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Abstract: The integrated solar combined cycle (ISCC) system is a proven solution for grid-connected
power generation from solar energy. How to further improve the ISCC system efficiency and propose
a more efficient system solution has become a research focus. A novel gas turbine combined cycle
(GTCC) benchmark system is proposed by replacing the conventional steam Rankine bottom cycle
with a supercritical CO2 Brayton cycle, whose output power and efficiency are increased by 9.07 MW
and 1.3%, respectively, compared to those of the conventional GTCC system. Furthermore, the novel
ISCC systems are established with the parabolic trough solar collector (PTC) and the solar tower (ST)
collector coupled to the novel GTCC system. Thermal performance analysis, exergy performance
analysis, and the sensitivity analysis of the ISCC systems have been performed, and the results
show that the system efficiencies of both ISCC systems are lower than that of the GTCC system, at
57.1% and 57.5%, respectively, but the power generation of the ISCC system with PTC is greater
than that of the benchmark system, while that of the ISCC system with ST is less than that of the
benchmark system. The photoelectric efficiency of the ISCC system with PTC is 27.6%, which is
2.1% greater than that of ISCC system with ST. In the ISCC system with PTC, the components with
the highest exergy destruction and the lowest exergy efficiency are the combustion chamber, and
PTC, respectively. ST is the component with the highest exergy destruction and the lowest exergy
efficiency in the ISCC system with ST. With the increase in direct normal irradiance (DNI), the total
output power, solar energy output power, and photoelectric efficiency of the ISCC system with PTC
increase, while the system efficiency decreases; the solar energy output power and photoelectric
efficiency of the ISCC system with ST increase, while the total output power and system efficiency
decrease. The photoelectric efficiency of the ISCC system with PTC is greater when the DNI is greater
than 600 W/m2; conversely, the photoelectric efficiency of the ISCC system with ST is greater. After
sensitivity analysis, the optimal intercooler pressure for the ISCC system is 11.3 MPa.

Keywords: supercritical CO2; integrated solar combined cycle; performance analysis; exergy analysis

1. Introduction

In the context of the energy crisis and increasingly stringent carbon emissions policies,
it is imperative to optimize the energy structure and increase the share of power generation
from renewable energy sources, such as solar energy and wind energy. Among the numer-
ous solutions, the integrated solar combined cycle (ISCC) system is one of the most effective
solutions, which is based on the gas turbine combined cycle (GTCC) benchmark system
coupled with solar energy. This system not only ensures a stable power supply but also is
more efficient than the more costly solar electric generating system (SEGS) [1]. The concept
was first developed through Luz International Corporation [2]. The solar energy could be
coupled to the bottom cycle of the GTCC to improve the thermodynamic parameters and
mass flowrate of the bottom Rankine cycle working medium, or to the topping Brayton
cycle to heat the pressurized air at compressor outlet [3].
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A great deal of research on the thermal performance and economics of ISCC systems
have been carried out by many academics [4–7]. These studies have been carried out for
ISCC systems in fixed form or even for ISCC systems that are already in operation and
generating electricity. The issue of how to improve the performance of ISCC systems has
been studied from several different perspectives by a variety of scholars. Some scholars
have improved ISCC systems from the aspect of solar energy. Elmorsy et al. [8] conducted a
comparative study of three solar concentration schemes: the parabolic trough solar collector
(PTC), the Linear Fresnel collector, and the solar tower (ST) collector, and concluded that
the ISCC system with Fresnel collectors had a maximum efficiency of 44.1%, while the ISCC
system with ST collectors had a minimum efficiency of 33.2%. Rovira et al. [9] studied the
effects of two solar heat exchange methods, direct steam generation (DSG) and heat transfer
fluid (HTF), on the thermal performance of ISCC systems with PTC, and showed that the
method of DSG not only had the greater photothermal efficiency, but also reduced the heat
exchanger’s exergy destruction. Reyes-Belmonte et al. [10] proposed a novel ISCC system
based on particle-in-tube fluidized-bed solar receiver technology, where the efficiency of
the ISCC system reached 51.04% at the turbine inlet temperature (TIT) of 950 ◦C. Some
researchers made improvements for the gas turbine Brayton topping cycle side of the ISCC
system. In Shaaban’s study [11], the compressor of the gas turbine was designed with
intercooling and an organic Rankine cycle (ORC) was integrated to recover the heat of the
pressurized air, which not only increased the output power but also reduced the impact of
ambient temperature fluctuations on system performance. Rovira et al. [12] proposed an
ISCC system based on a partial recuperation gas turbine, and this novel system improved
its efficiency by 0.8% and 1.1% compared to the most sophisticated ISCC system at Almeria
and Las Vegas, while its levelized cost of energy (LCOE) values decreased by 0.9% and
1.1%, respectively. Based on the characteristics of the off-design operation of the gas turbine
and the variable irradiation of the solar energy, some scholars have evaluated the thermal
and economic characteristics of ISCC systems under different operating strategies [13,14].
There are also some scholars who have conducted comparative studies for the integration
position of the solar energy in the ISCC system. Ameri et al. [15] compared the share of the
exergy destruction of every component in ISCC systems with solar energy integrated in the
evaporator and superheater of the steam Rankine cycle, and performed an energy life cycle
assessment, which yielded a cumulative energy demand of 6.86 MJ/kWh for the ISCC
plant. Li et al. [16] studied an ISCC system with the two-stage DSG heat exchangers and
concluded that the net photoelectric efficiency reached 30%, which was much higher than
that of the ISCC system with one-stage solar integration, while the system could reduce
the approach point temperature difference and increase the mass flowrate of the steam
in bottom cycle. Li et al. [17] investigated a two-stage integration ISCC system with two
types of solar energy heat transfer modes, the DSG and evacuated tube, and concluded
that the system could achieve higher photoelectric efficiency and lower expense of power
generation over an ISCC system with one-stage integration. Duan et al. [18] compared
the thermal performance of ISCC systems with solar energy integrated into the topping
and bottom cycles, and concluded that the ISCC system with solar energy coupled in the
topping cycle had a greater power generation efficiency at higher direct normal irradiance
(DNI) and ambient temperature, and conversely, the ISCC system with solar energy coupled
into the bottom cycle had a greater power generation efficiency. Furthermore, the annual
fuel consumptions of the ISCC systems with solar energy integrated in the topping cycle
and the bottom cycle were 4.412 × 108 kg and 4.44 × 108 kg, respectively, and their annual
photoelectric efficiencies were 23.93% and 23.05%, respectively.

According to the previous optimization study [19], this study chose a more efficient
power generation process to replace the existing steam Rankine cycle to achieve the higher
ISCC power generation efficiency. A number of scholars have already performed a lot
of research in this direction. Wang et al. [20] derived a novel ISCC system with low
temperature waste heat utilization by superimposing the ORC on the bottom cycle, and
the results showed that under the condition that the DNI was 800 W/m2, the minimum
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exhaust gas temperature of this system was 65.89 ◦C, the maximum thermal efficiency was
58.33%, the exergy efficiency was 48.09%, and the minimum production cost of this system
was 19.3 $/GJ. Rovira et al. [21] proposed an ISCC system with the recently developed
double recuperative double expansion (DRDE) cycle as the bottom cycle, and compared to
the conventional ISCC system, the annual average heat consumption rate and LCOE of this
novel system were lower. However, compared to the conventional steam Rankine cycle, the
supercritical CO2 Brayton cycle is gradually proposed as an alternative to the GTCC bottom
cycle due to its simple layout, compact equipment, and higher efficiency [22–25]. Cho
et al. [22] analyzed the advantages and disadvantages of different types of supercritical CO2
Brayton cycles versus steam Rankine cycles in terms of thermal performance and concluded
that for the choice of GTCC bottom cycle, the cascaded supercritical CO2 Brayton cycle
was the best option. Thanganadar et al. [23] derived a novel GTCC system with multiple
cascaded supercritical CO2 Brayton cycles as the bottom cycles via the Pareto solution
obtained by a multi-objective optimization algorithm, and its efficiency was improved by
1.4% compared to the pre-optimized system. Kimzey et al. [24] compared supercritical
CO2 Brayton bottom cycles integrated to two types of gas turbine units, LM6000 and
H-class, concluding that supercritical CO2 Brayton bottom cycles were more appropriate
for low temperature applications. Huck et al. [25] compared the thermal performance of
the supercritical CO2 Brayton bottom cycle and a multi-pressure reheat Rankine bottom
cycle integrated into the heavy-duty gas turbine and micro aeroderivative gas turbine,
respectively, and concluded that the supercritical CO2 Brayton cycle was superior to the
Rankine cycle at a very high component isentropic efficiency and operation pressure of the
working medium.

The thermal performance and economics of thermodynamic systems with the gas
turbine as the topping cycle and the supercritical CO2 Brayton cycle as the bottom cycle
have been studied by many scholars [26–34]; however, all relevant studies are only for small
scale distributed energy generation systems or multi-generation systems, and in order to
supply heat or cool, sub-cycles such as the ORC cycle, the absorption refrigeration cycle,
etc. have to be coupled into the system. Research on large scale GTCC power generation
systems with supercritical CO2 Brayton cycles as the bottom cycle are relatively scarce,
and research on ISCC power generation systems that integrate solar energy into this novel
highly efficient GTCC system are lacking. In this paper, the GTCC with supercritical CO2
Brayton cycle as the bottom cycle is utilized as a benchmark system to integrate with
solar energy by PTC and ST concentrating solar collector systems, respectively, and the
differences in the components exergy destruction and exergy efficiencies between these two
novel ISCC systems and the benchmark GTCC system are compared and analyzed. The
differences in the solar efficiency, system efficiency, heat absorption, and power generation
are derived with the variation of the DNI, and sensitivity analyses on the intercooling
pressure of the supercritical CO2 Brayton bottom cycle are carried out.

2. System Description
2.1. Benchmark System: GTCC System with a Supercritical CO2 Brayton Bottom Cycle

The system flowchart and T-s diagram for the GTCC system with a supercritical CO2
Brayton bottom cycle are shown in Figure 1. The topping cycle process has been described in
detail in previous studies [19] and will not be reiterated here. Compared to the conventional
GTCC system, the bottom cycle of this novel system is replaced by a supercritical CO2
Brayton cycle instead of a steam Rankine cycle. In the design of the bottom cycle, an
intercooled, split, cascade layout is chosen, consisting of four heat exchangers in the heat
recovery steam generator (HRSG), three recuperators, three turbines, one compressor with
intercooling, and one precooler (PC). In the supercritical CO2 cycle, the low temperature
CO2 at the outlet of the hot end of the low temperature recuperator (LTR) (state 29) first
goes through the PC to cool down to approximately the critical state point (state 14), then is
sent to the compressor. After the compression process to the intercooling pressure (state 15),
the working medium will be sent to the intercooler (IC) for cooling. The cooled working
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medium (state 16) continues to be sent to the compressor for compression. After the whole
compression process, the high-pressure working medium at the outlet of the compressor
(state 17) is first diverted to heat exchanger 4 (HEX4) and LTR for heating and then mixing.
The working medium after mixing (state 18) is then diverted for a second time to heat
exchanger 3 (HEX3) and the medium temperature recuperator (MTR) for heating and
then mixing. The working medium after mixing (state 19) is firstly diverted to the low
temperature (LT) turbine for expansion, the other working medium is then diverted for
a third time to heat exchanger 2 (HEX2) and the high temperature recuperator (HTR) for
heating and then mixing. The working medium after mixing (state 20) is first diverted to
the medium temperature (MT) turbine for expansion, the other working medium is heated
by heat exchanger 1 (HEX1), and then the heated working medium (state 21) is sent to
the high temperature (HT) turbine to expand. The working medium at the outlet of the
HT turbine (state 22) first passes through the HTR to release the heat (state 23), and then
mixes with the working medium at the outlet of the MT turbine (state 24). After mixing,
the working medium (state 25) enters the MTR to release the heat (state 26), and then
mixes with the working medium at the outlet of the LT turbine (state 27). After mixing,
the working medium (state 28) enters the LTR to release the heat, after which it (state 29)
returns to the PC to continue the next cycle process.
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Figure 1. Flowchart and T-s diagram of the gas turbine combined cycle (GTCC) system with a
supercritical CO2 Brayton bottom cycle: (a) Flowchart diagram; (b) T-s diagram.

2.2. The ISCC System Based on the Novel Benchmark System

The flowcharts of the ISCC systems consisting of PTC and ST solar collector systems
integrated into the novel GTCC benchmark systems are shown in Figures 2 and 3, re-
spectively. Indirect heat transfer via HTF or molten salt is not used for both PTC and ST
solar collector systems, but rather direct heat transfer is adopted. For the ISCC system
with PTC, the high temperature heat exchanger, HEX1, is chosen for the solar energy to
integrate in the bottom cycle from the perspective of efficient utilization, which partially
replaces the heat transfer process of the high-parameter working medium in HEX1. For
the ISCC system with ST, solar energy is integrated into the compressor outlet to heat the
high-pressure air, which reduces its heat absorption in the combustion chamber and saves
the fuel consumption.
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Figure 2. Flowchart of the integrated solar combined cycle (ISCC) system with the parabolic trough
solar collector (PTC).
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3. Thermodynamic Model of the ISCC System
3.1. System Assumptions

The commercial software EBSILON® Professional v14.00 (Shanghai, China) is used to
simulate the novel ISCC systems, and the main assumptions are as follows:

• System models are simulated based on steady state;
• The variations of kinetic and potential energy in every component are ignored;
• Isentropic efficiencies of compressors, turbines, and pumps are constant;
• The fuel is completely burned in the combustion chamber, and the heat loss in the

combustion chamber is 0.5%;
• Leakage of working medium in the whole system is ignored;
• The ambient temperature is assumed to be 15 ◦C and the ambient pressure is 1.013 bar;
• Natural gas (mainly for methane) is chosen as the combustion chamber fuel, with a

lower heating value (LHV) of 48,685 kJ/kg;
• Pressure drops at the inlet and outlet of the gas turbine Brayton topping cycle are

assumed to be 0.61% and 1.32%, respectively, whereas the pressure drop for the
combustion chamber is 3.5%. The pressure drops at the hot and cold ends of the heat
exchangers which supercritical CO2 passing through, including HEX1~HEX4, LTR,
MTR, HTR, PC, and IC, are 2 kPa and 0.2 kPa, respectively. Additionally, the pressure
drops in the solar collectors, PTC and ST, are assumed to be insignificant.

3.2. Benchmark GTCC System

The General Electric 9351FA gas turbine is selected as the key component for the
GTCC system shown in Figure 1, which makes up of an 18-stage compressor, a combustion
chamber, and a three-stage gas turbine. In order to keep the safe operation of the gas
turbine, cooling air is extracted from the 9th, 13th, 15th, and 18th stages of the compressor,
respectively, and then allocated to the stator and rotor blades of the gas turbine stages to
cool down. The total amount of extracted cooling air is 18.45% of the total air volume [19].
The hot end temperature difference of the HT turbine in the bottom cycle is set at 15 ◦C.
The specific design parameters of the GTCC system are listed in Tables 1–3.

Table 1. Design parameters of the gas turbine Brayton topping cycle.

Parameters Values

Compressor

Pressure ratio 15.4
Inlet mass flowrate/(kg/s) 645

Cooling air mass flowrate/(kg/s) 119
Outlet temperature/◦C 399.08
Isentropic efficiency/% 89

Combustion chamber Fuel mass flowrate/(kg/s) 14.4

Gas turbine
Inlet turbine temperature/◦C 1327

Outlet turbine temperature/◦C 608.55
Isentropic efficiency (first/second/third stage)/% 90/90/90.8

Gas turbine Brayton topping cycle Output power/MW 253.03
Power generation efficiency/% 36.1
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Table 2. Design parameters of supercritical CO2 Brayton bottom cycle.

Parameters Values

Compressor

Inlet temperature/◦C 32
Inlet pressure/MPa 7.61

Intercooling pressure/MPa 10.52
Outlet pressure/MPa 30

Outlet temperature /◦C 56.77
Isentropic efficiency/% 88

Turbine

Mass flow rate of CO2 (HT/MT/LT)/(kg/s) 610.82/590.1/88.5
Turbine inlet temperature of CO2 (HT/MT/LT)/◦C 593.55/391.55/247.64

Turbine outlet temperature of CO2 (HT/MT/LT)/◦C 427.62/248.35/120.4
Isentropic efficiency/% 90

Supercritical CO2 Brayton bottom cycle Output power/MW 150.9
Power generation efficiency/% 34.1

Table 3. Design parameters of the GTCC system.

Parameters Values

Output power of GTCC/MW 403.93
Power generation efficiency of GTCC/% 57.6

Mechanical losses of GTCC/% 1
Generator loss of GTCC/% 1

3.3. ISCC System

The integration of solar energy into GTCC systems utilizing PTC and ST collector
systems, respectively, constitutes different ISCC systems with PTC and ST. The geographical
location is chosen in Dunhuang, Gansu Province, northwest of China (94.15◦ E, 40.13◦ N),
and the design DNI is 800 W/m2.

3.3.1. ISCC System with PTC

The ISCC system with PTC integrates solar energy into the HEX1 in the bottom cycle,
partially replacing the heat exchange process of HEX1, thus increasing the mass flowrate of
CO2 in the bottom cycle, and enhancing the system output power.

The solar collectors of the PTC are arranged horizontally in a north–south orientation,
and the specific design parameters are shown in Table 4. It should be noted that in the
calculation process of the optical efficiency, the effect caused by atmospheric attenuation
losses is ignored; the collector availability is specified to be 100%.

Table 4. Design parameters of PTC.

Parameters Values

Number/(pcs) 200
Width/m 5.76
Length/m 47.1

Row spacing/m 17.28
Optical active portion of aperture/% 94.61

Reflectance/% 92
Mirror cleanliness factor/% 95
Piping heat losses/(W/m2) 20

3.3.2. ISCC System with ST

The ISCC system with ST integrates solar energy at the inlet of the combustion chamber
of the topping cycle, heating the pressurized air.
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The specific design parameters for ST are listed as Table 5. In the calculation of the
conversion from solar energy to heat, the effects of atmospheric attenuation and wind
factors on the performance of the heliostat field and receiver are ignored.

Table 5. Design parameters of ST.

Parameters Values

Heliostat field

Total number of heliostats/(pcs) 3000
Heliostat reflective area/m2 100

Heliostat cleanliness factor/% 95
Reflectance/% 93

Averaged track consumption/(W/m2) 100

Receiver

Receiver optical losses/% 7
Emissivity of receiver surface/% 83

Convective heat loss
coefficient/(W/(m2 × K)) 7

Receiver surface temperature /◦C 590

3.4. Model Validation

Model validation on gas turbine has already been performed in previous studies [19].
The resultant values of the supercritical CO2 bottom cycle model in this paper and ref-
erence [22] are compared under the same initial parameters, and the specific deviation
values are shown in Table 6. The deviations for each value are within 2%, which shows the
reasonability of the system modelling in this paper.

Table 6. Validation of the supercritical CO2 bottom cycle model.

Parameters Values (Simulation) Values (Reference [22]) Relative Deviation

Compressor outlet temperature/◦C 73.192 73.2 0.01%
HRSG heat absorption/MW 369.18 369.2 0.01%

HRSG exhaust gas temperature/◦C 98.672 100.3 1.62%
High temperature turbine outlet temperature/◦C 398.199 398.1 0.02%
Low temperature turbine outlet temperature/◦C 175.701 175.7 0.00%

Bottom cycle net efficiency/% 31.7 32.1 1.25%
Bottom cycle output power/MW 116.92 118.5 1.33%

Total exchanged heat/MW 883.98 884 0.00%
Total cycle efficiency/% 55.9 56.1 0.36%

3.5. Thermodynamic Performance Evaluation Criteria

Because of the integration of solar energy into the ISCC system to supply the heat,
the expressions for system efficiency differ slightly between the GTCC and ISCC systems
as follows:

ηgtcc =
Wgtcc

Q f uel
=

Wtopping
gtcc + Wbottom

gtcc

Mgas,gtcc ∗ LHV
(1)

ηiscc−ptc =
Wiscc−ptc

Q f uel−ptc + Qstc−ptc
=

Wtopping
iscc−ptc + Wbottom

iscc−ptc

Mgas,iscc−ptc ∗ LHV + Qstc−ptc
(2)

ηiscc−st =
Wiscc−st

Q f uel−st + Qstc−st
=

Wtopping
iscc−st + Wbottom

iscc−st
Mgas,iscc−st ∗ LHV + Qstc−st

(3)

where ηgtcc, ηiscc−ptc, and ηiscc−st are the system efficiencies of GTCC, ISCC system with
PTC, and ISCC system with ST, respectively; Wgtcc, Wiscc−ptc, and Wiscc−st are the power
generations of GTCC, ISCC system with PTC, and ISCC system with ST, MW, respectively;
Q f uel , Q f uel−ptc, and Q f uel−st are the heat released from the fuel of GTCC, ISCC system with
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PTC, and ISCC system with ST, MW, respectively; Mgas,gtcc, Mgas,iscc−ptc, and Mgas,iscc−st
are the consumed gas mass flowrates of GTCC, ISCC system with PTC, and ISCC system
with ST, kg/s, respectively; LHV is the lower heating value of the nature gas, kJ/kg;
Qstc−ptc and Qstc−st are the solar thermal collections of ISCC system with PTC and ISCC
system with ST, MW, respectively; superscript topping and bottom represent the topping
and bottom cycles of the system, respectively.

The calculation expressions of the topping cycle efficiencies of GTCC, ISCC system
with PTC, and ISCC system with ST are shown as follows. It should be noted that the ISCC
system with PTC has no influence on the topping cycle process due to the solar integration
into the bottom cycle, therefore, the topping cycle efficiency of the ISCC system with PTC
remains the same as that of GTCC system, i.e., η

topping
gtcc = η

topping
iscc−ptc.

η
topping
gtcc =

Wtopping
gtcc

Q f uel
=

Wtopping
gtcc

Mgas,gtcc ∗ LHV
(4)

η
topping
iscc−ptc =

Wtopping
iscc−ptc

Q f uel−ptc
=

Wtopping
iscc−ptc

Mgas,iscc−ptc ∗ LHV
(5)

η
topping
iscc−st =

Wtopping
iscc−st

Q f uel−st + Qstc−st
=

Wtopping
iscc−st

Mgas,iscc−st ∗ LHV + Qstc−st
(6)

The calculation expressions of the bottom cycle efficiencies of the GTCC, ISCC system
with PTC, and ISCC system with ST are shown as follows:

ηbottom
gtcc =

Wbottom
gtcc

Qexhaust
(7)

ηbottom
iscc−ptc =

Wbottom
iscc−ptc

Qexhaust−ptc + Qstc−ptc
(8)

ηbottom
iscc−st =

Wbottom
iscc−st

Qexhaust−st
(9)

where Qexhaust, Qexhaust−ptc, and Qexhaust−st are the total heat from gas turbine exhaust gas
of the GTCC, ISCC system with PTC, and ISCC system with ST, MW, respectively.

For the solar energy dimension, the solar irradiation incident on the mirror field (in-
cluding parabolic trough mirror field and tower heliostat field) can be expressed as follows:

Qsolar−ptc = DNI ∗ Aptm (10)

Qsolar−st = DNI ∗ Ahel (11)

where Qsolar−ptc and Qsolar−st are the solar irradiation incident on the parabolic trough
mirror field and the tower heliostat field, MW, respectively; DNI is the direct normal
irradiance of solar energy, W/m2; Aptm and Ahel are the field areas of the parabolic trough
mirror and the tower heliostat, m2, respectively.

The optical efficiency of the mirror field can be defined as:

ηopt−ptc = ηcos−ptc ∗ ηshad−ptc ∗ ηend−ptc ∗ ηatm−ptc ∗ ηclean−ptc ∗ ηre f−ptc ∗ ηava−ptc (12)

ηopt−st = ηcos−st ∗ ηshad−st ∗ ηend−st ∗ ηatm−st ∗ ηclean−st ∗ ηre f−st ∗ ηava−st (13)
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where ηopt−ptc and ηopt−st are the optical efficiencies of the parabolic trough mirror field
and the tower heliostat field, respectively; ηcos−ptc and ηcos−st are the cosine loss factors
of the parabolic trough mirror field and the tower heliostat field, respectively; ηshad−ptc
and ηshad−st are the shading loss factors of the parabolic trough mirror field and the tower
heliostat field, respectively; ηend−ptc and ηend−st are the end loss factors of the parabolic
trough mirror field and the tower heliostat field, respectively; ηatm−ptc and ηatm−st are the
atmospheric influence factors of the parabolic trough mirror field and the tower heliostat
field, respectively; ηclean−ptc and ηclean−st are the mirror cleanliness factors of the parabolic
trough mirror field and the tower heliostat field, respectively; ηre f−ptc and ηre f−st reflect
the parabolic trough mirror field and the tower heliostat field, respectively; ηava−ptc and
ηava−st are the availability of the parabolic trough mirror field and the tower heliostat field,
respectively. It is important to note that the shading loss factor, the end loss factor, and
the cosine loss factor are closely associated with the altitude and azimuth angle of the
incident beam.

The solar energy heat collection can be defined by the correlation equation for solar
irradiation incident on the mirror field, as follows:

Qstc−ptc = Qsolar−ptc ∗ ηopt−ptc − Qloss−ptc (14)

Qstc−st = Qsolar−st ∗ ηopt−st − Qloss−st (15)

where Qloss−ptc and Qloss−st are the losses of the vacuum collector in PTC and the tower
receiver in ST, MW, respectively. The losses can be derived from the following equations:

Qloss−ptc = Qheatloss + Qpipe (16)

Qloss−st = Qloss−opt + Qloss−conv + Qloss−rad (17)

where Qheatloss is the heat loss of the vacuum collector in PTC, which is assumed to only
depend on the temperature difference between the inlet and outlet of the PTC and the
atmosphere, MW; Qpipe is the heat loss of the piping between two collectors and the
header piping, MW; Qloss−opt is the optical loss of the tower receiver, MW; Qloss−conv is the
convective losses of the tower receiver, MW; Qloss−rad is the radiation losses of the tower
receiver, MW.

The photothermal efficiency of solar energy can be expressed as follows:

ηpt−ptc =
Qstc−ptc

Qsolar−ptc
(18)

ηpt−st =
Qstc−st

Qsolar−st
(19)

where ηpt−ptc and ηpt−st are the photothermal efficiencies of solar energy in the ISCC
system with PTC and ISCC system with ST, respectively.

The solar energy power generations in ISCC system with PTC and ISCC system with
ST can be expressed as follows:

Wsol−ptc = Wiscc−ptc − Wgtcc (20)

Wsol−st = Wiscc−st − Wgtcc ∗
Mgas,iscc−st

Mgas,gtcc
(21)

where Wsol−ptc and Wsol−st are the solar energy power generations in the ISCC system with
PTC and ISCC system with ST, MW, respectively.
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The photoelectric efficiency of solar energy can be expressed as follows:

ηpe−ptc =
Wsol−ptc

Qsolar−ptc
(22)

ηpe−st =
Wsol−st

Qsolar−st
(23)

where ηpe−ptc and ηpe−st are the photoelectric efficiencies of solar energy in the ISCC system
with PTC and ISCC system with ST, respectively.

3.6. Exergy Analysis

For any one component of the system, the component’s exergy destruction can be
obtained as follows:

Eloss = Einput − Eproduct (24)

where Eloss is the exergy destruction of the component, MW; Einput is the exergy input of
the component, MW; Eproduct is the exergy product of the component, MW.

However, it is worth to mention that the fuel exergy is related to the LHV and the
energy grade of the fuel, which is obtained as follows:

E f uel = Mgas ∗ LHV ∗ A (25)

where E f uel is the exergy of the fuel, MW; Mgas is the fuel mass flowrate, kg/s; A is the
energy grade of the fuel, which is defined as 0.98 in this paper. The exergy of solar energy
can be calculated as follows:

Esolar = Qsolar ∗ (1 −
4
3
∗ Tatm

Tsol
+

1
3
∗
(

Tatm

Tsol

)4
) (26)

where Esolar is the exergy of solar energy, MW; Qsolar is the solar irradiation incident on
the mirror field, MW; Tatm is the atmosphere temperature, K; Tsol is the solar surface
temperature, which is defined as 5770 K.

The component’s exergy efficiency can be calculated as follows:

ηex =
Eproduct

Einput
(27)

where ηex is the exergy efficiency of the component.

4. Results and Discussion
4.1. Performance of the Benchmark GTCC System

The energy flow diagram of the novel benchmark GTCC system with a supercritical
CO2 Brayton bottom cycle is shown in Figure 4. It is obvious from the figure that the heat
consumed by the fuel is 701 MW, the output power is 403.9 MW, and the system efficiency
is 57.6%.
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Figure 4. Energy flow diagram of the benchmark GTCC system.

The T-Q diagram of the HRSG’s heat exchangers and the recuperators in the benchmark
GTCC system with a supercritical CO2 Brayton bottom cycle is shown in Figure 5. The red
curve represents the hot end temperature of each heat exchanger, and the light blue curve
represents the cold end temperature of each heat exchanger. This graph shows the trend of
the pinch point temperature difference for each heat exchanger during the heat transfer
process. As can be seen, the pinch point temperature differences for the heat exchangers of
HRSG are less than those of the recuperators. In fact, all heat exchangers have relatively
small pinch point temperature differences, which can reduce irreversible losses of each heat
exchanger in the heat transfer process and achieves a higher exergy efficiency.
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Figure 5. T-Q diagram of the novel benchmark GTCC system: (a) Heat exchangers in HRSG;
(b) Recuperators.

Compared to conventional GTCC system, the novel GTCC system is not only more
compact in structure but also has better thermal performance. Table 7 shows the differences
in power generation and efficiency between these two GTCC systems. It can be seen that
the novel GTCC system is slightly better than the conventional GTCC system with regard
to power generation and efficiency and is more advantageous as a benchmark system for
the ISCC system.

Table 7. Design parameters of the conventional GTCC system and the novel GTCC system.

Parameters Conventional GTCC Novel GTCC

Topping cycle output power/MW 253.03 253.03
Topping cycle efficiency/% 36.1 36.1

Bottom cycle output power/MW 141.83 150.9
Bottom cycle net efficiency/% 32.1 34.1

Total output power/MW 394.86 403.93
Total cycle efficiency/% 56.3 57.6

4.2. Thermodynamic Performance Analysis of the ISCC System

Figures 6 and 7 show the energy flow diagrams for the ISCC system with PTC and
ISCC system with ST, respectively. It can be seen from the diagram that the energy input
of the ISCC system with PTC includes the fuel heat energy of 701 MW (96.2%) and solar
energy of 28 MW (3.8%), the output power is 415.9 MW, and the total efficiency is 57.1%;
the energy input of the ISCC system with ST includes the fuel heat energy of 580.9 MW
(84.4%) and solar energy of 107.1 MW (15.6%), the output power is 395.9 MW, and the total
efficiency is 57.5%.
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The specific performance parameters of the GTCC system, ISCC system with PTC, and
ISCC system with ST are listed in Table 8. The topping cycle output power and efficiency
of the ISCC system with PTC remain consistent with those of the benchmark system at
253.03 MW and 36.1%, while the topping cycle output power and efficiency of the ISCC
system with ST are slightly lower than those of the ISCC system with PTC at 248.36 MW
and 36.08%. The bottom cycle output power and efficiency of ISCC system with PTC are
greater than those of the benchmark system at 162.87 MW and 34.6%, while the bottom
cycle output power and efficiency of the ISCC system with ST are less than those of the
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benchmark system at 147.51 MW and 33.99%. In terms of solar energy, the ST subsystem
is designed with a larger mirror field area because of its higher concentration ratio than
that of the PTC subsystem, which results in 61.16 MW of solar energy output power for
the ISCC system with ST, which is much greater than that of the ISCC system with PTC
(11.97 MW). The solar energy power generation efficiency of the ISCC system with ST is
25.5%, which is less than that of the ISCC system with PTC (27.6%).

Table 8. Performance parameters of the GTCC system, ISCC system with PTC, and ISCC system
with ST.

Parameters GTCC System ISCC System with PTC ISCC System with ST

Combustion chamber inlet temperature/◦C 399.08 399.08 585.57
Fuel consumption/(kg/s) 14.4 14.4 11.93

Gas turbine exhaust gas mass flowrate/(kg/s) 659.4 659.4 656.93
Gas turbine exhaust gas temperature/◦C 608.55 608.55 604.31

Topping cycle output power/MW 253.03 253.03 248.36
Topping cycle efficiency/% 36.1 36.1 36.08

Bottom cycle supercritical CO2 mass
flowrate/(kg/s) 1289.4 1371.38 1266.17

Bottom cycle output power/MW 150.9 162.87 147.51
Bottom cycle net efficiency/% 34.1 34.6 33.99

Total output power/MW 403.93 415.9 395.86
Total cycle efficiency/% 57.6 57.1 57.5

Solar irradiation incident on the mirror field/MW - 34.6 240
Optical efficiency/% - 84.2 51.3

Photothermal efficiency/% - 68.1 44.6
Solar energy heat collection/MW - 27.95 107.05
Solar energy output power/MW - 11.97 61.16

Photoelectric efficiency/% - 27.6 25.5

Figure 8 shows a comparative diagram of the absorbed heat of the work mediums
in these three systems. Figure 9 shows the comparison results for the output powers of
these three systems. Therein, Figure 9a distinguishes the output power according to the
topping and bottom cycles, while Figure 9b distinguishes the output power according to
the benchmark system and the solar collector system.
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Combining the comparison results in Figures 8 and 9 and Table 8, it can be seen that
the topping cycle parameters of the ISCC system with PTC remain the same compared
with the benchmark system owing to the integration of the PTC subsystem into the bottom
cycle, which has no effect on the topping cycle process. Due to the integration of the
ST subsystem into the topping cycle, the air at the outlet of the compressor is delivered
into the receiver of the ST subsystem for heating, therefore, the combustion chamber inlet
temperature is greater than that of the ISCC system with PTC, and the fuel consumption is
lower than that of the ISCC system with PTC. Because of the change in gas compositions
owing to the reduction of fuel consumption, there is a slight decrease in the temperature
and mass flowrate of the exhaust gas of the gas turbine. Therefore, the topping cycle output
power and efficiency of the ISCC system with ST are lower than those of the ISCC system
with PTC. Because of the integration of solar energy, the heat absorption in the bottom
cycle of the ISCC system with PTC increases, which results in an increase in the mass
flowrate of the CO2 working medium. The ISCC system with ST has a decrease in the heat
absorption of the bottom cycle due to the decreases in the temperature and mass flowrate
of the exhaust gas of the gas turbine, resulting in a lower mass flowrate of the CO2 working
medium than that of the ISCC system with PTC. As a result, the bottom cycle of the ISCC
system with PTC is greater than that of the benchmark system in terms of power generation
and efficiency, while the bottom cycle of the ISCC system with ST is less than that of the
benchmark system with regard to power generation and efficiency.

For the ISCC system with PTC, the integration of solar energy has no impact on the
heat absorption and output power of the benchmark subsystem, it just increases the mass
flowrate of the bottom cycle, which is used to absorb heat in the PTC subsystem and
generate electricity, i.e., the total output power of the ISCC system with PTC is greater
than that of the benchmark system. Whereas for ISCC system with ST, the integration
of solar energy decreases the heat absorption of the benchmark subsystem, and the total
heat absorption of the ISCC system with ST is also slightly less than that of the benchmark
system due to the change in the gas composition at the gas turbine inlet, which results in a
lower total output power of the ISCC system with ST than that of the benchmark system.
At the point of efficiency, the power generation efficiencies of both the ISCC system with
PTC and the ISCC system with ST are smaller than that of the benchmark system (57.6%)
since the SEGS is integrated into the benchmark GTCC system as a more inefficient system.

For the solar energy section of these two ISCC systems, the ISCC system with PTC has
a higher optical efficiency, photothermal efficiency, and photoelectric efficiency than the
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ISCC system with ST due to the different solar collection modes and the lower temperature
of the integrated position.

4.3. Exergy Analysis of the ISCC System

Figure 10 is a comparative graph of the exergy destruction of every component for the
three systems. It can be seen that the exergy destruction of each component in the topping
cycle of the ISCC system with PTC (including AC, CC, and GT) remains the same as those
of the benchmark system, which also verifies that the thermal performance of the topping
cycle of the ISCC system with PTC is unaffected by solar energy integration; while in the
ISCC system with ST, due to the integration of the ST subsystem, the exergy destruction
of component CC decreases dramatically compared to that of the benchmark system;
meanwhile, due to the reduction of the gas turbine mass flowrate, there is a slight decrease
in the exergy destruction of the component GT. For the bottom cycle of both ISCC systems,
the bottom cycle components of the ISCC system with PTC have the slightly greater exergy
destructions than those of the benchmark system, mainly due to the increased mass flowrate
on the bottom cycle side, while the ISCC system with ST has a lower bottom cycle mass
flowrate than that of the benchmark system, hence the bottom cycle components have the
slightly lower exergy destructions than those of the benchmark system.
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ISCC system with ST.

Figure 11 illustrates the exergy destruction percentages of key components in the
three systems. The main components with high exergy destructions in the benchmark
system are CC (70.35%), AC (7.49%), GT (5.04%), and PC (4.76%); the main components
with high exergy destructions in the ISCC system with PTC are CC (63.55%), PTC (8.01%),
AC (6.77%), and GT (4.56%); and the main components with high exergy destructions
in the ISCC system with ST are ST (56.01%), CC (19.74%), AC (6.22%), and GT (4.1%).
It is worth noting that both ISCC systems have very higher exergy destructions in their
solar collector components (PTC or ST), which will be a main research direction for future
system optimization.
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Figure 11. Exergy destruction percentages of the components in the GTCC system, ISCC system
with PTC, and ISCC system with ST: (a) GTCC system; (b) ISCC system with PTC; (c) ISCC system
with ST.

Figure 12 illustrates the exergy efficiencies of the components in these three systems.
As can be seen from the graph, for the benchmark system, the main components with lower
exergy efficiencies are PC (53%), CC (76.4%), and IC (76.6%); for the ISCC system with
PTC, the main components with lower exergy efficiencies are PTC (46.8%), PC (54.5%), and
CC (76.4%); and for the ISCC system with ST, the main components with lower exergy
efficiencies are ST (30.7%), PC (52.6%), and IC (76.6%). It can be concluded that, except
for the solar collector subsystem, the components with lower exergy efficiencies are the
precooler and CC. Comparing the component exergy efficiency of the ISCC systems with
those of the benchmark system, it is evident that the effect of solar energy integration on the
topping cycle components of ISCC system with PTC is extremely small. The main impact is
on the bottom cycle’s recuperators and the heat exchangers in the HRSG, HEX1~4, which
show that the exergy efficiencies of HEX1~4 are slightly lower than those of the benchmark
system, while the exergy efficiencies of LTR, MTR, and HTR are slightly higher than those
of the benchmark system. The impact of solar energy integration on the ISCC system with
ST is mainly reflected in the CC component, where the integration of solar energy greatly
improves the efficiency of the CC.
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Figure 12. Exergy efficiency of each component for the GTCC system, ISCC system with PTC, and
ISCC system with ST.

4.4. Parametric Analysis of the ISCC System
4.4.1. Impact of DNI

The variation of DNI affects the amount of solar energy collection in the ISCC system
and consequently the thermodynamic parameters of the ISCC system. This subsection
studies the trends in the thermal performance of two ISCC systems as the DNI fluctuates
from 400 W/m2 to 1200 W/m2. Figure 13 illustrates the trend in the heat absorption of the
working medium in ISCC system with the fluctuation of the DNI, showing that the total
heat absorption of the ISCC system with PTC increases as the DNI increases, in which the
heat absorption from the fuel remains constant and only the heat absorption from the solar
energy increases. The heat absorption of the ISCC system with ST behaves in the opposite
way: the total heat absorption slowly decreases as the DNI increases, although the heat
absorption from the ST subsystem increases as the DNI increases, the mass flowrate of the
fuel decreases for the purpose of keeping the TIT of the gas turbine constant; therefore, the
heat absorption from the fuel decreases accordingly.
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Figure 14 shows the trend of the output power of the ISCC system and solar energy
with the fluctuation of DNI. It can be seen that for the ISCC system with PTC, the topping
cycle output power is unaffected by the fluctuation of DNI and remains constant; as the
DNI increases, the heat absorption of the PTC subsystem in the bottom cycle increases, and
the bottom cycle output power also increases; eventually the total output power of the
ISCC system with PTC increases with the increase of the DNI. For the ISCC system with
ST, as the total heat absorption decreases with increasing DNI, the topping cycle output
power also decreases slowly; and as the DNI increases, the consumption of fuel gradually
decreases, which will lead to changes in the components of the gas turbine inlet gas, and
its enthalpy decreases; these changes eventually lead to the reduction in both the mass
flowrate and temperature of the gas turbine exhaust gas; and the gas turbine exhaust gas
acts as the input hot side of the heat absorption in the bottom cycle, and the reduction in its
total amount of heat leads to the reduction in bottom cycle output power; ultimately, the
total system output power of the ISCC system with ST decreases with the increase of DNI.
For both ISCC systems, the solar energy output power increases with increasing DNI, but
it should be noted that as the design size of the ST subsystem is much larger than that of
the PTC subsystem, the solar energy output power in ISCC system with ST is larger than
that in ISCC system with PTC, both in order of the magnitude and the increase amplitude
with increasing DNI.
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Figure 14. Trend of the output power of the ISCC system and solar energy with the fluctuation of
the DNI.

Figure 15 presents the trends of the system efficiency, topping cycle efficiency, and
bottom cycle efficiency of the ISCC system with the fluctuation of DNI. As shown in the
figure, the system efficiencies of both the ISCC systems decrease as the DNI increases,
with the ISCC system with PTC showing a greater decrease in efficiency than ISCC system
with ST, in relative terms. The reason for this phenomenon is that the integrated position
of the ISCC system with ST is at the topping cycle, which can participate in the whole
thermodynamic process, and the temperature of its integrated position is also higher than
that of the ISCC system with PTC. Therefore, the thermoelectric efficiency of the integrated
solar energy in the ISCC system with ST is higher than that of ISCC system with PTC, and
accordingly, the system efficiency in the ISCC system with ST is also higher than that of
ISCC system with PTC; besides, the thermoelectric efficiency of the SEGS is lower than
the system efficiency of the GTCC benchmark system. The greater the DNI is, the greater
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the proportion of integrated solar energy, and the greater the solar energy impact on the
system efficiency. Solar energy has no impact on the topping cycle of the ISCC system with
PTC, so the topping cycle efficiency of the ISCC system with PTC remains constant. The
thermoelectric efficiency of the SEGS is slightly higher than the efficiency of a single topping
or bottom cycle of the ISCC system; therefore, for the bottom cycle of the ISCC system with
PTC, it is equivalent to coupling a SEGS with the higher thermoelectric efficiency to the
bottom cycle of the benchmark system, which will inevitably lead to the increase in the
bottom cycle efficiency of the ISCC system with PTC with the increase in DNI, and the
trend of the topping cycle efficiency of the ISCC system with ST with the fluctuation of
DNI can be obtained similarly. As the parameters of the gas turbine exhaust gas decrease
with the increase of DNI, the operating conditions of the bottom cycle of ISCC system with
ST gradually deviate from the design point, and its efficiency will inevitably decrease with
the increase of DNI.
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Figure 15. Trends of the system efficiency, topping cycle efficiency, and bottom cycle efficiency of the
ISCC system with the fluctuation of DNI.

Figure 16 presents the trends of the photoelectric and photothermal efficiencies of the
ISCC with the fluctuation of DNI. As shown in the figure, both the photoelectric efficiency
and the photothermal efficiency of these two ISCC systems increase with the increase of
DNI; however, the difference is that the increase amplitude of the two efficiency values of
the ISCC system with PTC is greater than that of the ISCC system with ST. This is mainly
because the solar energy collection temperature of the PTC subsystem is lower than that of
the ST subsystem, i.e., the solar energy collection loss of the ISCC system with PTC is lower.
It is worth noting that the photothermal efficiency of the ISCC system with PTC is higher
than that of the ISCC system with ST when the DNI fluctuates in the range of 400 W/m2 to
1200 W/m2, while the curves of the photoelectric efficiencies of the two ISC systems are
intersected at approximately 600 W/m2. If the DNI is less than 600 W/m2, the ISCC system
with PTC has a lower photoelectric efficiency, while if the DNI is greater than 600 W/m2,
the ISCC system with ST has a lower photoelectric efficiency.
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Figure 16. Trends of the photoelectric and photothermal efficiencies of the ISCC with the fluctuation
of DNI.

4.4.2. Impact of Intercooler Pressure

The trends of the output power and system efficiency of the benchmark system as
well as the ISCC systems with the change of intercooler pressure are shown in Figure 17.
As can be seen, the trend of output power and system efficiency with intercooler pressure
fluctuation tends to be consistent for these three systems mentioned above, with their
curves showing a parabolic-like variation and all reaching the maximum values when
the intercooler pressure is approximately 11.3 MPa. The maximum output power of the
benchmark system, ISCC system with PTC, and ISCC system with ST are 403.98 MW, 415.96
MW, and 395.92 MW, respectively; and the maximum system efficiency is 57.6%, 57.1%,
and 57.6% respectively.
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5. Conclusions

In this study, a novel GTCC system with a supercritical CO2 Brayton bottom cycle is
proposed. The performance differences between the novel GTCC system and the conven-
tional GTCC system are compared, and the model of the ISCC system with PTC and the
ISCC system with ST are built with the novel GTCC system as the benchmark system. The
main conclusions are as follows:

1. The solar energy integration of both ISCC systems leads to a reduction in system
efficiency; however, with the increase of the DNI, the output power of ISCC system
with PTC increases due to the increase of the working medium mass flowrate in the
bottom cycle, while the output power of ISCC system with ST decreases due to the
change in gas composition; the photoelectric efficiency of ISCC system with PTC is
greater than that of ISCC system with ST as the losses in the PTC subsystem are less
than that in the ST subsystem.

2. The integration of solar energy will change the exergy destruction and exergy effi-
ciency of every component within the ISCC systems. CC, AC, GT, and solar energy
collectors (including PTC and ST) are the components with the highest exergy de-
struction, while solar energy collectors (including PTC and ST) are the components
with the lowest exergy efficiency in the ISCC systems.

3. As the DNI increases, the heat absorption and output power of the ISCC system with
PTC increase, while the opposite is true for the ISCC system with ST. Their system
efficiencies decrease with the increase of DNI, while the photothermal efficiency
and photoelectric efficiency increase. In addition, the photoelectric efficiency of the
ISCC system with ST is higher when DNI is less than 600 W/m2; conversely, the
photoelectric efficiency of the ISCC system with PTC is higher.

4. The GTCC benchmark system, the ISCC system with PTC, and the ISCC system with
ST reach the optimum at an intercooling pressure of 11.3 MPa, where the maximum
output power and system efficiency of the GTCC benchmark system are 403.98 MW
and 57.6%, respectively; the maximum output power and system efficiency of the
ISCC system with PTC are 415.96 MW and 57.1%, respectively; and the maximum
output power and system efficiency of the ISCC system with ST are 395.92 MW and
57.6%, respectively.
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Nomenclature

Mathematical symbols:
A Energy grade of the fuel
Ahel Field area of the tower heliostat, m2

Aptm Field area of the parabolic trough mirror, m2

E f uel Exergy of the fuel, MW
Einput Exergy input of the component, MW
Eloss Exergy destruction of the component, MW
Eproduct Exergy product of the component, MW
Esolar Exergy of solar energy, MW
Mgas Fuel mass flowrate, kg/s
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Mgas,iscc−ptc Consumed fuel mass flowrate of ISCC system with PTC, kg/s
Mgas,iscc−st Consumed fuel mass flowrate of ISCC system with ST, kg/s
Mgas,gtcc Consumed fuel mass flowrate of GTCC, kg/s
Qexhaust Total heat from gas turbine exhaust gas of GTCC, MW
Qexhaust−ptc Total heat from gas turbine exhaust gas of ISCC system with PTC, MW
Qexhaust−st Total heat from gas turbine exhaust gas of ISCC system with ST, MW
Q f uel Amount of heat released from the fuel of GTCC, MW
Q f uel−ptc Amount of heat released from the fuel of ISCC system with PTC, MW
Q f uel−st Amount of heat released from the fuel of ISCC system with ST, MW
Qheatloss Heat loss of the vacuum collector in PTC, MW
Qloss−conv Convective losses of the tower receiver, MW
Qloss−opt Optical loss of the tower receiver, MW
Qloss−ptc Losses of the vacuum collector in PTC, MW
Qloss−rad Radiation losses of the tower receiver, MW
Qloss−st Losses of the tower receiver in ST, MW
Qpipe Heat loss of the piping between two collectors and the header piping, MW
Qsolar Solar irradiation incident on the mirror field, MW
Qsolar−ptc Solar irradiation incident on the parabolic trough mirror field, MW
Qsolar−st Solar irradiation incident on the tower heliostat field, MW
Qstc−ptc Solar thermal collection of ISCC system with PTC, MW
Qstc−st Solar thermal collection of ISCC system with ST, MW
Tatm Atmosphere temperature, K
Tsol Solar surface temperature, K
Wgtcc Power generation volume of GTCC, MW
Wiscc−ptc Power generation volume of ISCC system with PTC, MW
Wiscc−st Power generation volume of ISCC system with ST, MW
Wsol−ptc Amount of solar energy power generation in ISCC system with PTC, MW
Wsol−st Amount of solar energy power generation in ISCC system with ST, MW
Greek letters:
ηatm−ptc Atmospheric influence factor of the parabolic trough mirror field
ηatm−st Atmospheric influence factor of the tower heliostat field
ηava−ptc Availability of the parabolic trough mirror field
ηava−st Availability of the tower heliostat field
ηclean−ptc Mirror cleanliness factor of the parabolic trough mirror field
ηclean−st Mirror cleanliness factor of the tower heliostat field
ηcos−ptc Cosine loss factor of the parabolic trough mirror field
ηcos−st Cosine loss factor of the tower heliostat field
ηend−ptc End loss factor of the parabolic trough mirror field
ηend−st End loss factor of the tower heliostat field
ηex Exergy efficiency of the component
ηgtcc System efficiency of GTCC
ηiscc−ptc System efficiency of ISCC system with PTC
ηiscc−st System efficiency of ISCC system with ST
ηopt−ptc Optical efficiency of the parabolic trough mirror field
ηopt−st Optical efficiency of the tower heliostat field
ηpe−ptc Photoelectric efficiency of solar energy in ISCC system with PTC
ηpe−st Photoelectric efficiency of solar energy in ISCC system with ST
ηpt−ptc Photothermal efficiency of solar energy in ISCC system with PTC
ηpt−st Photothermal efficiency of solar energy in ISCC system with ST
ηre f−ptc Reflectivity of the parabolic trough mirror field
ηre f−st Reflectivity of the tower heliostat field
ηshad−ptc Shading loss factor of the parabolic trough mirror field
ηshad−st Shading loss factor of the tower heliostat field
Superscripts:
bottom Bottom cycle of the system
topping Topping cycle of the system
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Abbreviations:
DNI Direct normal irradiance
DRDE Developed double recuperative double expansion
DSG Direct steam generation
GTCC Gas turbine combined cycle
HEX1 Heat exchanger 1
HEX2 Heat exchanger 2
HEX3 Heat exchanger 3
HEX4 Heat exchanger 4
HRSG Heat recovery steam generator
HT High temperature
HTF Heat transfer fluid
HTR High temperature recuperator
IC Intercooler
ISCC Integrated solar combined cycle
LCOE Levelized cost of energy
LHV Lower heating value
LT Low temperature
LTR Low temperature recuperator
MT Medium temperature
MTR Medium temperature recuperator
ORC Organic Rankine cycle
PC Precooler
PTC Parabolic trough solar collector
SEGS Solar electric generating system
ST Solar tower
TIT Turbine inlet temperature
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