressure and low-pressure processes leads to system
complexity as well as a comparatively lower round-trip
efficiency [5,6].

It is worthwhile to note that transcritical
compressed CO, energy storage (TC-CCES) system and
supercritical compressed CO, energy storage (SC-CCES)
system are emerging and developing rapidly, aiming to
achieve superior round-trip efficiency [7,8]. As for
steady-thermodynamicanalysis, Liu et al. [9] compared a
two-reservoir CCES system using saline-aquifer
reservoirs to store CO, under supercritical and
transcritical  conditions. They found that the
configuration of SC-CCES system is simpler with the
round-trip efficiency reaching 62.28 %. Wu et al. [10]
developed a conventional TC-CCES system with liquid
CO, stored in a low-pressure storage tank, and it
indicates that the cold energy storage unit of liquid CO,
has the highest exergy destructions. Additionally, the
performance and stability of the compressor are
significantly affected by the abrupt change of CO,
properties approaching the critical point [11,12].
Specifically, it is difficult to achieve transcritical carbon
dioxide  compression concerning  impeller-type

compressors, for which TC-CCES system cannot be
applied in large-scale energy storage [13]. Furthermore,
He et al. [14] revealed the sources of energy-saving
potential of each component of SC-CCES system through
advanced exergy analysis, achieving an exergy efficiency
of 57.02 %.

It highlights that the previous research on SC-CCES
system has predominantly concentrated on steady-state
conditions. However, during the charging process, the
pressure and temperature of the low-pressure storage
chamber decrease continuously, the pressure and
temperature of the high-pressure storage chamber
increase continuously, and the compression ratio of the
compressor increases continuously. During the
discharging process, the pressure and temperature of
the high-pressure storage chamber are constantly
reduced, the pressure and temperature of the low-
pressure storage chamberare constantly increased, and
the expansion ratio of the turbine is constantly reduced.
This makes SC-CCES system always operate under off-
design conditions. Consequently, itis necessary to study
thermodynamic performance of SC-CCES system under
off-design conditions.

In this paper, the off-design performance of SC-CCES
system s investigated. Furthermore, the effects of some
key parameters on system performance are studied
through parametric analysis. Finally, the bi-objective
optimization of round-trip efficiency and energy density
is carried out by using archive-based micro genetic
algorithm (AMGA). This study has important theoretical
and application value.

2. SYSTEM DESCRIPTION

The schematic of SC-CCES systemisillustrated in Fig.
1, consisting of a high-pressure supercritical carbon
dioxide (sCO,) storage chamber (HSC), a low-pressure
sCO, storage chamber (LSC), acompressor unit, a turbine
unit, two heat exchangers (HE), cold water tank (LWT),
and hot water tank (HWT). During the charging process,
the sCO, coming from LSC is compressed to the same
pressure as HSC after flowing through the compressor
and then cooled to the same temperature as HSC by
water from LWT, until the pressure of HSC increases to
the setting value and the pressure of LSC decreases to
the setting value. During the discharging process, the
sCO, originating from the HSC is heated by water from
HWT and then expandtothe same pressure as LSC, until
the pressure of HSC equals the pressure of LSC.
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Fig. 1. Schematic of SC-CCES system

3. METHODOLOGY
In this paper, the thermodynamic properties of

working fluids are calculated by using MATLAB software

and REFPROP 9.1 software. As for the SC-CCES system,

the following assumptions are presented herein:

(1) Pressure losses in heat exchangers, energy storage
devices, and pipelines are neglected.

(2) Heat losses of components and pipelines are not
taken into account.

(3) The minimum pinch temperature difference for heat
exchangersis setto 5 °C.

3.1 Mathematical model

3.1.1 Compressor

The isentropicefficiency and power of the compressor
are shown as equations (1)- (2)'

77(: = (hout,c,s in, c) / (houtc = Uin, c) (1)
Wc = rhc (hout,c - I"lin,c) (2)

The influence of off-design state on the isentropic
efficiency7, during compression is considered. ¢ is

/P, ). Off-design

performance model of the compressor is established by
using characteristic maps [15,16], which is calculated as

ele,=c,(n)G.z2+c,(n)G, +¢,(1,) (3)
7 1o = 1-C,(1-1,)* | (0, / G,)(2—1, / G,) (4)

where subscript 0 denotes design values, G, and n,

the compression ratio ( € =P.q

are dimensionless flow rate and dimensionless rotating
speed respectively, which can be calculated as follows,

g M, T / P ]
N T (5)

T
" T, e

and c;-¢, are parameters, which can be calculated as
follows,

¢, =N, /[ gL-m/n.)+n, (1, —m)* |
c, =(a—2mi?)/[q@-m/n)+n,(n, -m)y* ] (7
¢, =—(gmn, —m*n.) /[ q(l—m/n,)+n (n, —m)* |
c, =03
As for the centrifugal compressors, m=1.8 and

g=1.8. The efficiency of the compressor under off-

design conditions can be optimized by changing the
rotation speed, approaching its peak efficiency.
3.1.2 Turbine

The isentropic efficiency and power output of the
turbine are shown as (8)-(9):

(hmt out,t) / (hin,t - hout,t,s) (8)
W m (hln t out,t) (9)

Off-design performance model of turbine s
considered. Specifically, a modified Fligel formula is
used [15,16], which is calculated as

G, = L4-04n U/ 7 -1/ U/ 7> -)  (10)
77t/77t0 =|:1_0'3(1_nt)2:|(nt/Gt)(z_nt/Gt) (11)
' m \F/ t,in
t (m \F/ tln (12)
n = \/T_ (13)
(MeyfTon Do

3.1.3 Heat exchanger

The compression heat is stored separately in hot
water to enhance the system efficiency. The heat
released/absorbed by the sCO, is equal to the heat
absorbed/released by the circulating water, satisfying
the energy conservation equation,

msC02 (hsCOZ,in - hsCO2 ,out) = mwater (hwater,out - hwater,in) (14)
3.1.4 Storage chamber

According to the conservation of energy and mass,
the gas storage chamber can be described as

du
um+M — =mh 15
at (15)

M =M0+j;mdt (16)



where M represents the sCO, mass flow rate, which is
positive during inflating and negative during deflating;
U is the internal energy perunit massof sCO,; M is the
sCO, mass in storage chamber; M0 is the initial mass of
sCO, in storage chamber; h is the enthalpy per unit
mass of sCO,.

3.2 Performance criteria

In this paper, the round-trip efficiency (77¢c.cces ) and
energy density ( Egccces ) are selected as system
performance evaluation indicators.

t ischarge
J wdt
Msc-cces = g (17)
W.dt
0
t I1scharge
[ widt
ESC-CCES = (18)
Vise +Visc
4. RESULTS AND DISCUSSION

4.1 System operation characteristics

[—m— Temperature of LSC
|—A— Temperature of HSC
—O— Pressure of LSC
—/— Pressure of HSC

SRS

Pressure (MPa)

Temperature (°C)

14

30 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Charging time (s)

(a) Temperature and pressure variation in LSC

and HSC during charging process
75

1
3500

34
132

—=— Temperature of LSC
—&— Temperature of HSC
—C— Pressure of LSC
—/— Pressure of HSC

0 500 1000 1500
Discharging time (s)
(c) Temperature and pressure variation in LSC

and HSC during discharging process

2000

Fig. 2. System operation characteristics of the typical case
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A typical case is selected to calculate the
performance parameters of SC-CCES system to gain a
preliminary assessment of system performance. The
input parameters for a typical case [14,17] are listed in
Table 1, and the design conditions for the compressor
and turbine units are presentedin Table 2. Fig. 2 (a) and
(c) show the variation of temperature and pressure in
HSC and LSC during charging and discharging process
when the total charging time is 1 hour. The
corresponding volume of HSC is 1000 m3 and LSC is 990
m3. During the operating process, continuous variation is
observed in the temperature and pressure within the
HSCand LSC, which results in the compressorand turbine
unit unable to operate consistently at the design point.
The operation characteristics of the compressor and
turbine units under off-design conditions are illustrated
in Fig. 2 (b) and (d). In Fig. 2 (b), the compression ratio
consistently remains below &, , except the terminal
moment of charging process. However, even the
compressionratio reachesg, , the terminaltemperature

of charge in LSC is 32.4 °C, below T, , ultimately
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resulting in the compressor power remaining below 1

MW throughout the charging process. The round-trip

efficiency of the typical system is 73.47 %, along with an

energy density of 0.15 kWh/m?3.

Table 1. Input parameters of the typical SC-CCES system
Parameters Values
Initial pressure of charge in LSC and HSC, 16

Psc init (MPa)

Terminal pressure of charge in LSC, MPa) 8

PLSC,term (

Terminal pressure of charge in HSC,P.s¢ o (MPa 32

Initial temperature of charge in LSC,TLSC,imt (°C) 50
Initial temperature of charge in HSCT ;i (°C) 50

Table 2. The design condition for the compressor and turbine
units

Parameters Values
Compressor isentropic efficiency/7.o (%) 85
Compressor inlet pressure,Pc,o (MPa) 8
Compressor inlet temperature,l., (°C) 35
Compression ratio, &, 4
Compressor flow rate,M.,  (kg/s) 20
Compressor power,Wc,o (MW) 1
Turbine isentropic efficiency,7io (%) 88
Turbine inlet pressure,P,, (MPa) 28
Turbine inlet temperature, T, (°C) 60
Expansion ratio, 7z, 2.6
Turbine flow rate,M, (kg/s) 50
Turbine power W, (MW) 1

4.2 Parametric analysis

As the parametric analysis contributes to
understanding the relationship between key input
parameters and system performance, it is conducted to
investigate the impact of seven critical parameters on
the thermodynamics of SC-CCES system with round-trip
efficiency and energy density as performance evaluation
indicators. The key parameters considered in the SC-
CCES system are initial pressure of charge in LSC and HSC

( Pecinit ), terminal pressure of charge in LSC ( P sc.ierm )

terminal pressure of charge in HSC ( Pusciem ), initial

temperature of charge in LSC (TLSC,init ), initial

temperature of charge in HSC (Tyiscinic ), cOMpressor

efficiency at design point (77¢o ) and turbine efficiency at

design point (77, ). When a specific parameteris studied

for its effect on system performance, other parameters
remain constant as Table 1 and Table 2 shown.
Fig. 3 (a) illustrates the effects of initial pressure of

charge in LSC and HSC ( PSC,init ) on SC-CCES system

performance. As Pscinii decreases, the energy density

and round-trip efficiency increase. Since the P .m

and Pyscem Of the SC-CCES remain constant (8 MPa

and 32 MPa ), the variation of pressure in HSC is
increasing with Psc i decreasing. Taking Pscinit equal

10 MPa as an example, the pressure in LSC decreases
from 10 MPa to 8 MPa, while the pressure in HSC
increases from 10 MPa to 32 MPa, during charging
process. This leads to a significant increase in
temperature within HSC, rising from 50 °C to 120 °C.
Consequently, as the temperature of sCO, entering the

turbine increases, it resultsin a rise in W, , ultimately

contributing to the enhancement of both round-trip
efficiency and energy density.

Fig. 3 (b) displays the variation trend of the
performance indicators of SC-CCES system under the
variation of terminal pressure of charge in LSC (P_

AsP,

LSC,term

SC,term )

increases, the pressure drop in LSC decreases

during charging process, and pressure rise in LSC
decreases during discharging process. This leads to an
increase in volume of LSC, resulting energy density
decreased. Furthermore, the compressor operates away
from the design point due to the change of P ¢ .., »

resulting in an increase in W, during charging process
and a decrease in round-trip efficiency. The factors
contributing to the variations in Fig. 3 (c) are analogous
to Fig. 3 (b). As Piscem decreases, the pressure rise in
HSC decreases during charging process, and pressure
drop in HSC decreases during discharging process,
leading to an increase in volume of HSC and an increase
in W_.

Fig. 3 (d) depicts the effects of the initial temperature
of charge in LSC ( Tiscint ) on SC-CCES system

performance. It highlights that the round-trip efficiency
and energy density of SC-CCES system present opposite

varying trends with TLSC,init . As TLSC,init increases, the

energy density increases, while the round-trip efficiency
decreases. This is because the inlet temperature of
compressor is equal to the temperature of the LSC, and
the inlet temperature affects the efficiency of
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where f(X) representsthe objective function, W is

weightfactor,and P is normalizationfactor. According

to Section 4.1, the performance parameters under

typical operating conditions are employed as

normalization factors, b, = 1 and
| =

USC-CCES,typicaI

- 1 . X representsvariables, J;(X) and
P2 =

SC-CCES, typical

h;(X) are constraints. The last formula defines the

L U
search area, where X, and X, are the lower and

upper bounds of the design variables, respectively.
The range of design variables are lists in Table 3 and

the constraints are shown in Table 4. Table 5 displayed

the AMGA properties. Fig. 4 shows the optimization

process of SC-CCES system.

Table 3. Lower and upper boundaries of the design variables
Parameters Values
Initial pressure of charge in storage chamber, 8~32

Pscinit  (MPa)

Terminal pressure of charge in LSC,R. ., (MPa) 8~32

(f) Compressor efficiency at design point
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Fig. 3. Effects of key input parameters on system
performance

4.3 System optimization

The comprehensive performance of SC-CCES system
could be improved by bi-objective optimization. In this
paper, round-trip efficiency and energy density are
selected as evaluation indicators for the system
performance. Archive-based micro genetic algorithm
(AMGA) is applied to optimize the comprehensive
performance. The optimization model is as follows,

Max f (X) = Max (W, Pi77sc cces *W, PWsc cces)
9;(X)<0

h;(X)=0

X <X, <X”

Energy density (kWh/m3
Round-trip efficiency (%)

o

I

5
T

(19)

Terminal pressure of charge in HSC,p,.. ... (MPa 8~32
Initial temperature of charge in LSC, T, sc.inic (°C) 35~60
Initial temperature of charge in HSC, T ;... (°C) 35~60
Compressor efficiency at design point]l., (%) 70~90
Turbine efficiency at design point/7;o (%) 70~90
Table 4. Constraints of SC-CCES system
Parameters Values
Temperature of LSC,T;sc  (°C) >31.3
Temperature of HSC,Tsc  (°C) >31.3
Initial-to-terminal pressure ratio of LSC, 1
PSC,init / PLSC,term
Initial-to-terminal pressure ratio of HSC, <1
I:)SC,init /PHSC,term
Mass ratio of hot water to cold water, 1
M water,hot / M water,cold
Table 5. Properties of AMGA
Parameters Values
Initial size 40
Population size 40
Crossover probability 0.9
Mutation probability 0.5
Number of function evaluations 500
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Table 6 and Fig. 5 presents the bi-objective
optimization results of the SC-CCES system. The optimal
round-trip efficiency is 78.14 %, along with the energy
density is 0.2580 kWh/m3, when the two objectives are
assigned equal weights.

Fig. 6 showsthe effects of design variables on system
performance in the objectives space. The optimal
solution for the initial pressure of charge in LSC and HSC
is around 12 MPa. Compared to round-trip efficiency,
energy storage density is more responsive to fluctuations
in the initial pressure of charge in LSC and HSC. The
optimal solution for the terminal pressure of charge in
LSC is 8 MPa, and the optimal solution for the terminal
pressure of charge in HSCis 32 MPa, which are located at
the boundaries of variables. It indicates that the
potential for enhancing the overall performance of the
system exists by expanding the operating ranges of
compressor and turbine unit. The optimal solution for
the initial temperature of charge in LSC is lower than the
initial temperature of charge in HSC. With respecttothe
compressor, there is an optimal solution for isentropic
efficiency, and the efficiency of turbine should be
improved as much as possible.
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Table 6. Parameters of optimization results

Parameters Value
Weight factor of 7c cces » Py 0.5
Weight factor of Wy cces , P, 0.5
Initial pressure of charge in LSC and HSC, 11.09
Pscine (MPa)

Initial temperature of charge in LSC, Ty sc iy 2277
(°C)

Initial temperature of charge in HSC, Tysc i 2679
(°C)

Terminal pressure of charge in LSC, 8.00
PLsc,term (MPa)

Terminal pressure of charge in HSC, 32.00
I:)HSC,term (MPa)

Compressor isentropic efficiency/l., (%) 0-87
Turbine isentropic efficiency 7,0 (%) 0.90
Round-trip efficiency,Msc.cces (%) 78.14
Energy storage densityWsc.cces (KWh/m?3) 0.2580
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5. CONCLUSIONS

In order to reveal the thermal characteristics of a
supercritical compressed CO, energy storage (SC-CCES)



system under actual working conditions, this paper
carries out off-design performance analysis and
optimization of the system. The main conclusions are
summarized as follows:

(1) In the process of charging and discharging of the
SC-CCES system, the pressure and temperature of the
low-pressure and high-pressure storage chamber
continue to change, resulting in the compressor and
turbine continue to operate under off-design conditions.
In the process of charging, the compression ratio
increases from 1 to 4, and the minimum compressor
efficiency deviation from the design point of 5.11%. In
the process of discharging, the expansion ratio decreases
from 4 to 1, and the minimum turbine efficiency
deviation from the design point of 11.31%.

(2) The results of parametric analysis indicate that
the efficiencies of compressor and turbine have the
greatest impact on system performance. Furthermore,
the round-trip efficiency and energy density of SC-CCES
system present opposite varying trends with increasing
compressor efficiency and initial temperature of charge
in low-pressure storage chamber.

(3) Round-trip efficiency and energy density cannot
reach the optimum values simultaneously. The optimal
round-trip efficiency of SC-CCES system is achieved as
78.14 %, along with the optimal energy density of 0.2580
kWh/m3.
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