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Abstract

With the increasing integration of renewable energy, large-scale energy storage systems
are required to improve the flexibility of energy supply and alleviate the mismatch
between power generation and demand. However, the performance evaluation of
integrated energy systems combining continuous power generation and periodically
operated energy storage remains challenging due to the different operating time scales of
individual subsystems. In this study, a gas turbine integrated molten salt thermal energy
storage and supercritical CO:z energy storage (GT-TES-CCES) system with cascade heat
utilization is proposed. The proposed system recovers high-temperature exhaust heat
from the gas turbine through molten salt storage, provides thermal input for CO:
expansion during discharge, and further utilizes residual heat for hot water production.
A comprehensive thermodynamic and exergoeconomic model is developed, and a unified
24 h evaluation framework is introduced to consistently evaluate the continuously
operated gas turbine subsystem and periodically operated charging/discharging
processes. The SPECO method is employed to investigate the exergy cost formation and
transfer characteristics, and multi-objective optimization is performed to identify the
trade-off between exergy efficiency and product cost. At the nominal operating point, the
proposed system achieves an electrical efficiency of 48.71%, an overall energy efficiency
of 75.97%, and an exergy efficiency of 50.29%, with an instantaneous net power output of
40.26 MW during the discharge period and useful hot water production of 14.13 MW.
After multi-objective optimization, the electrical efficiency and exergy efficiency increase
t0 53.99% and 54.82%, corresponding to improvements of 10.84% and 9.01%. Meanwhile,
the total unit product exergy cost decreases from 14.32 to 13.55 $-GJ-!, demonstrating the
economic benefit of the optimized configuration. The results indicate that the proposed
multi-period exergoeconomic framework provides an effective approach for evaluating
and optimizing integrated energy systems involving continuous power generation and
flexible energy storage.

Keywords: gas turbine; supercritical CO2 energy storage; molten salt thermal energy
storage; multi-objective optimization
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1. Introduction

Growing deployment of renewable energy has exacerbated the discrepancy between
variable electricity generation and demand. Large-scale energy storage is therefore
playing an increasingly important role in improving power-system flexibility and
renewable-energy utilization [1,2]. Among various energy storage technologies, CO2-
based energy storage systems are receiving increasing interest because of their favorable
thermophysical properties, high energy storage density, and operational flexibility.
Compared with conventional energy storage technologies, supercritical CO2 exhibits
favorable thermophysical properties and enables reversible compression and expansion
processes, allowing effective decoupling between electricity consumption during
charging and electricity production during discharge [1]. These characteristics make the
system well suited to grid-scale energy storage with extended discharge durations.
However, the performance of a standalone compressed CO: energy storage system (CCES)
strongly depends on the management of compression heat and the heat required during
the discharge process. Efficient integration with an appropriate thermal source is therefore
important for improving both system performance and economic feasibility.

Gas turbine (GTs) provide a suitable energy source for integration with CCES
systems because they can continuously supply electricity and high-temperature exhaust
heat for hybrid energy storage applications [3-5]. The exhaust heat from GT can be
recovered and stored using thermal energy storage (TES) systems. By coupling molten
salt TES with CCES, the recovered exhaust heat can be stored during GT operation and
subsequently released to provide the required thermal input for CO2 expansion during
electricity generation periods [6]. Several studies have investigated the integration of
CCES with thermal storage technologies. Tang et al. [7] introduced high temperature TES
into a CCES system and showed that thermal storage conditions strongly affect both
thermodynamic and economic performance. Hao et al. [8] investigated a CCES system
capable of simultaneously generating electricity and heat, demonstrating the potential of
CO: storage systems for integrated energy supply. Studies on the integration of COz2 cycles
with conventional thermal power systems have also shown that effective matching
between the exhaust heat source and the CO: cycle can significantly improve waste heat
utilization [9]. In addition, recent studies have further combined Supercritical COz (sCO2)
cycles with TES and waste heat recovery processes to improve system flexibility and
thermal energy utilization [10]. However, most existing studies mainly focus on the
thermodynamic improvement of individual CCES systems or the optimization of specific
heat recovery processes. Limited attention has been paid to integrated systems involving
multiple energy storage forms and different operating time scales. In practical
applications, the GT subsystem may operate continuously to provide a stable energy
source, whereas the CO:z charging and discharging processes are usually determined by
electricity demand characteristics and may only occur during specific periods. Meanwhile,
the thermal energy recovered from GT exhaust and the compressed CO: stored during
charging are transferred across different operating periods before being converted into
electricity and wuseful heat. The interaction between continuous energy supply,
intermittent energy storage, and flexible energy release introduces additional complexity
to the system evaluation. Therefore, a comprehensive framework considering the multi-
period characteristics of such integrated systems is required.

In addition to thermodynamic performance, the economic consequences of exergy
destruction and equipment investment must also be considered for such highly integrated
systems. Exergoeconomic analysis provides an effective way to connect these two aspects.
Among the available methods, the Specific Exergy Costing (SPECO) approach provides a
systematic framework for tracing cost formation and transfer among different
components and energy streams. SPECO has already been applied to various power and
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energy storage systems [11]. For example, recent research on adiabatic CAES used SPECO
to quantify the influence of pressure ratio and system configuration on exergy-related
costs [12]. Exergoeconomic analysis has also been applied to sCO: cycles and integrated
thermal systems to identify components with high investment costs or high exergy-
destruction costs [13]. Therefore, the main difficulty in applying SPECO to the present
system is not the applicability of the method itself, but the treatment of different operating
periods. In the GT-sCO: integrated system, the GT subsystem operates continuously,
whereas the charging and discharging processes only occur during prescribed operating
periods. Directly combining their exergy and cost rates without considering this
difference may lead to an inconsistent system-level evaluation. Moreover, the thermal
energy stored in molten salt and the compressed CO: stored during charging are
transferred across different periods before being converted into electricity and useful heat.
A consistent time basis and cost transfer relationship are therefore required to correctly
describe the cost formation process of the entire system.

After establishing the thermodynamic and exergoeconomic models, determining an
appropriate balance between system performance and economic cost is another important
issue. Multi-objective optimization (MOQO) has been widely used in advanced energy
systems because improvements in thermodynamic performance are often accompanied
by increased equipment investment and system cost. Tang et al. [7] performed thermo-
economic MOO of a CCES system integrated with high-temperature TES. Other studies
have applied MOO to COz energy storage and sCO: power systems to identify the trade-
off between efficiency and economic performance [14,15]. However, most optimization
studies still evaluate charging and discharging processes under prescribed operating
conditions and mainly focus on conventional thermodynamic variables such as pressure,
temperature, and pressure ratio. For a GT-sCO2 energy storage system, the situation is
more complicated. Changes in the operating parameters not only affect the efficiency of
the CO: cycle, but also change the amount of GT exhaust, the behavior of TES, the
production of useful heat, and the cost distribution among different components. More
importantly, the GT and energy-storage subsystems operate over different daily durations.
The combined effects of these operating characteristics on the thermodynamic-economic
Pareto frontier remain largely unexplored.

Motivated by the above research gaps, this paper proposes an integrated GT-TES-
CCES system and cascade heat utilization, and conducts detailed thermodynamic,
exergoeconomic and MOO analyses. The GT operates continuously, while the sCO:
storage subsystem operates according to prescribed charging and discharging periods.
Residual heat from the system is further recovered to produce useful hot water, allowing
both electricity and heat to be regarded as final products. The key features of the present
study are summarized as follows:

(1) An integrated GT-TES-CCES system with cascade thermal utilization is proposed.
The GT exhaust heat is recovered and stored through molten salt TES, while
supercritical CO2 storage provides additional energy-shifting capability. In this way,
electricity generation, energy storage, and heat supply are integrated within the same
system.

(2) A multi-period SPECO-based exergoeconomic framework is established for an
integrated energy-storage system with different operating durations. A unified 24 h
evaluation basis is introduced to consistently analyze the continuously operated GT
subsystem and periodically operated sCO: charging/discharging subsystem. The cost
transfer associated with stored thermal energy and high-pressure COz is considered,
allowing the investment cost, exergy-destruction cost, and cost formation process of
each component to be quantitatively evaluated.
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(3) MOQO is performed to reveal the relationship between thermodynamic performance
and economic cost of the integrated system. System exergy efficiency and product
cost are considered simultaneously to obtain the Pareto-optimal solutions. The effects
of key design and operating parameters on energy conversion, heat recovery,
component cost, and product cost are further analyzed, revealing the interaction
between thermodynamic improvement and economic penalty in the GT-sCO: energy
storage system.

The structure of the paper is outlined below. Section 2 describes the system
configuration and explains its operating principles. Section 3 presents the thermodynamic
models, exergy analysis, multi-period SPECO methodology, and economic models.
Section 4 discusses the thermodynamic performance, exergy characteristics, and
exergoeconomic cost distribution under the design condition, and introduces the MOO
methodology, discusses the resulting Pareto frontier, and evaluates representative
optimal solutions against the reference case. The paper concludes with the key findings in
Section 5.

2. System Description and Operating Principle
2.1. System Description

A multi-period gas turbine integrated molten salt and CCES system with cascade
heat utilization is proposed, as illustrated in Figure 1. The proposed system integrates
continuous power generation, TES, CCES, and flexible electricity generation within a
unified framework. Unlike conventional gas turbine-based combined systems, where the
recovered exhaust heat is directly utilized within the same operating period, the proposed
system introduces temporal decoupling between energy supply, storage, and electricity
generation through independent thermal and sCO: storage processes.

The proposed system mainly consists of a GT subsystem, a molten salt TES
subsystem, and a CCES subsystem. The GT subsystem adopts a conventional simple
Brayton cycle consisting of a compressor (Comp2), a combustor, and a turbine (Turb2).
Air drawn from the surroundings first undergoes compression before entering the
combustor, where it reacts with methane. The resulting combustion products at elevated
temperature subsequently expand through Turb2 to produce electricity. Residual thermal
energy in the turbine exhaust is then recovered through a cascade heat utilization process.

The GT exhaust gas first enters heat exchanger (HE3), where high-temperature
thermal energy is transferred to the molten salt TES system. The cold molten salt from the
cold storage tank (CST) absorbs heat in HE3 and is stored in the hot storage tank (HST),
completing the thermal charging process. After releasing high-grade heat in HE3, the
exhaust gas enters HE4 for further low-temperature heat recovery to produce useful hot
water. Therefore, the cascade heat utilization process facilitates sequential recovery of
exhaust heat at different temperature levels.

The molten salt TES subsystem adopts a conventional two-tank configuration
consisting of CST and HST. The stored thermal energy in HST can be released
independently from the GT operating schedule. During the discharge process, the high-
temperature molten salt flows through HE2 and transfers heat to the compressed CO2
stream. After releasing thermal energy, the cooled molten salt returns to CST. Through
this configuration, the molten salt TES provides a thermal buffer between continuous GT
operation and flexible electricity generation.

The CCES subsystem consists of a low-pressure tank (LPT), a high-pressure tank
(HPT), a CO2 compressor (Compl), a CO: turbine (Turbl), a recuperator (HE1), a COz-
molten salt heater (HE2), a cooler, and a heat recovery unit (HE5). During the charging
process, sCOz stored in LPT is pressurized by Comp1 using low-demand electricity and
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subsequently stored in the HPT. In the discharging stage, pressurized CO: is released and
first enters HE1, where it is preheated by the turbine exhaust stream. HE1 acts as an
internal recuperator to recover the residual heat after expansion. The preheated CO2 then
enters HE2 and receives additional thermal input from the high-temperature molten salt
stored in HST. After being heated to the required turbine inlet condition, pressurized CO:
enters Turbl, converting its pressure energy into electrical power.

The CO2 exhaust from Turbl first returns to HE1 to provide heat for the incoming
high-pressure CO: stream. The remaining thermal energy is subsequently recovered
through HES5 to produce hot water. Finally, the CO2 is cooled in the cooler to the required
storage temperature before returning to the LPT for the next charging cycle. Through the
coordinated utilization of sCO: storage and molten salt thermal storage, the proposed
system achieves combined release of pressure energy and thermal energy during the
discharging process.

HE4 T

HST
e @

Comp1
CO, Air —_— CH4 —_— Gas :
Water Lo perature molten salt > High-temperature molten salt J

Figure 1. Schematic diagram of the proposed gas turbine integrated molten salt and CCES system.

2.2. Operating Principle

The proposed system is characterized by different operating schedules among the
GT subsystem, molten salt TES subsystem, and CCES subsystem. The GT subsystem
operates continuously to provide electricity and recoverable exhaust heat, whereas the
CCES subsystems are scheduled according to electricity demand characteristics.

During the charging period, the GT operates continuously, and its exhaust heat is
continuously recovered through HE3 and stored in the molten salt TES subsystem.
Meanwhile, electricity from low-demand periods is consumed by the Comp1 to compress
and store sCOz in the HPT. Therefore, both thermal energy storage and pressure energy
storage are performed during this stage. The stored thermal energy in HST originates
from GT exhaust heat, while the stored high-pressure CO: stores the pressure energy
converted from electricity.

During the discharging period, the stored thermal energy in HST and the high-
pressure CO: in the HPT are simultaneously utilized for electricity generation. The molten
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salt provides the necessary thermal input through HE2, while the sCO: expands through
Turbl to produce electricity. After expansion, the remaining thermal energy of the CO:
stream is recovered through HE1 and HE5, where internal heat recovery and hot-water
production are achieved before the COz is cooled and returned to the LPT.

The proposed operation strategy enables temporal decoupling among energy
production, energy storage, and electricity generation. The GT can maintain continuous
and stable operation, while the energy storage subsystem can respond flexibly to
electricity demand variations. By combining thermal energy storage with sCO: storage,
the proposed system provides an effective approach for improving the operational
flexibility and overall energy utilization of GT-based integrated energy systems.

3. Mathematical Modeling

Comprehensive thermodynamic and economic models are developed for the
proposed GT-TES-CCES system according to the operating process introduced in Section
2. The models include thermodynamic analysis, exergy analysis, exergoeconomic analysis,
and MOO. Considering the different operating characteristics of the GT subsystem and
the energy storage subsystems, a unified 24 h evaluation framework is adopted to
consistently evaluate the continuously operated GT subsystem together with the
periodically operated charging and discharging processes. Based on the established
mathematical models, the energy conversion characteristics, exergy destruction, cost
formation process, and thermodynamic-economic trade-off can be quantitatively
analyzed. The mathematical formulation and the corresponding assumptions are
presented in the following sections.

3.1. Model Assumptions

To simplify the mathematical formulation while maintaining sufficient accuracy, the
following assumptions are adopted in the present study [16-18]:

1. The GT subsystem, molten salt TES subsystem, and CCES subsystem operate under
quasi-steady-state conditions during each operating period. The HPT and LPT are
represented as idealized storage units with prescribed pressures and inlet/outlet
thermodynamic states. Transient variations in CO: inventory, temperature, and
pressure within the storage vessels, together with the operation of pressure-
compensation devices, are not explicitly modeled.

2. Changes in kinetic and potential energies, together with heat losses from pipelines
and storage tanks, are neglected. The molten-salt tanks are assumed to be effectively
insulated, and adiabatic storage is adopted for the daily-cycle system analysis. In
practice, thermal losses would reduce the heat available for discharge and, under
otherwise unchanged operating conditions without compensating heat input, could
lower system efficiencies and increase the unit product exergy cost.

3. Pressure drops in pipelines, heat exchangers, and other connecting components are
neglected. The electrical power consumed by the molten-salt circulation pumps and
the water pumps serving the hot-water and cooling-water circuits is neglected in the
present model.

4. Methane combustion in the combustor is characterized by a constant combustion
efficiency of 99%. The thermophysical properties of CO: are obtained from REFPROP
(version 9.1; National Institute of Standards and Technology, Gaithersburg, MD,
USA), while those of molten salt are determined using temperature-dependent
empirical correlations reported in previous studies.

5. The compressors and turbines are assumed to operate with constant isentropic
efficiencies under the design operating point.
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6. The GT subsystem operates continuously throughout the 24 h evaluation period,
whereas the energy storage subsystem undergoes one charging process and one
discharging process within each cycle. The charging and discharging durations are
assumed to be equal. All thermodynamic and exergoeconomic performance
indicators are evaluated based on the unified 24 h framework.

7. Sufficient external heat demand is assumed to be available to fully utilize the
recovered hot water at a supply temperature of 363.15 K and a return temperature of
333.15 K during the corresponding operating periods. A site-specific heat-demand
profile is not explicitly modeled.

8. A cyclic steady-state operation is assumed over each 24 h cycle, such that the
thermodynamic state of the energy storage subsystem at the end of each cycle is
identical to that at the beginning of the cycle.

Based on the above assumptions, the governing equations for the individual
subsystems are formulated as follows.

3.2. Mathematical Modeling Framework

Following the assumptions introduced above, thermodynamic relations for the GT,
TES, and CCES subsystems are formulated at the component level. A unified 24 h
evaluation framework is further introduced to reconcile the different operating schedules
of the continuously operated GT subsystem and the periodically operated CCES
subsystem.

3.2.1. Component Models

The GT subsystem consists of an air compressor, combustor, and gas turbine. The
compressor and turbine performance are determined based on the isentropic efficiency
model [19]:

hout s~ Thn
= 1
ncomp hout - hin ( )
h,—h,,
My = —h - )

out,s

where hs,out is evaluated at the outlet pressure and inlet entropy, and hin and hout

denote the inlet and outlet specific enthalpy, respectively.
The compressor power requirement and turbine power generation can be
determined from Equations (3) and (4) [20]:

Wy =10 (B =) 3)

comp

=m: (hin - hout) (4)

The combustor is assumed to be adiabatic, while incomplete conversion of the fuel

chemical energy is accounted for through a combustion efficiency . [21].

Ona = mCH HVCH4 @)

n./ll6 'LHVCH4 ) 7700 + Z(min ) hin) = Z(mout ) hout) (6)
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where Mg denotes the methane flow rate (kg's™), and L[_IVCH4 corresponds to the

methane lower heating value (kJ/kg).
For heat exchangers, the energy balance is expressed as [22]:

QHE = mh ) (hh,in _hh,out) = mc ) (hc,out _hc,in) (7)

where Q indicates the heat transfer rate in kW, while 72}, and mc correspond to the hot

and cold stream mass flow rates in kg-s™, the subscripts & and c are used to identify the
hot and cold fluid streams, respectively.

O=UA-LMTD ®)
AT'max _ATmin , AT'max > 17
AT, AT
In(ﬂ) min
LMTD = AT . 9)
AT;nax +ATmin ’1 < ATmax < 17
2 AT .

AT'max = max[(n,in - Z::,nut )’ (T}'l,out - ]::,in )]
(10)

ATvmin = min[(T}'l,in - ]wc,out )’ (];,out - ]l,in )]

In these relations, U denotes the overall heat transfer coefficient in kW/(m2K), A
represents the heat transfer surface area in m?, and LMTD denotes the logarithmic mean

temperature difference. The AT, max and AT, min are defined as the temperature gaps

between the hot and cold streams at the exchanger terminals, calculated based on the
enthalpy differences of the respective hot and cold streams [23].

Molten salt is employed as the operating fluid and heat transfer in the TES subsystem.
The thermophysical properties of molten salt are considered temperature dependent and
are calculated using the correlations reported in previous studies. The sensible thermal
energy stored in the molten salt is calculated as [24]:

Tust

Qmo]lcn salt = mmo]lcn salt J‘T Cp,mo]lcn salt (T)dT (1 1)
CsT

where Cpmoltensatt is the temperature-dependent specific heat capacity.

The CCES subsystem is modeled according to the compression, storage, expansion,
and heat recovery processes of CO2. The CO2 compressor and turbine are modeled using
the same isentropic efficiency formulation.

The prescribed-pressure representation of the HPT and LPT is a system-level
idealization. In practical fixed-volume vessels, changes in CO: inventory and internal
energy during charging and discharging cause pressure variations, which affect the
compressor and turbine pressure ratios, mass flow rates, and operating conditions.
Accumulator-based arrangements incorporating flexible bladders may help buffer
pressure fluctuations, whereas approximately constant-pressure storage requires a
suitably designed compensation mechanism. For example, flexible-membrane storage
coupled with hydraulic compensation has been investigated for CO: energy storage [25].
The applicability of such arrangements depends on the required pressure range,
temperature, storage capacity, and operating strategy.

The present study focuses on an initial system-level thermodynamic and
exergoeconomic assessment under prescribed storage conditions. Transient storage
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behavior and specific pressure-compensation arrangements are not explicitly modeled.
Consequently, the associated regulation losses, auxiliary consumption, and additional
equipment costs are excluded; these factors could reduce practical efficiency and increase
the unit product exergy cost. The reported results should therefore be interpreted within
these idealized storage assumptions. Future work will couple transient storage-vessel
models with pressure-control strategies and off-design component characteristics to
evaluate their effects on system performance and cost.

3.2.2. Energy Analysis and Unified 24 h Evaluation Framework

The instantaneous net power output during the discharge period is calculated as:

/4 =Werne T W1 (12)

netinst

where:

Wetne =War = Weomp (13)

Tonet

Considering the different operating durations of each subsystem, the performance
indicators are converted into equivalent values based on a unified 24 h evaluation period.
For periodically operated components, the energy transferred during an operating
period is normalized by 24 h to obtain an equivalent daily-average power. For example,
the equivalent power output of the CCES turbine is defined as:
t

dischargin,
VVturbl,eq = I/Vturbl : ng (14)

where tdischarging is the discharge duration.

Similarly, the electricity consumption during the charging period is converted as:

t,
W — W charge (15)

compl,eq compl ! 2 4

Therefore, the equivalent net power output is:

I/Vnet,eq = WGT,net + I/Vturbl,eq - VVcompl,eq (16)
The equivalent useful heat output is calculated as:
tdischar in
Onw = iy + Qpes - ng 17)

The electrical efficiency and overall energy efficiency are defined as:

n, = I/Vnet,eq (18)
el —
qucl + VVcompl,cq
I/Vnet,eq + QHW,eq
Moo = (19)

qucl + I/Vcompl .eq

The reported system performance excludes auxiliary pumping consumption. In a
practical installation, electricity is required to circulate molten salt and water through the
corresponding circuits. Under otherwise unchanged operating conditions, accounting for
this consumption would reduce the net electrical output and the electrical, overall energy,
and exergy efficiencies. The unit product exergy cost could also increase when auxiliary
consumption and pump-related costs are considered. The magnitude of these effects
depends on the flow rates, hydraulic head requirements, pump efficiencies, and operating

https://doi.org/10.3390/app162110854


https://doi.org/10.3390/app162110854

Appl. Sci. 2026, 16, 10854

10 of 36

durations of the individual circuits. Therefore, neglecting auxiliary pumping
consumption introduces an optimistic bias into the performance assessment and should
be recognized as a limitation of the present model.

3.2.3. Exergy Analysis

Exergy analysis is performed according to the second law of thermodynamics, with
the system evaluated in terms of energy quality. For the state point j in the system, its
exergy value consists of two parts: physical exergy and chemical exergy, which can be
expressed as [26,27]:

Eph,j - mj '[hj _ho _YB(SJ' _So)] (20)

EchJ :ﬁj'[Z(yK'egh,K)+R'7—(')'Z(yK'lnyK):| (21)
K

K

: . . L 0
where 77 denotes molar flow rate of working fluid at state pointj, Jx and €, are
the mole fraction and the standard chemical exergy of component K in the mixed gas.

For each component, the exergy balance is expressed as [28]:

E =E,+E, (22)

where El: , Ep and ED represent the fuel exergy, product exergy, and exergy

destruction, respectively.
The overall exergy efficiency is defined as [11]:

Nex =7~ (23)
All exergy-related quantities associated with periodically operated components are

converted to equivalent values based on the unified 24 h evaluation framework. To ensure

a consistent exergy evaluation of the proposed system, EF and Ep of each component

are defined according to the SPECO methodology [29]. The corresponding governing
equations together with the fuel and product exergy definitions are summarized in Table

1. Accordingly, the ED can be determined directly from the corresponding exergy

balance equation [30].

Table 1. Energy balance equations and fuel/product exergy definitions for the system components.

Component Energy Equation Fuel Exergy Product Exergy
C 1 ncompl = (hz,s - h]) / (h2 - hl) W E_k
om . . compl -
P I/Vcompl =my- (h2 - h]) " : !

Meomp2 = (hll,s = hyo)/ (hyy = hyp) .
. WcompZ Ell _El()

Wcompz =iy - (hy = hy)

Turbl Dot = (hs = hg) / (hs — h(?,s) bk i
Wturbl =rits - (hs — hg) > ° et

Turb2 Tz = By —3) / (hyy — hlS,s) E _F i
Wturbz =iy - (= hy3) 2 a 2
iy = iy + i

Comb iy - Py iy by + g - LHV ey 1o, =ty - hoFyy + Eyg Ey,

.. = 0.99

Comp2
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Dy = it - (hg — h . . .
HE1 Ok m6 (hg —1y) B —E E, —E,
UAyg, = Ongi / LMT Dy,

5 =sin, - (he — h . . . .
HE2 Ours mf (hs 1) Eyo — Eyy E.—E,
Udyr, = Onpo / LMTDy,

QHE} =nyy - (3 — M) . . . .
HE3 . Ey—Ey Eyg - Ep;
UAygs = Oues /LMTDHE3

QHE4 =rity - (hyy —Mys) : - - :
HE4 . E14 - E15 E26 - E25
Udygs = QIIE4 /LMTDIIE4

Oups = 11y - (hy — hy) . . ) .
HE5 e 7 P~y E; —FEg Ey —Ey
UAyps = Ones / LMT] Dygs
Qooer:m (h87h9) . . - -
Cooler cool s Eg - E, Ey —Ey
UACooler = QCooler /LMTDCooler

Laischarging

Hyg =t R . t. .
HST 187 Mo T 0 Eyg Ey- —d;4 shg

g = hyo

. . tdisc/mrgiﬂg t

1y, = Hlyy - —————— . i i .
CST 17 20 24 E20 . dzscgjgmg E17

Iy =hy

Ty = it . .
HPT E, E,

hy =h
ey T 3 E

9 1
hy = hy

3.2.4. Exergoeconomic Assessment

The SPECO methodology is adopted to perform the exergoeconomic evaluation,
where the unit cost of every exergy stream is obtained by combining the exergy and cost
balance relationships established for each component. The SPECO method enables the
identification of the economic impact of exergy destruction and provides the basis for
evaluating the cost formation mechanism of the proposed GT-TES-CCES system.

The following exergy cost balance applies to each component [31]:

CF,K + ZK = CP,K (24)

where CF,K and CP,K denote the fuel and product exergy cost rates of component K,

respectively, and Zy s the capital investment cost rate.

The cost rate corresponding to an exergy stream is determined as follows [32]:
C=c-E (25)

where c is the unit exergy cost and E isthe exergy rate.
The annualized capital investment of each component is transformed into an
equivalent hourly cost rate according to [33]:
CRF - PEC ;- ¢
K= N

(26)

'EPCI
PECef,K = PEC ﬁ

I original ’ CEPCIO (27)

riginal

where P ECreﬂK is the purchased equipment cost of component K, where is evaluated

using the cost correlations listed in Table 2, where all costs are updated to the reference
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year using the corresponding cost index. CREF is the capital recovery factor, ¢ =1.06 is

the maintenance factor, and the annual operating time is assumed to be 8000 h [34].
The capital recovery factor can be evaluated using [35]:

i(1+i)"
G nr) 28
1+7)" -1
where ir denotes an interest rate of 0.1 and n = 20 years is the plant lifetime.
The cost associated with exergy destruction is calculated as:
CD,K =Crg 'ED,K (29)
where Crx is the average specific fuel exergy cost.
The unit exergy cost of the final product is obtained as [35]:
G
Cprot = E_ (30)

This quantity is adopted as a key exergoeconomic performance indicator in the
subsequent analysis.

Unlike conventional GT systems, the proposed integrated system consists of
continuously operated components and periodically operated charging/discharging units.
Direct comparison of their cost rates would therefore lead to inconsistent exergoeconomic
results.

Table 2. Purchased equipment cost correlations of major components.

Component Cost Model Year CEPCI  Ref.
. 471
Comp m: — 7t - In(re) 2018 603.1 [36]
C
. 3922 o
Turb === gy In(gy) - (1+ "7 2018 6031  [36]

T

46.08 - iy, ) (1 4 o(0018%6-264) )

Combustor - 1994 3680  [37]
0.995 — fou
B,
HE/Cooler 2681 4,2 1990 3576  [38]
HST/CST 4042V - F 2013 5673  [39]

HPT/LPT | 218. £ o 000t ool + 3 2009 5219 [39]

2 Material and insulation correction factor accounting for the additional costs associated with high-
temperature alloys, heavy-duty thermal insulation, and nitrogen blanketing systems (F,, =1.8).

To ensure a unified evaluation basis, the investment cost rate and all exergy-related
cost rates of periodically operated components are converted into equivalent values
according to their actual operating durations over a 24 h cycle.

For a component operating only during the charging period:

oLty
7 =7 2= 31
€q 24 ( )

Similarly, for components operating only during the discharge period:
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Z' — Z‘ . tdischarging (32)
o 24
The same conversion is applied to the CD [40]:
Chog =Cp -
Deq ~— D g (33)
Z
fx=5—5— 34
© Z+Coy 4
_ %k "%k
Ik = (35)
Crx

where f represents the corresponding operating duration, frepresents the exergoeconomic
factor and r represents the relative cost difference.

Following the SPECO methodology, the cost balance relations and the associated
auxiliary constraints for all components are shown in Table 3.

For periodically operated components, both the investment cost rate and the exergy-
related cost rates are converted into equivalent values based on the unified 24 h evaluation
framework to ensure a consistent exergoeconomic evaluation.

Table 3. Cost balance equations of each component based on the SPECO methodology.

Cost Rate Balance Function

t Auxili E ti
Componen (Based 24 h Equivalent Quantities) toahiaty Bquations
Compl (G +Coypopy)- e, 7 =C, Laisharsing Coeompt = 0-104 SkWh 417
24 24
Comp2 CIO + CW,CompZ + Zcomp2 = Cll cw,compZ = cw,turb2
= tdischar in, 5 = = tdischar in, —
Turbl CS . ng =+ Zturbl = (CG + CW,turbl) . ng CS - C6
Turb2 Co+Zyy =Ciy + Cerbz €y =G
Comb C,+C+ ZCOmb = C12 Cen, =0.016 SkWh* [29]
HEl (C3 + ) dlschargmg + 'HEI (C + C ) dlsc;a:‘-ging cé — C7
~ ~ ischargin; 5 ~ ~ ! ischargin; —
HE2 (e quclg)-%uHEZ = (G +c20).% Clo =Cyp
HE3 Ciy+Cy+ 2y =Cy + Gy C3 =0y
HE4 Cu +Co5+Zyyp, =G5 + G Gy = Ci55Cp5 =0
= = ! ischargin; 5 ischargin; — —
HE5 (C7 +C21)'%+ HES (C +C22) % C7 _CS’C21 _0
= ~ ! ischargin; > ischargin, — —
Cooler (G, +C,,) % +Z e =(Cy+C) fa ;: g G = Cy,Cpy =00
HST C18 + ZHST = C19 -
CST Cyy+Zes; =C,, -
.t . . .t .
HPT 612 X discharging + ZHPT — C3 X discharging _

24 24
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= L ischargin, 5 - Z ischargin;
LPT G, .—d“;: o Zypy = C e ;4‘%‘ : -

[ATRIN |

2 The unit cost of methane was assumed as 0.016 $/kWh, which is within the range of natural gas

prices commonly adopted in exergoeconomic analyses of gas turbine-based energy systems.

The present exergoeconomic analysis and optimization use a constant reference
electricity purchase price of 0.104 $/kWh for Comp1 during charging, without explicitly
modeling an hourly tariff profile. For unchanged operating conditions and useful output,
a lower off-peak purchase price would reduce charging expenditure and the unit product
exergy cost, whereas a higher purchase price would increase them. A higher peak-period
electricity selling price would increase sales revenue but would not directly change the
SPECO-based production cost. Electricity sales revenue is not included in the present
optimization. If time-varying tariffs are considered, charging expenditure should be
evaluated using electricity-consumption-weighted purchase prices over the actual
charging period.

3.3. Verification of the Proposed Model

The GT subsystem was independently simulated in Aspen Plus (version 14; Aspen
Technology, Inc, Bedford, MA, USA) to verify the accuracy of the proposed
thermodynamic model. As the GT subsystem functions as the core energy conversion unit
of the integrated GT-TES-CCES system, its modeling accuracy directly affects the
reliability of the overall system analysis.

The Aspen Plus model was established using the same boundary conditions,
operating parameters, and assumptions as those adopted in the present model. The
corresponding simulation flowsheet is shown in Figure 2. The air compressor, combustor,
and gas turbine were modeled using appropriate Aspen Plus blocks. Specifically, the inlet

temperature and pressure at state points 10 and 16, 4, compressor pressure ratio (PR)

and T12 were maintained identical in both models to ensure a consistent comparison.

The validation results of the main GT parameters are summarized in Table 4. The
results obtained from the developed model show good agreement with those from Aspen
Plus. The deviations between the present model and the Aspen Plus results for
compressor power demand, turbine power generation, and net power output remain
within acceptable limits, confirming the accuracy of the proposed GT model.

10

1 AIRIN

rem]16

Comp2

11

[AtrouT

CH4

Figure 2. Aspen Plus simulation flowsheet of the GT subsystem.
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Table 4. Comparison of GT subsystem performance between the proposed model and Aspen Plus

simulation.

Variation Relative Ch Rat
Parameters Unit Present Model Aspen Plus aration Telatlve -hange Rate

/+) (%)

T, K 695.56 681.85 -13.71 1.97
T, K 866.40 881.27 -14.87 1.72
1y, kgs! 49.55 50.99 ~1.44 291
o2 MW 20.36 19.30 -1.06 5.21
Wewe ~ MW 38.11 36.70 +1.41 3.70

As shown in Table 4, the results obtained from the developed model agree well with
those from Aspen Plus, with a maximum relative deviation of 5.21%. The deviations
between the two models are mainly attributed to the differences in thermodynamic
property evaluation and numerical calculation approaches. Nevertheless, the maximum
relative deviation remains within an acceptable range, indicating that the developed GT
model can reliably reproduce the thermodynamic performance of the gas turbine
subsystem and provide a solid foundation for subsequent integrated system analysis.

4. Discussion and Results

This section shows the thermodynamic, exergoeconomic, and optimization results of
the proposed multi-period gas turbine integrated molten salt and CCES system.
Considering the different operating durations of the GT subsystem and energy storage
subsystems, all performance indicators are evaluated based on the unified 24 h evaluation
basis introduced in Section 3 unless otherwise specified. This approach enables a
consistent comparison between the continuously operated GT subsystem and the
periodically operated CCES subsystem.

The design condition and corresponding thermodynamic parameters of the main
state points are first presented to establish the reference design condition. The
thermodynamic performance is subsequently assessed in terms of equivalent power
output, equivalent heat production, and energy efficiency. Exergy analysis is then
conducted to identify the major irreversible losses and thermodynamic limitations of
individual components. A multi-period exergoeconomic analysis is further performed to
investigate the cost formation and transfer characteristics considering the temporal energy
interaction among different subsystems. Finally, sensitivity analysis and MOO are applied
to quantify the effects of key parameters and identify Pareto-optimal solutions balancing
thermodynamic performance and product cost.

4.1. Thermodynamic Performance Under Design Conditions

The main design parameters and boundary conditions are listed in Table 5. The GT
subsystem is operated under a fixed PR and turbine inlet temperature (TIT), while the

Neomp2 and Tlupy are selected based on typical values of industrial gas turbines. For the
CCES subsystem, the operating pressures, turbine inlet conditions, and component
efficiencies are specified according to representative parameters reported in previous
studies. The molten salt TES subsystem is designed to recover high-temperature exhaust
heat from the GT subsystem and provide thermal input during the sCO: discharge process.
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Table 5. Design parameters and boundary conditions of the proposed system.

Parameters Value
Ambient temperature (K) 298.15
Ambient pressure (kPa) 101.3
Isentropic efficiency of the Comp1 (%) 89.0
Isentropic efficiency of the Turb1 (%) 90.0
Isentropic efficiency of the Comp2 (%) 85.0
Isentropic efficiency of the Turb2 (%) 88.0
terminal temperature difference of heat exchangers (K) 10.0
terminal temperature difference of Cooler (K) 10.0
Pressure of LPT (MPa) 8.0
Pressure of HPT (MPa) 27.0
Charge/Discharge time (h) 8.0
Mass flow of CHa (kg's™) 1.0
Pressure ratio of Comp2 15.0
Inlet temperature of Turb2 (K) 1473.15
Pressure drops of Combustion (%) 4
Combustion chamber combustion efficiency (%) 99.0
Inlet water temperature (K) 333.15
Outlet water temperature (K) 363.15

The thermodynamic parameters of the main state points are listed in Table 6. These
results provide the basic thermodynamic information for subsequent energy, exergy, and
exergoeconomic analyses. The temperature, pressure, enthalpy, entropy, and mass flow
rate of each working stream are calculated based on the thermodynamic models described
in Section 3.

Table 6. Thermodynamic parameters of the main state points.

State Points T P M H 5 Working

/K /MPa /kg-s™ /kJ-’kgt  /k]J-(kg-K)! Fluid

1 308.15 8.0 143.29 352.29 1.49 CO2

2 369.54 27.0 143.29 390.82 1.51 CO2

3 369.54 27.0 143.29 390.82 1.51 CO:

4 523.15 27.0 143.29 648.56 2.10 CO2

5 828.15 27.0 143.29 1036.88 2.68 CO:

6 683.86 8.0 143.29 879.80 2.71 CO2

7 457.72 8.0 143.29 622.06 2.25 CO:

8 373.15 8.0 143.29 519.90 2.01 CO:

9 308.15 8.0 143.29 352.29 1.49 CO:

10 298.15 0.10 49.55 298.45 6.86 Air

11 695.56 1.52 49.55 709.27 6.95 Air

12 1473.15 1.46 50.55 1795.94 7.82 Gas

13 866.40 0.10 50.55 1042.11 7.95 Gas

14 543.15 0.10 50.55 675.23 7.42 Gas

15 373.15 0.10 50.55 492.30 7.02 Gas

16 298.15 1.52 1.0 895.97 524 CHas

17 533.15 0.10 38.96 355.91 0.88 Molten Salt

18 838.15 0.10 38.96 831.99 1.58 Molten Salt

19 838.15 0.10 116.87 831.99 1.58 Molten Salt

20 533.15 0.10 116.87 355.91 0.88 Molten Salt

21 333.15 0.10 116.35 251.25 0.83 Water

22 363.15 0.10 116.35 377.06 1.19 Water
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23 298.15 0.10 718.17 104.92 0.37 Water
24 306.15 0.10 718.17 138.36 0.48 Water
25 333.15 0.10 73.50 251.25 0.83 Water
26 363.15 0.10 73.50 377.06 1.19 Water

The key performance indicators are summarized in Table 7. Since the GT subsystem
and energy storage subsystems operate over different time periods, all reported power
and heat production values are expressed as equivalent values based on the unified 24 h
evaluation period.

Under the design condition, the proposed system achieves Moy of 48.71%, Nen of

75.97%, and Nex  of 50.29%. The Wheteq and Quw are 23.41 MW and 14.13 MW,

respectively, while the cptot is 14.32 $-GJ'. During the discharge period, the Whetinst reaches
40.26 MW, demonstrating the capability of the proposed system to shift electricity
generation from low-demand periods to peak-demand periods.

Table 7. Overall performance indicators of the proposed system under the design condition.

Parameters Value

Rel 48.71%

Ren 75.97%

Rex 50.29%
Whetinst (MW) 40.26
Wheteq (MW) 23.41
Quw (MW) 14.13
cptot ($-GJ1) 14.32

The GT subsystem serves as the primary energy conversion unit and provides
continuous electricity generation throughout the operating period. However, a significant
amount of thermal energy remains available in the GT exhaust gas because of the limited
conversion efficiency of the Brayton cycle. Through the integration of molten salt TES, the
high-temperature exhaust heat is recovered and stored for subsequent utilization during
the COz discharge process. Meanwhile, the remaining low-temperature exhaust heat is
further recovered for hot water production through the cascade heat utilization process.

The CCES subsystem provides additional electricity generation capability during
high-demand periods by converting stored pressure energy into electrical output. During
the charging period, electricity consumption is shifted to low-demand periods, while the
stored high-pressure CO: is released during the discharge period. Because the CO:
expansion process requires additional thermal input, the molten salt TES subsystem
provides the necessary heat source and improves the utilization of recovered GT exhaust
energy.

The combined utilization of molten salt thermal storage and sCO2 storage enables
temporal decoupling between continuous energy supply and flexible electricity
generation. Compared with conventional GT systems without energy storage, the
proposed configuration improves the utilization of exhaust heat while providing
additional electricity and useful heat outputs.

The recovered hot water, supplied at 90 °C with a return temperature of 60 °C, is
intended for potential district or campus heating applications. It may also provide heat
for domestic hot-water preparation through secondary heat exchangers. These
applications require external heat demand compatible with the available temperatures,
heat output, and operating periods. Site-specific demand matching is not explicitly
modeled in the present study.
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The reported performance assumes full utilization of the recovered heat. This
requires an external demand capable of accepting the continuous heat output from HE4
and the additional heat output from HE5 during discharge. Without sufficient demand,
unused heat should be excluded from the useful thermal output and product exergy.
Consequently, the overall energy and exergy efficiencies would decrease under otherwise
unchanged operating conditions, and the SPECO assessment would need to reflect the
actual useful products. The reported combined power-and-heat performance should
therefore be interpreted as conditional on adequate heat utilization.

However, energy-based indicators cannot fully reflect the quality degradation of
different energy streams or identify the irreversible losses associated with each
component. Therefore, an exergy analysis is conducted in the following section to evaluate
the thermodynamic limitations.

4.2. Exergy Analysis and Destruction Characteristics

Exergy analysis is performed to identify the thermodynamic limitations of GT-CCES
integrated system by evaluating the irreversible losses associated with different energy
conversion processes. Compared with energy analysis, exergy analysis considers both the
quantity and quality of energy and therefore provides a more comprehensive assessment

of the system performance. The E]:, Ep , ED o and Mo of each component are

calculated according to the SPECO methodology presented in Section 3. All exergy-related
quantities are evaluated on the unified 24 h basis. The corresponding results are
summarized in Table 8, while the component exergy efficiencies are shown in Figure 3.

In Table 8 and Figure 3, the mechanical components, including the Comp2, Compl,
Turb2, and Turbl, all exhibit exergy efficiencies higher than 90%, indicating relatively
limited irreversible losses during the compression and expansion processes. In contrast,
the combustor shows the largest exergy destruction and the lowest exergy efficiency
among the major energy conversion components. This is mainly attributed to the inherent
irreversibility of fuel combustion and the large temperature difference involved in the
combustion process.

The heat exchangers exhibit different exergy characteristics depending on their
operating temperature levels. HE2 and HE3 achieve exergy efficiencies of 98.49% and
97.85%, respectively, owing to the favorable temperature matching between the hot and
cold streams. By comparison, HE1 has a relatively large exergy destruction because of the
significant heat transfer between the two CO: streams. HE4 and HE5 show lower exergy
efficiencies since they recover low-grade thermal energy for hot-water production, where
the available work potential is inherently limited.

The cooler exhibits the lowest exergy efficiency because the remaining low-grade
thermal energy of the expanded sCO: is rejected before the working fluid returns to the
low-pressure storage tank. In contrast, the HST, CST, HPT, and LPT exhibit exergy
efficiencies approaching 100%, as ideal adiabatic storage is assumed and storage losses
are neglected in the present model.

Overall, the results indicate that the major thermodynamic losses originate from
combustion, recuperative heat transfer, and low-temperature heat rejection. Although the
integration of molten salt TES and sCO:z storage cannot eliminate these irreversible losses,
it effectively transfers high-temperature exhaust heat across different operating periods
and improves the utilization of available energy. The thermodynamic characteristics
identified here provide the basis for the subsequent multi-period exergoeconomic analysis.
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Table 8. Exergy destruction and exergy efficiency of the main components.
Components E\ IMW E,, MW E,, MW E 1%
Compl 5.52 5.03 0.49 91.10
Comp2 20.36 18.99 1.37 93.29
Turbl 23.61 22.51 1.10 95.33
Turb2 40.00 38.11 1.89 95.29
Comb 71.39 55.24 16.15 77.38
HE1 17.40 11.65 5.75 66.96
HE2 31.07 30.60 0.47 98.49
HE3 10.58 10.36 0.23 97.85
HE4 3.16 1.32 1.84 41.83
HE5 4.07 2.10 1.97 51.48

Cooler 2.20 0.32 1.88 14.41
HST 14.01 14.01 0 100
CST 3.65 3.65 0 100
HPT 36.10 36.10 0 100
LPT 31.07 31.07 0 100

&

Exergy
efficiency

&
o

K
&

Figure 3. Component-level exergy efficiency characteristics of the proposed GT-TES-CCES system.

4.3. Multi-Period Exergoeconomic Analysis
The exergoeconomic performance of the proposed system is evaluated using the
L Z+C,

and I' of each component are listed in Table 9, while the distribution of the capital cost
rates among different subsystems and components is shown in Figure 4.

multi-period SPECO methodology developed in Section 3. The Z

Table 9. Exergoeconomic performance of the main components under the design condition.

Z C, Z+C, f p

Component 0 4 » , \

$-h $-h $-h % %
Compl 5.20 17.03 22.23 23.39 12.75
Comp?2 13.05 43.83 56.88 22.94 9.34
Turbl 47.63 23.57 71.20 66.90 14.80
Turb2 131.01 51.47 182.48 71.80 17.54
Comb 4.78 339.98 344.77 1.39 29.65
HE1 20.24 122.88 143.12 14.14 57.47
HE2 82.95 5.09 88.04 94.22 26.61
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HE3 31.11 6.20 37.30 83.39 13.20
HE4 6.93 50.24 57.16 12.12 158.24
HE5 12.69 42.22 5491 23.11 122.59
Cooler 3.20 40.21 43.41 7.38 641.50
HST 8.20 0 8.20 100 1.84
CST 7.73 0 7.73 100 6.52
HPT 1.38 0 1.38 100 0.16
LPT 1.70 0 1.70 100 0.26
159 S/
\E‘Z g
fag Compl
Turbl
\ (0 ::: !
= [ HES
CCES subsystem v B Cooler
GT subsystem s I HPT
_ Molten salt TES subsystem N LPT
E 22% Comp2
Turb2
% '5‘1." B Comb
B HE3
I HE4
HST
I CST

Figure 4. Distribution of capital cost rates among different subsystems and components.

As shown in Figure 4, the GT subsystem and the CCES subsystem dominate the total
capital investment, contributing approximately 49.5% and 46.3%, respectively, whereas
the molten salt TES subsystem accounts for only 4.2%. Within the GT subsystem, Turb2
exhibits the highest capital cost rate, followed by HE3. In the CCES subsystem, HE2 and
Turbl represent the major investment components. This distribution indicates that the
overall capital cost is primarily associated with turbomachinery and high-temperature
heat exchangers, while the additional investment required for the molten salt TES
subsystem is relatively limited.

The exergoeconomic results further reveal that the components with the highest
capital cost are not necessarily those with the highest exergy destruction cost. As listed in
Table 9, the combustor exhibits the largest exergy destruction cost rate but a relatively low
capital cost rate, resulting in an exergoeconomic factor of only 1.39%. This indicates that
the economic penalty of the combustor is mainly caused by thermodynamic irreversibility
rather than equipment investment. In contrast, HE2 has a relatively small exergy
destruction cost rate but a high capital cost rate, corresponding to the highest
exergoeconomic factor among the heat exchangers. Therefore, the economic performance
of HE2 is mainly governed by equipment investment, suggesting that reducing heat-
transfer area or improving heat exchanger design would be more effective than further
reducing exergy destruction.

The heat recovery components exhibit different exergoeconomic characteristics.
Although HE3 has a relatively high exergoeconomic factor, indicating that its total cost is
mainly dominated by investment, HE4, HE5, and the Cooler present relatively low
exergoeconomic factors and considerably larger relative cost differences. In particular, the
Cooler exhibits the highest relative cost difference, followed by HE4 and HES5. This
behavior is mainly attributed to the recovery or rejection of low-grade thermal energy,
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where the available exergy decreases significantly during the heat transfer process,
leading to a substantial increase in the unit exergy cost despite their relatively low capital
investment.

For the storage units, the HST, CST, HPT, and LPT are modeled under idealized loss-
free storage assumptions; therefore, no internal exergy destruction is considered, and their
exergoeconomic factors reach 100%. Their relatively small capital cost rates further
indicate that the additional investment associated with thermal and pressure energy
storage is limited compared with the major energy conversion components.

These results clearly demonstrate that exergy analysis alone is insufficient to identify
the priority components for system improvement, highlighting the necessity of the
proposed multi-period exergoeconomic analysis. Overall, the multi-period SPECO
analysis demonstrates that the product cost is jointly determined by equipment
investment and exergy destruction. While the GT turbines and high-temperature heat
exchangers dominate the capital investment, the combustor remains the major contributor
to exergy destruction cost. These results indicate that different components require
different optimization strategies and provide the economic basis for the subsequent
sensitivity analysis and MOO.

4.4. Sensitivity Analysis

To further evaluate the influence of key design and operating parameters on the
proposed system, a sensitivity analysis is conducted under the design condition. Six
representative parameters, including the PR, TIT, Purr, charging time, nwi, and nuwrbz, are
individually varied while keeping the remaining parameters unchanged. Six performance
indicators, namely the 7el, Nen, Nex, Whetinst, Quw, and cprot, are adopted to evaluate the
thermodynamic and economic responses. The obtained results provide the basis for
selecting the decision variables used in the subsequent multi-objective optimization.

4.4.1. Effect of PR

Figure 5 illustrates the effects of PR. As PR increases from 10 to 20, both ne and nex
increase continuously, indicating that a higher-pressure ratio improves the energy
conversion capability and enhances the overall exergy utilization of the integrated system.
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Figure 5. Effects of PR on the thermodynamic and economic performance of the proposed system.

In contrast, nen first increases and then decreases slightly, reaching its maximum
value at a PR of approximately 16-17. This trend results from the reduction in GT exhaust
temperature at higher pressure ratios, which decreases the amount of recoverable heat
available for the molten salt TES and subsequent hot-water production. Consequently, the
Quw remains nearly constant at low PR values but gradually declines when PR exceeds
the design condition. Meanwhile, Whetinst decreases slightly before exhibiting a marginal
recovery at higher pressure ratios.

The cpiot shows a slight decrease at low PR values, followed by a continuous increase
as PR further increases. Although a higher-pressure ratio improves the thermodynamic
performance, the associated increase in equipment cost and the reduction in heat recovery
weaken the overall economic benefit. Therefore, an excessively high-pressure ratio is not
desirable, and an intermediate PR provides a more balanced compromise between
thermodynamic performance and economic cost.

4.4.2. Effect of Inlet Temperature of Gas Turbine

Figure 6 presents the effects of TIT. As TIT increases, 1et and nex increase continuously,
indicating that a higher turbine inlet temperature enhances the Brayton cycle performance
and improves the overall utilization of the supplied fuel exergy.

The nen increases rapidly at relatively low TIT values and then remains nearly
constant. The higher TIT also raises the GT exhaust temperature, providing more
recoverable thermal energy for the molten salt TES subsystem. Consequently, Whetinst
decreases slightly at lower TIT values and then increases above approximately 1175 °C.
Qnw first increases and reaches its maximum at approximately 1175 °C, after which it
gradually decreases. This behavior indicates that, although higher TIT provides more
exhaust heat, a larger proportion of the available energy is converted into electricity,
reducing the fraction finally recovered as useful heat.

The cpiot decreases noticeably as TIT increases and approaches a nearly constant value
at high TIT. The improvement in thermodynamic performance offsets the increase in
equipment cost, resulting in a lower unit product cost. Therefore, increasing TIT is
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generally beneficial to both the thermodynamic and economic performance, although
excessively high turbine inlet temperatures may impose more stringent material and
operational requirements in practical applications.
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Figure 6. Effects of TIT on the thermodynamic and economic performance of the proposed system.

4.4.3. Effect of Charging Pressure

Figure 7 illustrates the effects of the HPT pressure. As the HPT pressure increases
from 22 to 32 MPa, the 7|, nen, and nex all increase gradually. A higher storage pressure
increases the pressure ratio of the CO2 expansion process, allowing more pressure energy
stored during the charging stage to be converted into useful work during discharge.

The increase in storage pressure also leads to a continuous improvement in the
Whetinst, whereas the Quw decreases slightly. This is because a larger fraction of the
available energy is converted into electricity through the COz2 turbine, leaving less residual
thermal energy available for subsequent heat recovery.

The cptot exhibits a slight upward trend with increasing HPT pressure. Although the
thermodynamic performance is improved, the higher operating pressure requires more
expensive compression and high-pressure storage equipment, resulting in a moderate
increase in product cost. Therefore, increasing the HPT pressure enhances the electricity
generation capability and overall system efficiency, while a trade-off exists between the
thermodynamic improvement and the associated economic penalty.
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Figure 7. Effects of HPT pressure on the thermodynamic and economic performance of the proposed

system.

4.4.4. Effect of Charge/Discharge Time

Figure 8 illustrates the effects of the charge/discharge time. As the charge/discharge
time increases from 2 h to 12 h, the ne|, nen, and nex remain nearly unchanged. Since the
operating conditions of both the GT and CO: cycles are fixed, varying the operating
duration only changes the daily operating schedule rather than the thermodynamic
characteristics of the system.

The Quw also remains almost constant because it is evaluated on the unified 24 h basis.
In contrast, the Whetinst decreases significantly with increasing charge/discharge time. A
longer discharge duration distributes the stored energy over a longer operating period,
thereby reducing the average power generation rate during electricity release.

The cprot decreases continuously as the charge/discharge time increases. Extending the
operating duration improves the utilization of the installed equipment and reduces the
capital cost allocated to each unit of useful product. Therefore, although the
charge/discharge time has little influence on the thermodynamic efficiencies, it
considerably affects the power output characteristics and the overall economic
performance of the proposed system.
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Figure 8. Effects of Charge/Discharge time on the thermodynamic and economic performance of the
proposed system.

4.4.5. Effect of COz Turbine Efficiency

Figure 9 presents the effects of the num1. As the isentropic efficiency of the CO: turbine
increases from 0.82 to 0.92, both the 5« and nex increase continuously. A higher turbine
efficiency reduces the irreversibility during the CO:z expansion process, allowing more of
the stored pressure energy to be converted into useful electrical power.

Whetinst also increases gradually with increasing turbine efficiency, whereas Quw
decreases slightly. This is because a more efficient expansion extracts additional work
from the CO: stream, resulting in a lower exhaust temperature and consequently less
recoverable thermal energy for hot-water production. In contrast, nen remains nearly
constant, indicating that the improvement in electricity generation is largely offset by the
reduction in useful heat output.

The cpror decreases slightly to a minimum near an isentropic efficiency of 0.89-0.90
and then increases marginally. The enhanced thermodynamic performance compensates
for the additional equipment cost associated with higher turbine efficiency. Therefore,
improving the CO:z turbine performance is beneficial for enhancing electricity generation
and exergy utilization while maintaining a relatively stable economic performance.
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Figure 9. Effects of nwr1 on the thermodynamic and economic performance of the proposed system.

4.4.6. Effect of Gas Turbine Efficiency

Figure 10 illustrates the influence of the nur2. As the isentropic efficiency of the gas

turbine increases from 0.82 to 0.92, the ne, Nen and nex all increase almost linearly. The

higher turbine efficiency enables more effective conversion of the combustion gas exergy

into useful work, thereby improving the overall thermodynamic performance.
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Figure 10. Effects of nwut2 on the thermodynamic and economic performance of the proposed system.
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Quw decreases gradually with increasing turbine efficiency because the GT exhaust
temperature is reduced after more expansion work is extracted, leaving less recoverable
waste heat for the molten salt TES and hot-water production. Whetinst exhibits only a slight
variation over the investigated range, indicating that the GT turbine efficiency mainly
affects the continuous GT subsystem, while the discharge power is dominated by the CO2
expansion process.

The cptot decreases with increasing turbine efficiency and reaches a minimum around
0.89-0.90, after which only a slight increase is observed. This indicates that the
thermodynamic benefits obtained from improving the GT turbine efficiency gradually
diminish at higher efficiency levels. Therefore, selecting an excessively high turbine
efficiency may not provide significant additional economic advantages.

4.5. Multi-Objective Optimization
4.5.1. Optimization Problem Formulation

The sensitivity analysis presented in Section 4.4 indicates that several design
parameters have significant influences on the thermodynamic and economic performance
of the proposed system. To further determine the optimal operating conditions while
balancing thermodynamic performance and economic cost, a MOO is performed.

Based on the sensitivity analysis, six design variables are selected as the optimization
variables, including PR, TIT, the pressure of HPT, Charge/Discharge time, nurbi, and nrurbe.
The corresponding ranges are summarized in Table 10.

Table 10. Optimization variables and ranges for the multi-objective optimization of the proposed

system.
Variable Unit Lower Limit Upper Limit

PR - 10 20
TIT K 1373.15 1673.15
Prpr MPa 22 32

Charge/Discharge time h 4 12
Nturb1 % 82.0 92.0
Ntarb2 % 82.0 92.0

The optimization simultaneously maximizes nex and minimizes cpot. Therefore, the
optimization problem can be expressed as:

{max 770X
(36)

min ¢,

The decision-variable vector is defined as:

T
X = [P R’ TIT’ P HPT> tcharge/discharge time ? ﬂturbl ) 77turb2 :| (37)

where each design variable is constrained within its predefined operating range. The
thermodynamic and exergoeconomic evaluations follow the governing equations and
assumptions presented in Section 3. No additional performance constraints, such as
minimum electrical power output or minimum hot-water production, are imposed.

MOO is performed using the Non-dominated Sorting Genetic Algorithm II (NSGA-
IT), owing to its strong global search capability and its effectiveness in producing a diverse
set of Pareto-optimal solutions [42]. The algorithm was configured with a population size
of 300 and run for 300 generations.
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4.5.2. Pareto Optimal Solutions

The Pareto-optimal solutions obtained using the NSGA-II algorithm are illustrated
in Figure 11, where the nex is maximized while the cptot is minimized simultaneously. As
expected, the two objectives exhibit a clear trade-off relationship. Improving the exergy
efficiency generally results in an increase in the product unit exergy cost, indicating that
further thermodynamic improvement requires additional investment and higher-quality
energy conversion components.

The Pareto front can be divided into three characteristic regions. In the left region (A—
B), the product unit exergy cost remains low, whereas the exergy efficiency is relatively
limited. In the middle region (C-D), the increase in exergy efficiency is accompanied by
only a moderate increase in the unit cost, representing a favorable compromise between
thermodynamic and economic performance. In contrast, the right region (E-F) provides
only marginal improvements in exergy efficiency at the expense of a significant increase
in the product unit exergy cost, indicating diminishing economic returns.

To determine the final operating condition, TOPSIS is employed to select a
compromise solution from the Pareto front. Exergy efficiency and unit product exergy cost
are used as the two decision criteria, with equal weights of 0.5. Exergy efficiency is treated
as a benefit criterion, whereas unit product exergy cost is treated as a cost criterion. The
criteria are normalized using min-max normalization, with both normalized values
defined such that lower values indicate better performance:

Mo = Moxymax ~ Tlexi (38)

nex,max - nex,min

* cptm,i B Cptot,min

Cpoti = (39)

ptot,max cptot,min

where i denotes a candidate solution, and the subscripts max and min denote the
maximum and minimum values of each criterion among the non-dominated solutions
obtained by NSGA-IIL

Accordingly, the positive and negative ideal points in the normalized space are (0,0)
and (1,1), respectively. Under equal weighting, the common weight factor cancels in the
closeness coefficient, and the Euclidean distances to the two ideal points can be expressed
as:

d7 = (=75 + (=) (40)

d = 0= + (0= (41)
The relative closeness coefficient is calculated as:

cc =%
d'+d;

(42)

The candidate with the highest CCi is selected as the final compromise solution. The
selected solution is indicated by the orange star at (54.82, 13.55) in Figure 11 and represents
a balance between exergy efficiency and unit product exergy cost under the specified
equal weights. The red star denotes the positive ideal reference point (55.95, 13.26) in the
original objective space, corresponding to (0,0) in the normalized space. The
corresponding design variables and system performance are presented in the following
section.
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Figure 11. Pareto-optimal solutions obtained by NSGA-II for maximizing exergy efficiency and

minimizing product unit exergy cost.

4.5.3. Optimal Solution and Performance Comparison

The optimal operating conditions selected from the Pareto front and the
corresponding system performance are listed in Table 11. Compared with the baseline
design, the optimized configuration exhibits noticeable changes in several operating
parameters. Specifically, the HPT pressure increases from 27.0 MPa to 30.32 MPa, while
the charging/discharging time is extended from 8.0 h to 11.97 h. Meanwhile, the nu1 and
Nub2 are improved to 91.96% and 91.99%, respectively. In contrast, the PR remains almost
unchanged, whereas the GT turbine inlet temperature is increased from 1473.15 K to
1629.31 K.

The optimized operating conditions lead to significant improvements in system
efficiencies and unit product exergy cost. The ne increases from 48.71% to 53.99%, while
the 7nex rises from 50.29% to 54.82%. In addition, the 7nen is slightly improved from 75.97%
to 77.37%. From the economic perspective, the cpwot decreases from 14.32 to 13.55 $-GJ,
corresponding to a reduction of approximately 5.38%. These results indicate that the
optimized design enhances overall exergy utilization while simultaneously reducing the
unit product exergy cost.

It should be noted that the Whetinst decreases from 40.26 MW to 36.55 MW, and the
Quw decreases from 14.13 MW to 12.19 MW after optimization. This optimization
prioritizes maximizing the nex and minimizing the cptot, rather than maximizing the peak
power output or heat production. Power output and hot-water production contribute to
the system exergy and cost balances but are not included as separate TOPSIS criteria. No
minimum electrical power output or hot-water production requirements are imposed.
Since exergy efficiency and unit product exergy cost are ratio-based indicators, their
improvement does not necessarily imply an increase in absolute output. The reductions
in instantaneous net power and heat output are therefore accepted trade-offs of the
selected solution.

The distinction between instantaneous power and daily energy output should also
be emphasized. The Whetinst represents net power during the discharge period. Since the
discharge duration increases from 8.0 to 11.97 h, the lower instantaneous net power alone
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does not establish a decrease in daily electrical energy output. In contrast, Quw represents
the 24 h equivalent heat output, and its reduction corresponds to lower daily heat
production.

Consequently, the obtained solution represents a balanced compromise between
thermodynamic performance and economic competitiveness. Overall, the proposed
multi-objective optimization effectively improves the efficiency and cost performance of
the GT-molten salt TES-CCES integrated system and provides a more favorable operating
strategy for multi-period energy management in terms of the two stated optimization
objectives.

Table 11. Comparison of the baseline and optimized operating conditions and system performance.

Variable Baseline Optimized Improvement

Pressure ratio of Comp2 15.0 15.01 -
Inlet temperature of Turb2 (K) 1473.15 1629.31 -
Pressure of HPT (MPa) 27.0 30.32 -
Charge/Discharge time (h) 8.0 11.97 -
Isentropic efficiency of the Turb1 (%) 90.0 91.96 -
Isentropic efficiency of the Turb2 (%) 88.0 91.99 -

net (%) 48.71 53.99 +10.84%

Nen (%) 75.97 77.37 +1.84%

Nex (%) 50.29 54.82 +9.01%

Whetinst (MW) 40.26 36.55 -9.21%

Quw (MW) 14.13 12.19 -13.73%

cptot ($-GJ1) 14.32 13.55 -5.38%

4.6. Comparison with Existing Integrated Energy Storage Systems

To further demonstrate the characteristics of the proposed system, a comparison with
representative integrated energy storage systems reported in recent studies is presented
in Table 12. The comparison focuses on the system configuration, storage technology,
analysis method, optimization strategy, and research objective.

Table 12. Comparison of the proposed system with representative integrated energy storage
systems reported in the literature.

Ref. System Configuration Analysis Operation Optimization Contribution
L.
Sams[zg‘]et 2 GTCC + TES Energy, Exergy, TEA Daily - Flexibility
Cao et al. [44] CCGT + TES Thermodynamic Daily - Peak regulation
Zhao etal. sCO:2 + TES + CCES Thermo-economic Single - Storage
[45] comparison
Dewevre et CCES Review i ) Techn.ology
al. [2] review
Thiswork  GT +TES + CCES Energy, Exergy, Daily NSGA-II Integrated
Exergoeconomic optimization

As shown in Table 12, previous studies mainly focused on improving the operational
flexibility of gas turbine systems through molten salt thermal energy storage or evaluating
different CCES configurations. Although integrated thermal storage and CCES
technologies have been investigated, comprehensive thermo-economic optimization
considering the coordinated operation of gas turbines, molten salt TES, and CCES has
rarely been reported.
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Compared with the existing studies, the proposed system combines GT exhaust heat
recovery, molten salt thermal storage, and CCES within a unified 24 h operating
framework. Furthermore, an integrated energy, exergy, and exergoeconomic analysis is
coupled with MOO to simultaneously improve the exergy utilization level and reduce the
unit product cost. These features distinguish the proposed system from previously
reported configurations and demonstrate its potential for efficient and flexible integrated
energy utilization.

5. Conclusions

In this study, an integrated GT-TES-CCES system with cascade utilization of GT
exhaust heat was proposed. A comprehensive thermodynamic and exergoeconomic
model was developed to evaluate the system performance considering the different
operating periods of the continuously operated GT subsystem and periodically operated
CCES subsystem. A unified 24 h evaluation framework was introduced to consistently
assess the energy, exergy, and economic characteristics of the integrated system. The main
conclusions are as follows:

1. The proposed GT-TES-CCES system effectively integrates power generation, molten
salt TES, CCES, and heat recovery through cascade utilization of GT exhaust heat.
The developed unified 24 h evaluation framework enables a consistent comparison
between continuously operated components and periodically operated
charging/discharging processes, providing a suitable methodology for the
thermodynamic and exergoeconomic analysis of integrated energy systems with
different operating schedules.

2. Under the design condition, the system achieves an ne of 48.71%, an fjen of 75.97%, an
Nex of 50.29%, an Quw of 14.13 MW, and an Whetinst of 40.26 MW during the discharge
period. These results demonstrate that the integration of TES and CCES enables
flexible energy utilization while improving the comprehensive utilization of gas
turbine exhaust heat.

3. The exergy analysis indicates that the combustor exhibits the highest exergy
destruction among individual components, while the gas turbine subsystem and heat
exchangers also contribute considerable irreversibility. The exergoeconomic analysis
further reveals the cost formation characteristics of each component, with the
combustor contributing the highest exergy destruction cost. These results provide
insights into the optimization potential of the integrated system.

4.  The sensitivity analysis reveals that the PR, turbine inlet temperature, high-pressure
CO: storage pressure, charging/discharging time, and the isentropic efficiencies of
both turbines significantly influence the system performance. Increasing the PR,
turbine inlet temperature, and storage pressure improves the exergy efficiency,
whereas extending the charging/discharging duration mainly reduces the product
unit exergy cost by improving equipment utilization.

5. A MOO was performed to maximize the nex while minimizing the cptt. Compared
with the baseline design, the optimized configuration increases the ne from 48.71%
to 53.99%, improves the nex from 50.29% to 54.82%, and reduces the cpot from 14.32 to
13.55 $-GJ-!, demonstrating a favorable thermodynamic-economic compromise.

Overall, the proposed GT-TES-CCES system demonstrates considerable potential for
improving the flexibility and comprehensive utilization of gas turbine energy systems.
Future work will focus on dynamic operation under variable load conditions,
experimental validation, and the incorporation of renewable energy sources to further
enhance system adaptability and practical applicability.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviations Ch Chemical
CCES CO2 Energy Storage System I3 The index of component
GT Gas turbine F Fuel
TES Thermal energy storage ph physical
Cptot Total unit product exergy cost P Product
sCO2 Supercritical COz 1,2,... State points
SPECO Specific Exergy Costing discharging Discharging process
MOO Multi-objective optimization charge Charging process
Comp Compressor Nomenclature
Turb Turbine n Isentropic efficiency
HE Heat exchanger Tex Exergy efficiency
CST Cold storage tank el Electrical efficiency
HST Hot storage tank Ten Overall energy efficiency
LPT Low-pressure tank h Specific enthalpy
HPT High-pressure tank W Power
Comb Combustor m Mass flow rate
Non-dominated Sorting Genetic
NSGA-II Algorithm II Q Heat energy
TIT Turbine inlet temperature T Temperature
PR Pressure ratio p Pressure
GTCC Gas turbine combined cycle E Exergy
Subscripts s Specific entropy
out Outlet & Exergy efficiency
in Inlet C Exergy flow cost
s Isentropic process c Unit exergy flow cost
cc Combustor Chamber CRF Capital recovery factor
0 Environment state N Operating time
h Hot n System lifetime
c Cold r relative cost difference
HW Hot water f Exergoeconomic factor
eq equivalent cC Closeness coefficient
D Destruction d Distance
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