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ARTICLE INFO ABSTRACT

Handling Editor: A. Olabi For the semi-closed S-CO; cycle (SC), multistage compression with intercooling is an effective method to reduce
the average temperature at which heat is rejected. However, in a limited time, the direct cooling of the large flow

Keywords: of working fluid in the intercooler will cause significant irreversible loss and the number of intercooling stages is

Multistage mass storage limited in practical application. Referring to the idea of compressed air energy storage (CAES), this paper pro-

Semi-closed S-CO,, cycle
Intercooling

Average temperature
Cooling process

poses a multistage mass storage process which is superior to intercooling. The conventional intercooler is
replaced by the storage tank, and the slow cooling and mixing cooling are achieved by storing the working fluid
in the tank for a long time. Since a long time cooling can effectively reduce heat exchange loss, the mass storage
process has the potential to construct the multistage mass storage, which gets rid of the restriction of the number
of stages and makes the heat rejection process closer to isothermal. Furthermore, the multistage mass storage
process is compared with intercooling and CAES, respectively, revealing the similarities and differences between
each other, and proving the performance advantages of the multistage mass storage process. The results show
that the efficiency of the SC with four-stage mass storage is 1.17% higher than that of the SC with single-
compression, and the efficiency of the SC with one-stage mass storage is 0.15% higher than that of the SC
with two-stage intercooling. The sensitivity analysis of the key parameters of the compression process will shed
lights on further improvement of the system. The multistage mass storage process proposed in this paper can also
be applied to other compression fields involving variable temperature heat rejection process.

regeneration, intercooling and reheating have been developed for the
structural optimization of the thermodynamic system [10,11]. For the
regeneration process of the SC, the current research has developed the
multi-compressions regeneration process, which breaks through the
limitation of single-compression regeneration and significantly in-
creases the average temperature at which heat is added and thermal
efficiency. Compared with single-compression regeneration cycle, the
efficiency of recompression regeneration can be increased by 6.2% [12].
The reheating process can also effectively improve the cycle perfor-
mance [13]. By expanding the fuel gas in stages and reheating it in
between, the turbine exhaust temperature is increased, thereby
increasing the average temperature at which heat is added. Allam [14]
and Wen [15] found that reheating configuration yielded larger
expansion ratio and compression power consumption by comparing
one-stage reheating SC with no-reheating SC. Thus, the maximum cycle
efficiency is slightly lower, but higher net power output is obtained.
The cooling process of the SC has the typical characteristics of the
Brayton cycle. The temperature during the heat rejection process is

1. Introduction

The semi-closed supercritical carbon dioxide (S-CO2) Brayton cycle
is different from the closed S-CO3 cycle in that there is a material ex-
change with the outside, which is reflected in the input of fuel and ox-
ygen and the separation of water and carbon dioxide [1,2]. Semi-closed
S-COy cycle (SC) shows the characteristics of high efficiency,
compactness and full carbon capture [3-5], which has gotten extensive
attention and development in recent years. With the unique physical
properties of S-CO; and the maximum operating temperature of nearly
1200 °C, the cycle achieves certain efficiency advantages compared with
the integrated gasification combined cycle (IGCC) [6-9].

Based on the need for efficient power generation systems, re-
searchers are constantly seeking various optimization methods to
further improve cycle performance. The Carnot cycle requires that the
average temperature at which heat is added or rejected of the cycle
should be as high or as low as possible. Aiming for Carnot efficiency,
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Nomenclature

Acronyms

S-CO;, supercritical carbon dioxide

SC semi-closed S-CO2 cycle

IGCC integrated gasification combined cycle
SPT solar power tower

MS mass storage

One-MS one-stage mass storage

Two-MS two-stage mass storage
Three-MS three-stage mass storage
Four-MS four-stage mass storage
Ic intercooling

One-Ic  one-stage intercooling

Two-Ic  two-stage intercooling

S-Compr single-compression

ASU air separation unit

CPU CO2 processing unit

LHV lower heating value

CAES compressed air energy storage

TR temperature regenerative heat exchanger

pressure (MPa)

tempreature (0C)

entropy (kJ-kg—1-K—1)

heat input of the cycle (MW)

heating value per unit fuel (MJ-kg—1)
net cycle efficiency

power output or consumption (MW)
mass flow rate (kg-s—1)

enthalpy (kJ-kg—1)

specific volume (m3-kg—1)

<D‘E§J@Om'—]*d§
S
<]
&

o split ratio

n number of stages

C compressor

S mass storage tank
AT temperature difference (0C)
AP pressure drop (MPa)
Ah enthalpy difference (kJ-kg—1)
t time (s)

At time difference (s)
Subscripts

1, 2, 3... state points of cycle
R regenerator

Cn compressor Cn

P pump

T turbine

CO2 recycled CO2

02 oxygen

R regenerator

th thermal

Syn syngas

s isentropic

ave,c average temperature at which heat is rejected
Water  separated water

ic intercooling

c cold

in inlet

out outlet

dc direct cooling

sc slow cooling

mc mixing cooling

CA group A compressors
CB group B compressors

variable [16], which makes the cooling process difficult to approach
isothermal. In order to make the cycle further approach the efficiency
limit, the intercooling process is usually coupled [17,18]. Through
multistage compression with intercooling, the average temperature at
which heat is rejected of the cycle decreases, and the heat rejection
process gradually approaches isothermal with the increase of the num-
ber of compression stages [19]. Researchers have studied the S-COy
cycle with the intercooling process. Weiland et al. [20] found that it is
beneficial to add one-stage intercooling in the compression process of
dense fluid by analyzing the proposed direct-fired SC, which will reduce
the compression power consumption by about 8% and improve the cycle
efficiency by 0.45%. Mondal et al. [21] coupled the intercooling process
to improve the low-temperature waste heat recovery performance of
COq-based power plant, and found one-stage intercooling process can
effectively improve the efficiency and maximum specific work output. In
addition, researchers also compared different S-CO, cycle layouts
including intercooling cycle. Zhu [22] and Wang [23] found that the
S-CO; cycle with intercooling can achieve the highest efficiency by
performing a comparison of simple cycle, recompression cycle,
partial-cooling cycle and cycle with intercooling integrated into a solar
power tower (SPT) system. Padilla [24] proved that the intercooling
process of the main compressor in the recompression cycle increased the
net power output and displayed the best performance through energy
and exergy analysis. It can be seen that the intercooling process can
effectively improve the cycle performance.

However, through the research of literature, it is found that the
intercooling process applied in the closed or semi-closed S-CO5 cycle has
a limited stages, most of which are one-stage or two-stage intercooling
[25,26]. This is because there are two limitations in the intercooling

process. One is the limitation of compressor pressure ratio and the other
is the limitation of heat exchange loss in heat exchanger. The limitation
of pressure ratio is reflected that the pressure ratio of each compressor
gradually decreases with the increase of the stages. According to the
design principle of compressor, pressure ratio is the key factor affecting
the adiabatic efficiency and polytropic efficiency of compressor. If the
pressure ratio is too small, it is difficult to improve the performance of
compressor [27]. The limitation of heat exchange loss is reflected that
both pressure loss and heat exchange performance need to be considered
in the heat exchange process. The traditional one-time cooling of the
working fluid needs to release a significant amount of heat in a very
short time. Especially, the mass flow of the working fluid is as high as
2000 kg/s in the SC [28-30]. And a large amount of heat exchange in a
short time means a large heat exchange resistance [31], which increases
the power consumption of the compressor. Based on the above limita-
tions, the application of the intercooling process is less in the existing
large scale power plants. It mostly focuses on one-stage intercooling in
theoretical research, and a few in two-stage [32], up to three-stage [33].
There is still a great challenge to make the heat rejection process
approach isothermal in practical application.

The limitation of pressure ratio is a common problem in the S-CO,
cycle [34]. For example, the pressure ratio of the compressor in the SC is
only about 2.4 [6,12]. In order to improve the low efficiency of the
compressor caused by the small pressure ratio, for one thing, the pres-
sure ratio of the compression process in the SC can be appropriately
increased on the premise of ensuring the cycle performance. For another
thing, it is a useful method to improve the working performance of
components inside the compressor and reduce the friction loss as much
as possible, which requires optimizing the design of the compressor.
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However, due to the large heat exchange loss in the intercooling process,
the number of intercooling stages in practical application is still limited,
and there is still a certain gap to reach isothermal heat rejection. To
solve this problem, the cooling process should have enough buffer time
to avoid direct cooling in a short time. In this respect, compressed energy
storage technology provides us with a new idea. In the compressed en-
ergy storage system, the electric energy is transformed into mechanical
energy and thermal energy through the pre-compression of the working
fluid and then stored [35-37]. There is a time difference between
“storage” and “release” to meet the power demand in different periods
[38]. Applying this idea to the cooling process of semi-closed S-COy
cycle, the heat exchange loss can be effectively reduced by prolonging
the heat rejection time of the working fluid.

The study aims to further make variable temperature heat rejection
process of the cycle approach isothermal and improve the thermal ef-
ficiency, thus a multistage mass storage process is innovatively pro-
posed. The time difference is introduced to the heat rejection process of
the SC, thus the working fluid can complete a long time cooling.
Furthermore, the thermodynamic principle and characteristics of the
mass storage process are analyzed. And it is proved that the superiority
of the multistage mass storage process by comparing with the conven-
tional single-compression and intercooling process. It is further
compared with the reference compressed air energy storage (CAES)
technology, and the similarities and differences between them are
analyzed. Finally, for the SC with the multistage mass storage process,
the sensitivity analysis of several key parameters in the compression
process is carried out, which provides ideas for further improvement of
the system.

2. Multistage mass storage process

In this section, the semi-closed S-CO; cycle (SC) is firstly described,
and the multistage mass storage process proposed in this paper is
introduced. Then, the thermodynamic principle and main innovations of
the process are analyzed in detail.

2.1. Description of semi-closed S—-CO3z cycle

Different from the closed S-CO5 cycle, the SC replaces the heat
source of indirect heat exchange with the combustor of direct combus-
tion, and couples the auxiliary systems based on the S-CO, power cycle,
including fuel preparation unit and air separation unit (ASU) [1,6].
However, the conversion of heat and power of the system is mainly
completed by the S-CO5 power cycle unit. Therefore, other auxiliary
systems are not considered in this paper, and the rationality of this
treatment is ensured by assuming the constant input of syngas and ox-
ygen [12].

The flow and T-s diagram of the SC are shown in Fig. 1, and it is a
direct-fired regenerative Brayton cycle. The oxygen and syngas from the
respective preparation systems are preheated by the regenerator and
burned in the combustor. High-temperature and high-pressure flue gas
enters the turbine for expansion (1-2), and then releases waste heat in
the regenerator under the exhaust back pressure of about 3.5 MPa (2-3).
During this process, water is condensed at dew point [33,39] and
separated in the water separation unit. The remaining stream is basically
pure CO,. Part of the stream is sent to the CO2 processing unit (CPU),
while the majority is compressed and recycled back to the combustor to
moderate the combustor outlet temperature [39]. CO; is firstly com-
pressed by the compressor to near the critical pressure and taken to the
ambient temperature in the cooler (5-7), and then is pumped to the
highest cycle pressure (7-8). High-pressure CO enters the cold side of
the regenerator to absorb turbine waste heat, and finally returns to the
combustor. The regenerator used for heat recovery is a multi-stream
heat exchanger [15,40]. In the simulation process, the three streams
are heated to the same temperature before combustion.

Studies show that the power consumption of the compressor is the
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Fig. 1. Flow and T-s diagram of semi-closed S-CO, cycle (SC).

largest part of the power consumption of the whole system [28].
Different from the steam Rankine cycle [41,42], the heat rejection
process of Brayton cycle cannot keep a constant temperature. Inter-
cooling process is an effective method to reduce the huge power con-
sumption of single-compression and approach isothermal heat rejection.
However, as mentioned in the previous section, there are many limita-
tions on the direct cooling of the intercooling. In this context, the
multistage mass storage process is proposed in this paper. The interstage
cooling process is improved while retaining the multistage compression.
The basic thermodynamic principle of this process is analyzed in section
2.2,

2.2. Study on thermodynamic characteristic

2.2.1. Thermodynamic principles

Fig. 2(a) shows the schematic of the multistage mass storage process.
The process consists of group A and B compressors (C;—Ca;,) and a group
of mass storage tanks (S1-Sp.1). After cooling by cooler 1, the working
fluid is split into two streams at point 5 and enters group A and B
compressors, respectively. The working fluid at point 1’ is compressed
by C; and then enters S; at point 3’. Inside S;, the working fluid slowly
releases heat to the environment to make the temperature lower than the
temperature before compression, and then it is split into two streams
again. One stream directly flows out of S; and enters C, for compression
at point 6’, while the other stream leaves S; at point 4’ and is mixed with
the high-temperature working fluid at the outlet of Cy1 (point 5) to
enter Cp 5 together. Then compression and cooling are repeated until
the final compression pressure (Pg) is reached.

In the actual process, the pressure drop in the mass storage tank
cannot be neglected, which leads to the difference in the pressure ratio
of group A and B compressors. In the simulation of group B compressors,
the total pressure ratio is divided equally by n to ensure the same
pressure ratio of from compressors Cp; to Cay,. For the compressors of
group A, pressure drop will occur when working fluid flow through the
mass storage tank. In order to ensure the same pressure of the two
streams to confluence and reduce the pressure loss, the outlet pressure of
group A compressors is slightly higher than that of the corresponding
group B compressors. The relation is as follows:
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Fig. 2. Schematic diagram of proposed

PCn.uut = PCZn,out + APS (l)

where n > 1; Pcy oyt is the outlet pressure of group A compressors; Pcon,
out is the outlet pressure of corresponding group B compressors; APs is
the pressure drop of the mass storage tanks.

For the first time, the “time” dimension is introduced into the
multistage mass storage process, and the working fluid completes
“storage” and “release” processes in the mass storage tank. Fig. 2(b) is
the enlarged schematic of S; and S in Fig. 2(a). It is assumed that the
compression time of working fluid in group A and B compressors is Atca
and Atcg, respectively. And the slow cooling time in the mass storage
tank is Ats. The difference of pressure ratio makes Atcy slightly larger
than Atcp. The time at point 5 is t5, and the time for the working fluid to
enter S at point 3’ is ts+Atca. Then, the time at point 4’ is ts+Atca+Atse.
In the mass storage tank, the working fluid does not complete the heat
release process in a short time, but experience multiple much longer dt
periods, where At is equal to ndt. The working fluid has enough time to
release heat to the environment, which is regarded as the “storage” of

Mixing cooling
(T4<T<T5)

multistage mass storage process (Multi-MS).

the working fluid in S;. The “storage” process is not completed until the
working fluid flows out of S;. The working fluid leaving S; has two di-
rections: point 4’ and point 6°. The high-temperature fluid compressed
by Cpi1 (point 5/, ts+Atcg) is mixed with the low-temperature fluid at
point 4° (ts+Atca+Atse) to accomplish part of the cooling process, and
then enters Cp,o for the next stage of compression. Therefore, the
working fluids at the inlet and outlet of the mass storage tank are not
synchronized in the time dimension. Sy works in the same way as Sj,
repeating the operation process of S;.

2.2.2. Two innovations in cooling methods

The innovations in cooling methods of the multistage mass storage
process mainly have two aspects. One is slow cooling for a long enough
time. The direct air cooling or water cooling is widely used in the con-
ventional intercooler. The heat exchange process is completed in a very
short time, resulting in a large pressure drop, especially when the flow
rate is high. The multistage mass storage process uses the mass storage
tank instead of the intercooler to complete the heat release process to the
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environment. In the mass storage tank, as a result of the existence of
“storage” process, there is a large time difference between the process of
“entering” and “leaving” the tank of the working fluid, and “leaving
time” obviously lags behind the “entering time”. In the process of stor-
age, working fluid has plenty of time to cool, which makes the working
fluid get a great buffer effect. Thus, the multistage mass storage process
can realize a long time cooling which can achieve decoupling of cooling
and time compared with original intercooling process. The cooling
temperature can closer to the ambient temperature, and the long-time
heat release can also reduce the pressure loss during the heat transfer
process.

Another innovation is the mixing cooling of high- and low-
temperature fluid. As for the multistage mass storage, the cooling pro-
cess of working fluid is partly completed in the mass storage tank, and
partly through the mixing of two streams of fluid. As shown in Fig. 2(a),
for group A compressors, the working fluid enters the mass storage tank
after compression and completes slow cooling. For group B compressors,
the high-temperature fluid at the compressor outlet does not release heat
to the environment, but is mixed with the low-temperature fluid at the
tank outlet to cool. Compared with convective heat transfer in the heat
exchanger, the mixing cooling significantly reduces heat transfer resis-
tance, and reaches a higher heat transfer rate. In addition, in the
calculation, the same pressure of the two streams to confluence (e.g. P4
= Ps) is ensured to minimize the confluence loss. Meanwhile, it is
necessary to ensure that the temperature after each confluence is the
same as the temperature of point 2’ (e.g. T»» = To).

2.2.3. Actual operating condition

The above analysis is a detailed description of the multistage mass
storage process based on design conditions. In practice, the whole pro-
cess has to be flexible enough to meet the requirements of variable load
under different flows and unsteady state operation. In this case, the
operation of group A and B compressors is relatively independent, and
they respectively play different roles. At the start-up time of the unit, a
pre-stored working fluid is available in the mass storage tank, which is
slowly cooled to the design temperature. With the progress of the
confluence process, the working fluid in the tank is gradually reduced.
At the same time, group A compressors are needed to work to supple-
ment. Therefore, the role of group A compressors is mainly responsible
for regulating the temperature and mass flow of working fluid in the
mass storage tank, thereby ensuring the normal progress of the tank and
the confluence process. The group B compressors run continuously to
complete the process of pressure rise and cooling of the working fluid,
thus reducing the average temperature at which heat is rejected of the
cycle. From this point of view, group A and B compressors are decou-
pled. Even if the group A compressors do not work, the confluence
process can be completed by the pre-stored working fluid in the tank,
which does not affect the normal operation of the group B compressors.
At this point, an additional mass storage tank is required at point 1’ to
store the working fluid after stream splitting. If necessary, the working
fluid from the storage tank can also be fed externally to increase the
flexibility of the overall system.

It can be concluded that the “storage” process of working fluid is
more directly reflected in the actual operation condition, providing a
reference for the real operation status and regulation methods of the
power plant. Moreover, considering the maturity and widespread com-
mercial application of intercooling and compressed air energy storage
technology, the multistage mass storage process is reasonable and
achievable. However, this paper mainly proposes the multistage mass
storage process and focuses on the thermodynamic principle and per-
formance analysis of the system. Based on the design condition, the
purpose of this paper is to study and explore the new system structure.
Therefore, in the following sections, we mainly analyze the system
characteristics under the design condition, without considering the
operating condition under unsteady state.
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2.2.4. The application of Multi-MS to SC

Fig. 3 is the flow diagram of the mass storage process, and a semi-
closed S-CO; cycle with the multistage mass storage process is also
represented in Fig. 3(d). For SC, the pressure rise is jointly accomplished
by the compressor and the pump. The compressor is mainly responsible
for the rising of pressure before the critical pressure, and the pump
compresses the working fluid from the critical pressure to the maximum
cycle pressure. In this paper, the multistage mass storage process is only
used in the compressor for two reasons. Firstly, the power consumption
of the compressor is greater than that of the pump in the actual cycle.
Secondly, the application of the process to the pump will significantly
reduce the inlet temperature of TR cold side, thereby reducing the inlet
temperature of the combustor and improving the cycle heat absorption.
This will undoubtedly reduce the net power output and have an adverse
effect on cycle performance. To prove this conclusion, a case in which
compressor with four-stage mass storage process and pump with three-
stage mass storage process is simulated. The results showed a 0.061%
reduction in thermal efficiency compared to applying the four-stage
mass storage process only in the compressor. In summary, the multi-
stage mass storage process is applied to the compressor in this paper to
fully reveal the characteristics of the process.

2.3. Thermodynamic model

The simulation in this paper was completed by Aspen Plus. In order
to be consistent with the NIST database [43], REFPROP was selected to
complete the thermodynamic calculation of the cycle. The known cycle
parameters are listed in Table 1. The final simulation results of SC are
shown in Table 2 and each state point corresponds to Fig. 1. The
calculation method refers to the textbook [44]. In addition, Appendixes
A and B show the data processing process, thus the calculation results
and research conclusions of this paper are credible. This section estab-
lishes the calculation model of the main components, and the cycle
performance is mainly evaluated by the cycle net efficiency. Some as-
sumptions are as follows.

(1) Assume the cycle runs in a steady state.
(2) The potential energy change of the working fluid is neglected.
(3) The pressure drops in the pipelines are neglected.

Due to the semi-closed form of the cycle, the mass flow of the
working fluid always changes. For better representation, some param-
eters are defined. mgy, and mo; represent the mass flow of syngas and
oxygen in the system, respectively. mya,ter and mcpy indicate the mass
flow of separated water and CO; fluid, respectively. mco2 represents the
mass flow of recycled CO,, while mc, represents the mass flow of
working fluid flowing through the compressor C,. Under the mass
conservation principle of system,

Mgy + Moy = Mwater + Mcpy 2

The isentropic efficiency of the turbine s can be expressed by its
inlet and outlet parameters [12],

7}1]—]’!2

B hl - hZ,s (3)

ﬂT.s

where hy, hy and hys are the inlet enthalpy, outlet enthalpy and isen-
tropic outlet enthalpy of the turbine in Fig. 3, respectively. The net
power output wr of the turbine can be expressed as

Wt = (mcoz + mgy, + moz) (hy —hy) 4)

where Aht are enthalpy differences between the inlet and outlet of the
turbine. Similarly, the isentropic efficiency of the compressor and pump
is respectively expressed as
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Fig. 3. Flow diagram of mass storage process (a: one-stage mass storage process, b: two-stage mass storage process, c: multistage mass storage process, d: semi-closed

S-CO, cycle with multistage mass storage process).

Table 1
Parameters for SC simulation.
Equipment Parameter Value
Combustor Outlet temperature 1204 °C [5]
Outlet pressure 30 MPa [5,6]
Turbine Outlet pressure 3.55 MPa
Isentropic efficiency 0.927 [5]
Compressor Outlet pressure 7.4 MPa [5]
Isentropic efficiency 0.85 [26]
Pump Outlet pressure 30.21 MPa
Isentropic efficiency 0.85 [5]
Regenerator Pinch temperature 20°C
Pressure drop 0.14 MPa
Cooler Pressure drop 0.14 MPa [5]
1’[ _ hCmnul,s - hCn.in (5)
T
e hCn.uul - hCn.in
hgs —
=% 77 (6)
rIP‘s hS _ ]’l7

considering that the multistage mass storage process includes mul-
tiple compressors, where hcp in, Acn,out and hcn out,s are respectively the
inlet enthalpy, outlet enthalpy and isentropic outlet enthalpy of
compressor C, (n > 1). The power consumption of the compressor and
pump can be expressed as

Table 2
State point simulation results of the SC.

we = Zwen = Zmcn (henon — Henin) )]

wp = mcoa (hg — hy) ®

As defined by the regenerator pinch temperature ATg, the outlet
temperature T3 of the high-temperature side of TR is

T3 =Ts + ATy (C)]

where T3 and Tg are the high-temperature side outlet and low temper-
ature side inlet temperature of the regenerator, respectively [45,46].

The only heat source of this cycle is the reaction heat of syngas and
oxygen, thus the heat input Q of the cycle is

0= MgyngSyn,LHV (10)

where gsyn1nv is the lower heating value of syngas. The average tem-
perature at which heat is rejected Taye, can reflect the heat loss at the
cold source, which is defined as follows:

SAh,
TAs,

Tave,c = (1 1)

where As. and Ah. represent the entropy difference and enthalpy dif-
ference on both sides of each cooler, respectively.
In summary, the thermal efficiency 7, of the SC is

Point Unit CO, Hy0 Ar Ny O Hy Cco T/°C P/MPa Mass flow/kg/s
1 vol% 95.73 2.646 0.498 0.887 0.238 0 0 1204 30 2012

2 vol% 95.73 2.646 0.498 0.887 0.238 0 0 828.1 3.55 2012

3 vol% 95.73 2.646 0.498 0.887 0.238 0 0 83.77 3.41 2012

4 vol% 98.33 0.0058 0.512 0.911 0.244 0 0 83.77 3.41 1989.8
5 vol% 98.33 0.0058 0.512 0.911 0.244 0 0 27 3.27 1851
7 vol% 98.33 0.0058 0.512 0.911 0.244 0 0 27 7.26 1851
9 vol% 98.33 0.0058 0.512 0.911 0.244 0 0 693.4 30.07 1851
10 vol% 44.44 0.14 0.16 0.63 0 27.96 66.66 72.86 30.21 94

11 vol% 0 0 0.44 0.06 99.5 0 0 72.86 30.21 67

12 vol% 0 100 0 0 0 0 0 83.77 3.41 22.19
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In order to verify the accuracy of the model, the baseline case in
literature [6] is reproduced. Different from the cycle shown in Fig. 1, the
turbine cooling model and the intercooling process are added to the
reference case, and there are differences in the initial parameters of fuel
and oxygen. Since some parameters in the reference model are not
revealed, the simulation results in Table 3 are slightly different from the
reference model. It can be seen that the results of model verification are
satisfactory, thus the subsequent calculated data are credible and can
support the interpretation of the results and research conclusions.

3. Advantages of Multi-MS
3.1. Advantages of Multi-MS over single-compression

As shown in Fig. 4, the ideal multistage mass storage process is
compared with the single-compression process on the T-s diagram,
which clearly expounds the thermodynamic principle of performance
advantages of multistage mass storage process. This process obviously
reduces the average temperature at which heat is rejected of the cycle.
And as the number of compression stages increases, the outlet temper-
ature of each compressor gradually decreases, and the whole heat
rejection process is closed to isothermal.

From the quantitative perspective, Fig. 5 demonstrates the perfor-
mance advantages of the multistage mass storage processes. Four cases
of one-stage, two-stage, three-stage and four-stage mass storage pro-
cesses are set up, and their performance differences with the single-
compression process are compared. As can be seen from Fig. 5, the
multistage mass storage process can significantly reduce the compres-
sion power consumption and the average temperature at which heat is
rejected, thus improving the cycle efficiency. In the calculated case,
compared with the single-compression cycle, the compression power
consumption of the four-stage mass storage cycle is reduced by 16.47
MW, resulting in a 1.17% increase in cycle efficiency. In addition, the
more compression stages, the more noticeable the performance advan-
tage. However, the increment of efficiency is gradually smaller, which is
the same as the principle of conventional intercooling process.

3.2. Advantages of Multi-MS over intercooling

The multistage mass storage process is proposed based on inter-
cooling process, and they have both similarities and differences. The
similarities are reflected by splitting the compression process into mul-
tiple compression units with small pressure ratio in the thermodynamic
principle of their performance advantages over single-compression. The
average temperature at which heat is rejected can be effectively reduced
and the cycle efficiency can be improved. Both multistage mass storage
and intercooling are composed of multistage compression and interstage
cooling, both of which are a method to make the heat rejection process

Table 3
Validation of model methods.

Parameters Simulation Literature [17]
Heat input of the cycle (MW) 1260 1260

Gross power output (MW) 934.84 926.6

Power consumption of compressors (MW) 72.25 70.5

Power consumption of pump (MW) 75.25 67.3

Net power output (MW) 787.34 788.8

S-CO; power cycle efficiency (%) 62.49 62.60

(12)

approach isothermal.

Meanwhile, there are some differences between multistage mass
storage and intercooling, mainly reflected in the cooling process. Fig. 6
makes a qualitative comparison between them. Although both require
the release of compression heat, they do so in different ways. For the
intercooling process, the compressed high-temperature working fluid
enters the cooler at one time and releases the heat in a short time. In SC,
the direct cooling has the characteristics of large flow rate and short
duration, which will yield large heat load and pressure loss. The
multistage mass storage process improves direct cooling with a cooling
process that includes slow cooling in the tank and mixed cooling, as
shown in Fig. 6(c). As mentioned in section 2.2, under the same stages
with the intercooling cycle, the cycle with mass storage process can
realize a long time cooling which can achieve decoupling of cooling and
time. Therefore, the cooling temperature can closer to the ambient
temperature. In a long period of time, the velocity of the fluid can be
regarded close to zero with small heat transfer resistance, thus reducing
the pressure loss during the heat transfer process. Meanwhile, due to
decoupling of cooling and time, the mass storage process has the po-
tential to construct the multistage mass storage process, which gets rid of
the restriction of the number of compression/intercooling stages and
makes the cooling process closer to isothermal heat rejection. In addi-
tion, part of the cooling effect is also reached through the mixing of high-
and low-temperature fluids. Compared with direct cooling in the inter-
cooling process, the method of slow cooling combined with mixing
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—e— B-Compr in Multi-MS

...... » Mixing cooling N
F &
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v
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Fig. 4. Comparison of Multi-MS and single-compression on T-s diagram.

60.3 51.6 r101
/V
60.0 F--* — ~taga  Fos
., %— Net efficiency - ~
o 597 / e ~r452 9 189 =
é/ ave,c V\: s
= \2<' —=— Power consumption g s
59.4 / s S1420 (F 183
] T
TT—e
N i —_— ~+388 77
v E—
58.8 : : : : : 35.6 ~71

S-Compr One-MS Two-MS Three-MS Four-MS

Fig. 5. Performance advantages of Multi-MS.



E. Sun et al.

(a) Compr 3; Compr 24 Compr 1
6ic Sic d 4 3ic 2ic Lic
Direct Direct
Y “cooling" ‘cooling" 1
m m
Cooler 2;. Cooler 1;
(c) C; C, C
{ __— :'_
— |
13 1d 48 6 43 it
Y
6 Slo.w <- S, S, -> Slo.w 5
<—| cooling<- *>cooling [¢—
m — — m
"9' Mixing et
14 ey cooling "l | 2'
12'10] 7" 51
—
Cn+3 Cn+2 Cn+1

Energy 270 (2023) 126879

(b) 8.0
a 6. 6 P,=3.27MPa
7.1 o T=27°C
6] 2 P=P,=74MPa
< e
% 53 @ 1st Compr
o 4.4 Direct O')O/' i G
' cooling % 3% Oo;ﬂ
3.54b : "N
R S, Direct cooling. .- .
5(15)
2.6 T T T T .
0.003 0.005 0.007 0.009 0.011 0.013 0.015
% (m3/kg)
d 8.0
@ -----Slow cooling
711 —— A-Compr
XA Mixing cooling
—— B-Compr
,\62- —— 1st Compr
<
]
g 5.34
R
4.4 1 %
35q LB W N
b 5

26 T T T T T
0.003 0.005 0.007 0.009 0.011 0.013 0.015
v (m’/kg)

Fig. 6. The differences between Two-Ic and Two-MS (a & b: schematic and P-v diagram of Two-Ic, ¢ & d: schematic and P-v diagram of Two-MS).

Y
@ 4 Ps=327MPa e Path of Single-Compr
Ts=27°C Compression in Multi-Ic
Cooling in Multi-Ic
o
~ -
F /. == limited stages Multi-Ie
Y " . process
. i ———Directcooling
At(\ Atdc t (S) 4
(®) 4 Ps=3.27MPa —=— A-Compr in Multi-MS
T=27°C —— B-Compr in Multi-MS
Mixing cooling At>>Atg>>Ate
S (Atyc~0)
= Multi-MS
process
. Slow cooling RN

At('s Atca At;c

t(s)

Fig. 7. Comparison of Multi-Ic and Multi-MS on T-t diagram.

cooling achieves the same cooling effect and pays a lower cost. In this
way, the multistage mass storage process can implement more stages of
compression under the premise that the system can bear the complexity.
Fig. 7(a) and Fig. 7(b) represent the multistage intercooling process and
the multistage mass storage process on the time scale, respectively. The
abscissa is time and the ordinate is temperature. Fig. 7(b) corresponds to

Fig. 2. It is assumed that the time of direct cooling, slow cooling and
mixing cooling of working fluid are Atg., Atsc and Atp,, respectively. It
can be known that At is much larger than Aty., and Aty is approxi-
mately zero. Fig. 7 clearly shows the time comparison of the three
cooling methods through the T-t diagram and highlights the advantages
of the multistage mass storage process.

The discrepancy between intercooling and mass storage process is
also reflected in the mass flow. The intercooling process has only one
stream with a mass flow of m¢o2, which flows through each compressor
and cooler in turn. In the mass storage process, the initial stream split
divides mcoz into mca and mcp. With the process of mixing cooling, mca
decreases and mcp increases. Although the mass flow of working fluid
changes all the time, the sum of mca and mcg is always mcoz. According
to the physical meaning of the P-v diagram, the shaded area between two
curves represents the difference of their power consumption. In Fig. 6

60.4 50.5
60,1 o O - 42.0
I Net efficiency 59.94
—~ 598 e 335 O
= 595 250 &
59.2 165
58.9 L 8.0

One-Ic  Two-Ic One-MS Two-MS
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Fig. 8. Performance comparison of intercooling and mass storage process.
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(b), the shadow area multiplied by the mass flow of the working fluid is
the power consumption reduction of the intercooling process compared
with the single-compression process. In Fig. 6(d), the two-stage mass
storage process is divided into multiple parts according to the different
mass flow. In each part, the power reduction of the mass storage
compared with single compression is still equal to the shadow area
multiplied by the corresponding mass flow, and the sum of which is the
total power reduction.

Fig. 8 compares the performance of one-stage intercooling cycle,
two-stage intercooling cycle, one-stage mass storage cycle and two-stage
mass storage cycle, which are evaluated by cycle efficiency and the
average temperature at which heat is rejected. It can be seen that the
mass storage process has obvious performance advantages compared
with the intercooling process. Even the one-stage mass storage cycle is
0.15% more efficient than two-stage intercooling cycle due to the mass
storage process can reduce the average temperature at which heat is
rejected to a much lower value, as shown in the Ty curve in Fig. 8.

3.3. Comparison of Multi-MS and CAES

Compressed gas energy storage is to use the remaining power for
compressed gas at low grid load. At high grid load, the compressed gas is
released to drive the turbine for power generation [35,47]. The existing
compressed air energy storage (CAES) technology is sophisticated that
has achieved large-scale commercial applications. Fig. 9 is a simple
schematic of the CAES system. During the charge process, ambient air is
compressed to high-pressure by intercooling process and then stored in a
storage tank. During the discharge process, the high-pressure air
released from the storage tank enters the turbine to generate electricity
through the multistage reheating process. For the CAES system, the heat
storage medium is water, which transfers the compression heat to the
multistage reheaters through an independent water cycle.

The principle of multistage mass storage process borrows the char-
acteristics of CAES. The existence of storage tank makes the working
fluid has a storage process, which reflects the similarity between Multi-
MS and CAES. However, in some aspects, there are obvious differences
of them, as shown in Fig. 10. Firstly, they have different storage me-
dium. CAES is based on the storage of air, but in fact it stores the high-
pressure energy of air. And the storage location is after the intercooling
process. The multistage mass storage process is completely the storage of
fluid medium, and the storage process exists in each stage of the
compression process. Secondly, their purposes are different. Due to the
existence of “storage” and “release”, both of them introduce the “time”
concept. The CAES uses the time difference to match the power grid load
demand at different times, while the multistage mass storage introduces
time difference to prolong the heat release time of working fluid.

Finally, there are discrepancies in the release object and the final
destination of compression heat. As for CAES, the compression heat of
air is released to the water in the intercoolers, which then supplies heat
to the cryogenically expanded exhaust gas, thus the compression heat is
reused. As for the multistage mass storage process, the working fluid
carrying the compression heat enters the mass storage tank and the heat

—
Ambient
Air
Water A
Multi-expansion
Exhaust Wi P
. and interreheat
Air N

Fig. 9. Simple schematic diagram of compressed air energy storage (CAES).
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is released to the environment by slow cooling. As a result, its
compression heat is discarded without recycling. Meanwhile, they have
a different flow of mechanical energy. For CAES, the high-pressure air
stored in the storage tank is released and directed to the multistage
expanders, where the mechanical energy is used to drive the turbine to
generate electricity. By contrast, for Multi-MS, after the fluid in the mass
storage tank releases heat, it is mixed with high-temperature fluid at the
outlet of the tank, thus the mechanical energy is utilized for the inter-
stage mixing cooling.

4. Sensitivity analysis

According to the calculation assumptions in section 2.3, the SC is
firstly simulated in Aspen plus. In this system, the compressor adopts
single-compression, and the cycle performance is given in Table 4. All
subsequent sensitivity analyses are based on the SC.

4.1. Influence of initial split ratio on cycle performance

As mentioned in section 2.2, the pressure ratio and intermediate
cooling temperature of the group A and B compressors are different, thus
the mass split ratio at point 5 is the key factor affecting the compression
power consumption. In this section, four cases of one-stage mass storage
cycle (One-MS), two-stage mass storage cycle (Two-MS), three-stage
mass storage cycle (Three-MS) and four-stage mass storage cycle
(Four-MS) are set to study the impact of different mass storage stages on
cycle performance.

It is assumed that the mass flow of working fluid flowing through the
group A compressors after stream splitting is mca, and that flowing
through group B compressors is mcg. The split ratio a is defined as the
ratio of mca and mca + mcg,

a= _ Mea 13)
Mmca + Mcp

where mcp + mcp = mgog, 0 < a < 1. Notice that a is not infinitely close
to zero. The value of a shall ensure the constant temperature after
confluence. If  is very small, in the subsequent process, even if all the
fluid from the tank participates in the confluence, it is still not enough to
lower the high-temperature fluid to the design temperature. Therefore,
there is a lower limit ay,i, of a, and the an, is different in different cases.
As a increases, a smaller proportion of working fluid in the mass storage
tank flows to the confluence. Therefore, the maximum value of a is 1 (i.
e., all the working fluid flows through group A compressors). However,
the larger the a, the larger the volume and capacity of the mass storage
tank, which makes the economy worse to some extent. The purpose of
this section is to investigate the effect of split ratio on cycle performance
and to determine the maximum efficiency in each case. Table 5 lists the
values of « in different cases.

Fig. 11 shows the variation of cycle efficiency and compression
power consumption with « in four cases. It reveals that the four curves
show similar trends. With the increase of a, the total compression power
consumption decreases gradually, and the cycle efficiency constantly
improves. That is because the lower initial compression temperature can
make the compression end closer to the critical value, which can greatly
reduce the compression power consumption for CO5 working fluid. The
increase of @ means that mcp increases and mcg decreases. Thus, the
cycle efficiency is proportional to « in the final effect. Fig. 11 indicates
the maximum efficiency of the four cases, all of which are all obtained
when «a is equal to 1. At that time, the working fluid no longer flows
through group B compressors.

4.2. Influence of key parameters on cycle performance

To grasp a better idea of cycle performance, this section shows a
sensitivity analysis of several key parameters of the cycle. In the SC, the
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Fig. 10. The differences between CAES and Multi-MS.

Table 4

Overall performance summary of SC.
Parameters Unit Value
Mass flow of recycled COy kg/s 1851 [5]
Heat input of the cycle MW 1404.8
Gross power output MW 999.46
Power consumption of compressor MW 91.23
Power consumption of pump MW 80.29
Net power output MW 827.94
S-CO,, power cycle efficiency % 58.94

Table 5

Variable condition setting of @ under different cases.
Cases Variation of
One-MS 0.7468 0.8101 0.8734 0.9367 1
Two- MS 0.8824 0.9118 0.9412 0.9706 1
Three- MS 0.9346 0.95095 0.9673 0.98365 1
Four- MS 0.9634 0.97255 0.9817 0.99085 1

compression process is divided into a compressor and a pump. The
pressures at the two compression ends (Pg and Pg) have a direct impact
on the compression power consumption. In addition, the multistage
mass storage process in this paper is also an optimization study of the
compressor section. Therefore, in this section, a four-stage mass storage
SC is studied and a cycle model is used to evaluate the influence of the
outlet pressures of the compressor and pump.

Fig. 12 displays the variation of cycle efficiency with Pg and Pg. It can
be seen that all five curves show an increasing and then decreasing trend
at constant Pg, reaching a maximum at around 7.6 MPa. It is also found
that with constant Ps, the efficiency increases significantly with
increasing Pg, while the increment becomes progressively smaller. This
is because a larger Pg will result in greater compression power con-
sumption and poorer heat recovery from the regenerator. Meanwhile,
considering that the higher the operating pressure, the higher the ma-
terial requirements of equipment. Therefore, Pg should not be too high.

Fig. 13 conducts the sensitivity analysis of Ps and Pg from the
perspective of compressor and pump power consumption. There is no

10

doubt that the total compression power consumption is positively
correlated with Pg under the same Pg. When Pg is constant, the increase
of Pg yields an interesting phenomenon. Increasing P makes the power
consumption of the compressor increase while the power consumption
of the pump decreases. However, the total power consumption decreases
first and then increases. And it approximately reaches the minimum
value when Py is 7.6 MPa. In other words, better cycle performance can
be achieved when the working fluid is compressed to a value slightly
above the critical pressure in the compressor. This intermediate pressure
should not be too high, as the energy consumption of gaseous
compression is greater than that of quasi-liquid compression. Similarly,
the pressure should not be too low, as the cooling process after
compression should avoid the saturated area as much as possible [28].
The change in compression power consumption precisely explains why
the efficiency reaches the maximum value near Ps = 7.6 MPa.

5. Summary and prospect

In this paper, the multistage mass storage process is applied to the
compression process of a semi-closed S-CO2 cycle. The process allows
for more stages of compression by optimizing the cooling process,
making the cooling process close to isothermal heat rejection. Therefore,
thermodynamically speaking, the multistage mass storage process is not
limited to SC application, but can be extended to other compression
fields involving variable temperature heat rejection processes, such as
all kinds of Brayton cycle system, compressed air energy storage, carbon
capture and high-pressure natural gas pipeline transportation. The ad-
vantages of the multistage mass storage process are particularly
considerable in applications with high-pressure ratio and high flow rate.

This paper proves that the multistage mass storage process not only
reduces the loss of heat rejection process, but also brings considerable
performance gains. As the number of compression/mass storage stages
increases, this advantage becomes more and more obvious. However, in
the actual power plant configuration, more stages mean greater system
complexity and cost, in which the application of multistage mass storage
process is limited. Thus there is a restrictive relationship between cost
and efficiency. This paper focuses on putting forward the concept of
multistage mass storage process and proves its advantages in reducing
losses and improving efficiency. The technical and economic
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Furthermore, the structural form of the multistage mass storage
process shown in Fig. 2 can be further improved. In order to solve the
problem of mismatched pressure of confluence streams due to the
pressure drop in the mass storage tank, the compression process is
completed by two sets of compressors. However, the complexity of the
system increases to some extent. In this regard, Fig. 14 shows an CI Compressor D Mass storage tank O Diffuser
improved multistage mass storage process. Compared with Figs. 2 and
14 has one less set of compressors and an additional diffuser at the outlet
of each mass storage tank. The working parameters of the compressors
are the same as those of group B compressors in Fig. 2. After compres-
sion, the working fluid is split. One part enters the storage tank for slow

Sh-1 Sx

Fig. 14. Schematic diagram of improved Multi-MS.
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cooling, while the other part participates in the confluence process. Due
to the pressure drop in the tank, the low-temperature fluid at the outlet
of the tank needs to be pressurized to the pressure before the slow
cooling by means of a diffuser. It can be seen that the improved multi-
stage mass storage process still remains the advantages of slow cooling
and mixing cooling. Compared with the form before improvement, it
simplifies the complexity of the system while maintaining the original
working principle. The research on the improved multistage mass stor-
age process will be further supplemented in the following work.

6. Conclusions

In this paper, the multistage mass storage process is proposed to
make the semi-closed S-CO3 cycle achieve near-isothermal heat rejec-
tion, which can effectively reduce the compression power consumption
and improve the cycle efficiency. The following conclusions are drawn.

1. The multistage mass storage process retains the characteristics of
reducing power consumption through multistage compression in
intercooling, while using a mass storage tank instead of cooler and
applying the “storage” and “release” of working fluid in the CAES
technology to the interstage cooling process. This treatment achieves
a long time cooling and reduces the heat exchange loss. Thus, the
mass storage process has the potential to construct the multistage
mass storage, which gets rid of the restriction of the number of stages
and makes the heat rejection process closer to isothermal.

2. The multistage mass storage process also presents considerable per-
formance advantages. Compared to the SC with single-compression,
the compression power consumption of the SC with four-stage mass
storage is reduced by 16.47 MW, resulting in a 1.17% improvement
in cycle efficiency. The efficiency of the SC with one-stage mass
storage is even 0.15% higher than that of the SC with two-stage
intercooling when compared to an intercooling process with the
same performance advantage principle.

3. The multistage mass storage is compared qualitatively with inter-
cooling and CAES, respectively. In contrast to intercooling, the

Appendix A
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cooling methods of the multistage mass storage process are slow
cooling and mixing cooling rather than the direct cooling of inter-
cooling. While compared to CAES, the compression heat of the
multistage mass storage process is released directly to the environ-
ment rather than reused. The differences between them are also re-
flected in the different mechanical energy flows and the location of
the storage tank application.

4. The thermodynamic principle of the multistage mass storage process
is to make the heat rejection process of the cycle approach
isothermal. Therefore, it has the potential to be applied in a variety of
compression fields involving variable temperature heat rejection
process, such as all kinds of Brayton cycle systems, carbon capture
and high-pressure natural gas pipeline transportation.

Credit author statement
Enhui Sun: Visualization, Theory. Hongfu Ji: Methodology, Simula-

tion. Xiangren Wang: Investigation. Wenjing Ma: Data curation. Lei
Zhang: Writing- Reviewing and Editing. Jinliang Xu: Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.
Acknowledgements
The research was supported by the Natural Science Foundation of

China (52206010, 52076079), the Fundamental Research Funds for the
Central Universities (2021MS076).

For several intercooling and mass storage procesendix A displays the values of temperature, pressure and mass flow at their state points. Table A1
shows the One-Ic and Two-Ic, and Table A2 shows the One-MS, Two-MS, Three-MS and Four-MS.

Table Al
State parameter points of intercooling process (refer to Fig. 6(a))

One-Ic Two-Ic
Point T (°C) P (MPa) m (kg/s) T (°C) P (MPa) m (kg/s)
Lic 27 3.27 1851 27 3.27 1851
2ic 61.39 4.92 1851 49.65 4.29 1851
3ic 27 4.78 1851 27 4.15 1851
4ic 63.78 7.4 1851 52.51 5.64 1851
Sic 27 5.50 1851
6ic 51.31 7.4 1851
Table A2
State parameter points of mass storage process (refer to Fig. 2(a))
One-MS (n = 2) Two-MS (n = 3) Three-MS (n = 4) Four-MS (n = 5)
Point T (°C) P (MPa) m (kg/s) T (°C) P (MPa) m (kg/s) T (°C) P (MPa) m (kg/s) T (°C) P (MPa) m (kg/s)
Ci,in 27 3.27 1850.12 27 3.27 1850.12 27 3.27 1850.12 27 3.27 1850.12
C1,0ut 63.84 5.06 1850.12 52.39 4.43 1850.12 46.78 4.15 1850.12 43.45 3.99 1850.12
S1,0ut 18 4.92 2.5896 18 4.29 1.93 18 4.01 1.50 18 3.85 1.22
Coin 18 4.92 1847.53 18 4.29 1848.19 18 4.01 1848.62 18 3.85 1848.90
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Table A2 (continued)
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One-MS (n = 2) Two-MS (n = 3) Three-MS (n = 4) Four-MS (n = 5)
Point T (°C) P (MPa) m (kg/s) T (°C) P (MPa) m (kg/s) T (°C) P (MPa) m (kg/s) T (°C) P (MPa) m (kg/s)
Ca,0ut 50.97 1847.53 42.1 5.78 1848.19 36.80 5.06 1848.62 33.65 4.67 1848.90
S2,0ut 18 5.64 4.62 18 4.92 3.67 18 4.53 2.75
Csiin 18 5.64 1843.57 18 4.92 1844.95 18 4.53 1846.15
C3 out 38.58 7.4 1843.57 36.05 6.17 1844.95 33.15 5.48 1846.15
Ss.out 18 6.03 7.37 18 5.34 5.59
Ca,in 18 6.03 1837.58 18 5.34 1840.56
Cs,0ut 33.64 7.4 1837.58 32.34 6.42 1840.56
S4,0ut 18 6.28 13.56
Cs,in 18 6.28 1827
Cs out 32.46 7.4 1827
Chit,in 27 3.27 0.88 27 3.27 0.88 27 3.27 0.88 27 3.27 0.88
Cht10ut 61.39 4.92 0.88 49.65 4.29 0.88 43.88 4.01 0.88 40.46 3.85 0.88
Chi2,in 27 4.92 3.47 27 4.29 2.81 27 4.01 2.38 27 3.85 2.1
Chi2,0ut 61.19 3.47 49.66 5.64 2.81 43.90 4.92 2.38 40.47 4.53 2.1
Chi3,in 27 5.64 7.43 27 4.92 6.05 27 4.53 4.85
Cn+3,0ut 49.09 7.4 7.43 43.79 6.03 6.05 40.44 5.34 4.85
Chi4,in 27 6.03 13.42 27 5.34 10.44
Ch4,0ut 43.14 7.4 13.42 40.27 6.28 10.44
Ch5,in 27 6.28 24
Ch5,0ut 39.62 7.4 24

Note: ’in’” and “’out’” represent inlet and outlet, respectively; Soy refers to the outlet stream mixed with the group B compressors.

Appendix B

Table B makes a detailed performance comparison of the S-Compr cycle, intercooling cycle and mass storage cycle mentioned in the paper,

especially the power consumption of the compressors in each case.

Table B

Performance comparison of several cycle cases

Cases Power consumption of compressor (MW) Net power (MW) Nth (%)
S-Compr 91.23 827.94 58.94
Intercooling Compr 1 Compr 2jc Compr 3¢
One-Ic 43.54 40.82 834.81 59.43
Two-Ic 28.59 29.88 23.89 836.82 59.57
Mass storage G Ca Cs Cs Cs Cni1 Cni2 Cny3 Cni4 Cnis
One-MS (n = 2) 46.66 33.45 0.0207 0.0701 838.98 59.72
Two-MS (n = 3) 32.06 26.27 18.63 0.0136 0.0398 0.0895 842.08 59.94
Three-MS (n = 4) 24.94 21.12 18.15 11.25 0.0101 0.0257 0.0596 0.1124 843.50 60.05
Four-MS (n = 5) 20.72 17.87 15.99 13.54 6.339 0.0081 0.0183 0.0397 0.0777 0.1516 844.41 60.11
Q = 1404.8 MW, wr = 999.46 MW, wp = 80.29 MW.
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