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A B S T R A C T   

Concentrating solar power is crucial in the future energy mix due to its ability to integrate thermal energy 
storage, thus providing dispatchability. One way to address the current high costs of this technology is by using 
higher temperatures, which can, however, lead to issues with heat transfer fluids and storage. A promising in
tegrated solar combined cycle is here proposed to solve that current major issue. A partially recuperated gas 
turbine is coupled to a solar tower system using a Brayton supercritical CO2 power cycle, which recovers heat at 
two temperature levels. An Organic Rankine Cycle is also used to exploit the low-temperature flue gases. The 
performance at the design point is assessed under different solar contributions. The modulation of the thermal 
duty in the gas turbine recuperator allows reaching a nearly constant power production in the plant (180 MWe): 
56 % coming from the gas turbine, 39 % from the CO2 power cycle, and 5 % from the ORC. The global efficiency 
achieved is 57.2 %. Carbon dioxide emissions range from 236 g CO2/kWhe (86 g CH4/kWhe are consumed) with 
the maximum solar contribution to 346 g CO2/kWhe (126 g CH4/kWh are consumed) with no solar contribution.   

1. Introduction 

Many countries are paying attention to Concentrated Solar Power 
(CSP) technology [1] because it will play a significant role in the grid 
management of the future energy mix. Firstly, CSP can be considered a 
dispatchable renewable energy due to its ability to store large-scale 
thermal energy and secondly, because the inertia of the generator con
tributes to the grid frequency stability. However, a critical bottleneck for 
the deployment of CSP is its current high-levelized cost of electricity 
(LCOE) [2]. In addition, the oversizing of the solar field to store the 
surplus of thermal energy shares a relevant part of the capital expen
diture (CAPEX), despite being one of the strengths of this technology 
(dispatchability) [3]. According to the International Renewable Energy 
Agency (IRENA), the world-installed CSP power has increased from 
2010 to the present, with a reduction in the LCOE from 346 $/MWh to 
182 $/MWh [4]. Unfortunately, such cost is still far from the 60 $/MWh 
goal established by the SunShot Initiative of the US Department of En
ergy [5]. The LCOE reduction during the last decade has been mainly 

motivated by a decrease in the solar field cost (responsible for the 40 % 
of the investment costs) due to the scale economy. A second approach to 
cost reduction is to increase the system’s efficiency, which leads to in
crease the turbine inlet temperature. The U.S. Department of Energy 
(DOE), through the Gen3 CSP Roadmap [6] has established central solar 
receiver (CRS) power plants with Brayton supercritical CO2 power cycle 
(S-CO2) as the standard for the next generation of concentrated solar 
power plants, aiming for turbine inlet temperatures exceeding 700 ◦C. 
To achieve this, three potential pathways have been selected, depending 
on the type of thermal carrier in the receiver: molten salt, particles or 
gaseous medium. Each of these pathways faces different challenges 
associated with the high temperature objective. Current molten salts 
used in CSP (both as an energy carrier and storage fluid) can not with
stand such temperature, being precise to replace them by ternary salts, 
which presents new challenges; in the case of particle-based systems, 
there is limited experience with high temperatures and pressures 
required by S-CO2, in addition to the challenges associated with heating 
particles using concentrated sunlight; finally, the gas-phase pathway 
requires a high-pressure receiver with an indirect storage option. 
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Brayton supercritical CO2 power cycles [7] exhibit higher effi
ciencies than Rankine cycles within the temperature range commonly 
present in CSP. This higher efficiency can be attributed to two primary 
factors. On the one hand, the ability of S-CO2 to recuperate heat from 
the turbine outlet to preheat the compressor outlet. On the other hand, 
the compressor suction conditions (75 bar to 90 bar and 35 ◦C to 50 ◦C) 
are very close to the CO2 critical point (73.8 bar and 31 ◦C), highly 
increasing its density. Thus, the compressor consumption is reduced, 
enabling high efficiencies with turbine inlet temperatures lower than 
those used in gas turbines (open Brayton cycle with air). In fact, effi
ciency ranges from 40 % to 50 % with turbine inlet temperatures from 
500 ◦C to 700 ◦C. Basic and simple recuperative layouts of transcritical 
S-CO2 have been proposed by Sajwan et al. [8] for waste heat recovery 
in reciprocating engines with turbine inlet temperatures below 500 ◦C. 
Nevertheless, the operation of CO2 close to the critical point makes it 
difficult to yield the maximum recuperative potential, although this is 
overcome by splitting the recuperator into two units (low-temperature 
recuperator, LTR, and high-temperature recuperator, HTR), known as 
re-compression S-CO2 cycle. In this layout, the LTR recuperator operates 
at low temperatures and with two different mass flow rates in each 
stream. This is due to the higher specific heat of the higher-pressure 
stream, requiring a lower mass flow rate. By carefully selecting an 
appropriate mass flow rate split ratio, the LTR recuperator can be 

balanced: part of the low-pressure stream is not cooled when it leaves 
the recuperator and is conducted to an auxiliary compressor (that is the 
reason to designate this layout as “re-compression”) whose output is 
mixed with the cold stream leaving the LTR recuperator, which was 
compressed in the main compressor once it was cooled down. 

Research on S-CO2 in Concentrated Solar Power (CSP) has emerged 
relatively recently. Turchi et al. [9] proposed the use of a re-compression 
layout with modular towers in a central receiver system power plant 
(CRS). In this study, authors took advantage of the compact size of S- 
CO2, integrating the power block in the tower using a direct cycle 
layout. Later, in 2014, the National Renewable Energy Laboratory 
(NREL) [10] assessed the efficiency of the plant and associated turbo
machinery at a scaled size according to actual CSP projects to promote S- 
CO2 at a commercial level. Crespi et al. [11] performed a general 
evaluation of S-CO2 for power generation, whereas Wang et al. [12] 
identified and analyzed six S-CO2 layouts indirectly coupled to a CRS 
working with molten salts. They concluded that there is not any layout 
clearly better than others, being necessary to consider the specific 
operation conditions, and especially the annual performance. When 
molten salts are used as the working fluid in CRSs, the primary heat 
exchanger plays a key role. Printed circuit heat exchangers (PCHE) are 
commonly proposed for S-CO2 power cycles due to their ability to 
withstand the high pressures involved in these cycles. However, their 

Nomenclature 

Acronyms 
AC Air Compressor (Gas turbine block) 
AdInCCSol Advanced Integration of Combined Cycles in Solar 

thermal power plants 
ASME American Society of Mechanical Engineers 
C Compressor (S-CO2 block) 
CAPEX Capital Expenditure 
CC Combustion Chamber (Gas turbine block) 
CHE Compact Heat Exchanger 
COND Condenser (ORC block) 
CRS Central Receiver System (S-CO2 block) 
CSP Concentrated Solar Power 
DOE US Department of Energy 
EES Engineering Equation Solver 
FGT Flue Gases Turbine (Gas turbine block) 
G-HTR Gas High-Temperature Recuperator (S-CO2 block) 
G-REC Gas turbine Recuperator (Gas turbine block) 
GWP Global Warming Potential 
HLHX Heating Loop Heat eXchanger (S-CO2 block) 
HRSG Heat Recovery Steam Generator 
HT High Temperature 
HTHR High-Temperature Heat Recovery (S-CO2 block) 
HTR High-Temperature Recuperator (S-CO2 block) 
IRENA International Renewable Energy Agency 
ISCC Integrated Solar Combined Cycle 
IT Intermediate Temperature 
ITHR Intermediate Temperature Heat Recovery (S-CO2 block) 
ITLP Intermediate Temperature Loop Pump (S-CO2 block) 
LCOE Levelized Cost of Electricity 
LTHR Low-Temperature Heat Recovery (ORC block) 
LTR Low-Temperature Recuperator (S-CO2 block) 
NREL National Renewable Laboratory 
ODP Ozone Depletion Potential 
O-P Pump (ORC block) 
ORC Organic Rankine Cycle 
O-REC Recuperator (ORC block) 
O-T Turbine (ORC block) 

PC Precooler (S-CO2 block) 
PCHE Printed Circuit Heat Exchanger 
PTC Parabolic Trough Collector 
R600 N-butane 
S-CO2 Brayton supercritical CO2 power cycle 
S-HTR Solar High-Temperature Recuperator (S-CO2 block) 
T Turbine (S-CO2 block) 
TES Thermal Energy Storage 

Symbols 
g specific gas consumption 
h specific enthalpy 
H height 
ṁ mass flow rate 
Q̇ thermal power 
UA thermal conductance 
w specific power 
W width 

Subscripts 
AC air compressor 
c compressor, cold 
CC combyned cycle 
CCH combustion chamber 
FGT flue gases turbine 
GT gas turbine 
h hot 
i inlet 
ITLP intermediate temperature loop pump (S-CO2 block) 
N nominal 
o outlet 
O-P pump (ORC block) 
ORC organic Rankine cycle 
O-T turbine (ORC block) 
p pump 
s isentropic 
S-CO2 Brayton supercritical CO2 power cycle 
T turbine  
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narrow channels make it difficult to use them as the primary heat ex
changers in a molten salts/CO2 configuration [13]. Montes et al. [14] 
proposed a modified PCHE with wider channels in the salt stream and 
another design based on a honeycomb structure with the molten salt 
flowing across wide circular channels [15]. Finally, Linares et al. [16] 
proposed the use of a shell and tube heat exchanger with the molten salt 
flowing across the shell. The pressure issue was solved by relocating the 
primary heat exchange downstream of the turbine in a novel S-CO2 
layout. 

Although indirect coupling (one fluid in the receiver and another 
working fluid in the power cycle) is the most common arrangement in 
CSP, direct coupling has also been proposed, involving the use of CO2 in 
the receiver and in the S-CO2 power cycle. However, this has always 
been limited to CRS plants, as the high pressure of the S-CO2 cycle make 
it difficult its use in parabolic trough collectors [9]. Although indirect 
two-tank molten salts thermal energy storage is the usual solution in 
direct-coupled proposals [9], other solutions are possible, like the one 
explored by Johnson et al. [17], based on a packed bed storage. 

In a direct coupling configuration, CO2 flows inside the central 
receiver. Li et al. [18] conducted a review of compact heat exchangers 
and considered their integration into pressurized solar receivers. One of 
the first proposed central receivers with supercritical CO2 was based on 
the external tubular receiver concept [19]. This design was intended to 
heat the air to 800 ◦C at 5 to 7 bar and is being considered to operate 
with CO2 at 700 ◦C and 200 bar once challenges related to high pressure 
and heat transfer under supercritical conditions are overcome. Besarati 
et al. [20] used the compact heat exchanger (CHE) concept in a cavity 
receiver for supercritical CO2. The receiver consisted of several plates 
joined by diffusion, with rectangular fins between them. The authors 

investigated its optimal geometry. The NREL has also investigated the 
application of CHEs, presenting two concepts for supercritical CO2 
central receivers [21]. The first design is a cavity receiver, whereas the 
second is a surrounded external receiver. In both designs, CO2 flows 
through a compact structure of two attached plates with a wavy fin 
structure between them. Montes et al. [22] have proposed a novel design 
of a microchannel central receiver consisting of a radial arrangement of 
vertical absorber panels that converge on the central axis of the tower, 
analysing in [23] its application to different S-CO2 cycles in indirect 
coupling and re-compression S-CO2 in direct coupling. 

Some authors have explored the use of an organic Rankine cycle 
(ORC) to recover the rejected heat from the S-CO2, thereby constituting 
a combined cycle. Song et al. [24] carried out a parametric optimization 
of such a combined cycle, while Singh and Mishra [25] analyzed the use 
of a PTC as a heat source for the system. In both cases, re-compression 
was not included in the S-CO2 cycle. Hou et al. [26] optimized a com
bined S-CO2 re-compression cycle (750 ◦C as turbine inlet temperature) 
with a recuperative ORC using a zeotropic mixture fluid. 

As mentioned earlier, the dispatchability of the CSP is usually 
addressed through thermal energy storage (TES) fed by an oversized 
solar field. There are several TES systems: thermocline tank, two-tank 
with a high-density fluid (e.g., molten salts) or particles [27], phase 
change materials and solid storage in bedrocks [28]. However, another 
way to solve dispatchability is to arrange a hybrid layout with auxiliary 
boilers fed by natural gas or biomass [29]. This configuration enables an 
increase in the turbine inlet temperature, thus enhancing the efficiency. 
If biomass is used as fuel, the renewable feature of the system is 
maintained. 

Central receiver systems can be integrated into a combined cycle in 

Fig. 1. Conceptual diagram of the proposed system.  
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Fig. 2. Layout of the proposed power plant with all the system components.  
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several ways, allowing beneficial synergies between fossil fuel and solar 
technologies. Thus, solar contribution can compensate for the produc
tion reduction typically observed in conventional combined cycles 
during periods of high solar radiation, due to the higher ambient tem
perature [30]. The integration can be done into the Rankine bottom 
cycle, commonly referred to as Integrated Solar Combined Cycle (ISCC), 
or into the gas turbine. In the former, early studies proposed solar energy 
to be incorporated in parallel to the heat recovery steam generator 
(HRSG) [31]. However, Kane et al. [32] concluded that this scheme was 
only economically feasible if subsidies were provided. Economic feasi
bility and production costs were later analyzed by Dersch et al. [33] and 
Franchini et al. [34]. Parabolic trough collectors were the most common 
technology, as it is seen in Sharma et al. [35], who studied the inte
gration of this type of solar field with a combined cycle used in trigen
eration mode in 10 to 50 MW scale by means of energy and exergy 
balance. Other solar concentration technologies have also been consid
ered, such as the central receiver [36] or the linear Fresnel [37]. 
Khandelwal et al. [38] have analysed the integration of linear Fresnel 
and latent heat cascade storage system, assessing the performance at full 

load and partial load of gas turbine with different heat transfer fluids in 
both receiver and storage. Regarding the solar integration into the gas 
turbine, Amelio et al. [39] proposed to heat up the combustion air with 
parabolic trough collectors. This idea was also proposed by Duan et al. 
[40], but preheating the water for the HRSG with the air leaving the 
compressor. Central receivers, preheating the combustion air, were also 
proposed in [41]. 

The use of recuperative gas turbines in the ISCC systems has been 
explored, aiming to improve the efficiency. However, the results do not 
support the inclusion of this technology in commercial plants [42]. Liu 
et al. [43] pursued this approach but with partial recuperation. Partial 
recuperation was also explored by Rovira et al. [44], looking for 
modulating the recuperation in the gas turbine based on the solar 
contribution in the HRSG. 

The present work is framed in the project AdInCCSol (Advanced 
Integration of Combined Cycles in Solar thermal power plants), where 
four different solar technologies and power cycles are being analyzed 
[45]. The current proposal is an ISCC consisting of a partial recuperative 
gas turbine where the traditional Rankine bottoming cycle has been 

Fig. 3. Recompression layouts: (a) Classical; (b) Modified.  
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replaced by a Brayton supercritical CO2 power cycle. Fig. 1 shows the 
conceptual diagram. In this system, a fraction of the flue gases by-passes 
the gas turbine recuperator (G-REC) and provides heat to the S-CO2 
cycle through the high-temperature heat recovery heat exchanger 
(HTHR), in parallel with the CRS. This fraction is modulated according 
to the solar contribution. This stream is mixed with the remaining flue 
gases, upon leaving the gas turbine recuperator, and supplies 
intermediate-temperature heat to the S-CO2 cycle through the 
intermediate-temperature heat recovery heat exchanger (ITHR). In this 

Fig. 4. Schematic of the microchannel central solar receiver for supercritical CO2 analysed in this work.  

Table 1 
Boundary conditions at gas turbine.  

Variable Value Reference 

AC inlet temperature [◦C] 15 [53] 
AC inlet pressure [bar] 1 [53] 
AC isentropic efficiency [%] 85 [54] 
CCH fuel inlet temperature [◦C] 25  
FGT inlet temperature [◦C] 1,500  
FGT outlet temperature (FGT) [◦C] 950  
FGT isentropic efficiency [%] 90 [54]  

Table 2 
Boundary conditions at flue gases stream.  

Variable Value Reference 

Solar contribution [%] 0–100  
Design temperature approach at HTHR [◦C] 30 [16] 
Flue gases outlet design temperature of LTHR [◦C] 115   

Table 3 
Boundary conditions at organic Rankine cycle.  

Variable Value Reference 

O-P inlet temperature [◦C] 35  
O-P isentropic efficiency [%] 75 [55] 
O-T inlet design pressure [bar] 50  
O-T inlet design temperature [◦C] 200  
O-T isentropic efficiency [%] 80 [55] 
Condenser cooling water inlet temperature [◦C] 25  
O-REC design temperature approach [◦C] 10   

Table 4 
Boundary conditions at Brayton supercritical CO2 power cycle.  

Variable Value Reference 

C inlet temperature [◦C] 35  
C inlet pressure [bar] 85  
C outlet pressure [bar] 300  
C isentropic efficiency [%] 87 [16] 
T isentropic efficiency [%] 92 [16] 
ITLP isentropic efficiency [%] 75 [16] 
G-HTR and S-HTR inlet temperature of low-pressure streams 

[◦C] 
700  

G-HTR and S-HTR design temperature approach [◦C] 10 [16] 
LTR design temperature approach [◦C] 5 [16] 
Pressure drop of CO2 stream at heat exchangers [bar] 0.4 [16] 
PC cooling water inlet temperature [◦C] 25   
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way, the thermal effect of the auxiliary compressor is effectively 
replaced. Finally, the low-temperature heat remaining in the flue gases 
stream is recovered in an ORC power cycle through the low-temperature 
heat recovery heat exchanger (LTHR). The modulation of the gas turbine 
recuperator according to the solar radiation enables a nearly constant 
power output, constituting one of the novelties of the hybrid combined 
cycle proposed in this work. The integration of the solar tower system 
with the recuperative gas turbine allows to replace the thermal energy 
storage system usually employed at CSP to achieve dispatchability. Such 

storage systems face important challenges due to the future high turbine 
inlet temperature required in order to increase efficiency. Therefore, the 
current proposal provides a solution to this issue. Furthermore, since this 
storage system requires oversizing the solar field, a substantial reduction 
in CAPEX is expected. On the other hand, partial recuperation increases 
the capacity factor compared to a pure CSP plant, converting all solar 
hours (actual radiation) into equivalent hours (design radiation). 
Another novelty of this integration is adapting the S-CO2 power cycle to 
the different thermal sources imposed by the integration. In this sense, a 
recompression layout has been taken as a basis, but the heating supply 
has been relocated downstream of the turbine. This allows the use of CO2 
as the heat transfer fluid both in the solar receiver (direct cycle) and in 
the cross-flow heat exchanger that recovers the heat from the gas turbine 
flue gases, mainly because the CO2 in these components operates at the 

Table 5 
Design point conditions of the gas turbine turbomachines (δ = 0).   

Point p [bar] T [◦C] ṁ[kg/s] Ẇ[kW] 

Compressor (AC) g1 1 15 195.1 48,333 
g2 6.752 257  

Turbine (FGT) g3 6.752 1,500 201.5 148,333 
g4 1 950  

Table 6 
Design point conditions of the gas turbine recuperator (G-REC) (δ = 1).   

Point p [bar] T [◦C] ṁ[kg/s] Q̇[kW] 

Cold stream g2 6.752 257 195.1 96,574 
g7 6.752 705.7 

Hot stream g4 1 940.1 199.5 
g5p 1 539.5  

Table 7 
Design point conditions of the turbomachines of the bottoming cycles (δ = 0).   

Point p [bar] T [◦C] ṁ[kg/s] Ẇ[kW] 

Compressor 
CO2 (C) 

1 85 35 443.9 11,761 
2 300 72.55  

Turbine 
CO2 (T) 

11 299.2 674.1 443.9 84,514 
7 86.6 510.4  

Heating loop pump 
CO2 (ITLP) 

L3 85 77.6 120.7 31.9 
L1 85.8 78.3  

Turbine 
n-butane (O-T) 

o1 50 198.9 106.7 11,305 
o2 3.29 108.4  

Pump 
n-butane (O-P) 

o4 3.29 35 106.7 1,186 
o5 50 39.4  

Table 8 
Design point conditions of the recuperators of the bottoming cycles (δ = 0).    

Point p [bar] T [◦C] ṁ[kg/s] Q̇[kW] 

HTR Cold stream (CO2) 5 299.6 437.2 443.9 133,411 
10/6 299.2 674 

Hot stream (CO2) 12/8 86.2 700 443.9 
13/9 85.8 452.2  

LTR Cold stream (CO2) 2 300 72.55 350.6 197,566 
4 299.6 447.1 

Hot stream (CO2) 14 85.8 452.1 443.9 
15 85.4 77.55  

O-REC Cold stream (n-butane) o5 50 39.4 106.7 12,718 
o6 50 84.0 

Hot stream (n-butane) o2 3.29 108.4 106.7 
o3 3.29 49.1  

Table 9 
Design point conditions of the thermal sources and sink heat exchangers of the 
bottoming cycles (δ = 0).    

Point p 
[bar] 

T [◦C] ṁ[kg/ 
s] 

Q̇[kW] 

HTHR Cold stream (CO2) 7 86.6 510.4 443.9 102,785 
12 86.2 700 

Hot stream (Flue 
gases) 

g4 1 949.9 199.3 
g5 1 540.3  

ITHR Cold stream (CO2) L1 85.8 78.28 120.7 46,973 
L2 85.4 405 

Hot stream (Flue 
gases) 

g5m 1 539 201.5 
g6 1 399.5  

HLHX Cold stream (CO2) 2 300 72.55 93.3 47,005 
3 299.6 400 

Hot stream (CO2) L2 85.4 405 120.7 
L3 85 77.55  

PC Cold stream 
(Water) 

Inlet 6 25 3685 77,037 
Outlet 5 30 

Hot stream (CO2) 15 85.4 77.55 443.9 
1 85 35  

LTHR Cold stream (n- 
butane) 

o6 50 84 106.7 50,375 
o1 50 199 

Hot stream (Flue 
gases) 

g6 1 339.5 201.5 
g8 1 114  

COND Cold stream 
(Water) 

Inlet 6 25 1926 40,256 
Outlet 5 30 

Hot stream (n- 
butane) 

o3 3.29 49.1 106.7 
o4 3.29 35  
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lower pressure range of the cycle. This way to solve the heating supply 
issue comes from an original design by the authors [16] and enhances 
the efficiency by avoiding the use of intermediate loops. Finally, another 
variation included in the S-CO2 power cycle is the replacement of the 
auxiliary compressor by the intermediate-temperature heat supply 
downstream of the compressor once both flue gases streams have mixed. 

2. Methodology 

2.1. Layout 

The plant layout is shown in Fig. 2, where the three main subsystems 
can be seen: the gas turbine cycle, the S-CO2 cycle and the ORC. Each 
subsystem constitutes an energy conversion system fed from different 
sources: primary energy (fuel in the gas turbine cycle), waste heat (flue 
gases from the gas turbine in the ORC) or a combination of both (flue 
gases from the gas turbine in parallel with solar radiation in the S-CO2 
cycle). The thermal backbone of these subsystems is the flue-gases 
stream coming from the gas turbine, with three distinct temperature 
levels. Upon leaving the gas turbine, these gases represent the highest 
temperature source and provide heat to the S-CO2 cycle in the HTHR. 
The intermediate temperature source is a mixture of the flue gases 
leaving the G-REC and those leaving the HTHR. This mixed stream 
supplies heat to the S-CO2 cycle in the ITHR through an intermediate 

loop. Finally, the flue-gases stream leaving the ITHR serves as the low- 
temperature source, which is then recovered in the LTHR, feeding the 
ORC. Regarding the cold reservoir, the heat rejection is performed by the 
precooler (PC) in the S-CO2, and by the condenser (COND) in the ORC, 
both connected to a cooling tower. 

The CRS, in parallel with the HTHR, represents the high-temperature 
source and feeds the S-CO2 cycle. In this sense, the proposed system does 
not include thermal energy storage to avoid the cost associated with 
oversizing the solar field and the potential issues associated with this 
system when the turbine inlet temperature is increased in order to reach 
higher efficiencies. Instead, dispatchability relies on support from the 
gas turbine, while an increase in capacity factor is achieved through the 
combination of the HTHR and the CRS in such a way that, when the solar 
radiation is high, the flue-gases stream sent to the HTHR is low, deriving 
the rest to the G-REC. Thus, this recuperator operates at different heat 
duties depending on the solar contribution. This type of recuperated gas 
turbine has been described as a “partially recuperated gas turbine” by 
authors in previous studies [46]. This modulation is characterized by the 
solar contribution factor (δ), which represents the fraction of CO2 mass 
flow rate leaving the turbine (T) and collecting the solar radiation in the 
CRS. The remaining mass flow rate (1-δ) collects heat from the flue gases 
in the HTHR. This parameter also represents the splitting of the flue- 
gases mass flow rate leaving the FGT, where a fraction δ is directed to 
the G-REC and the rest (1-δ) to the HTHR. The mass flow rate through 
the G-REC increases with a higher solar contribution. Thus, this modu
lation enables the enhancement of the capacity factor by transforming 
all actual solar hours into equivalent hours. In other words, the system 
potencially maintains a constant power output throughout the solar 
hours, reducing the gas supply as solar radiation increases. If production 
is required during non-solar hours, the system behaves as a combined 
cycle (with S-CO2 instead of a Rankine cycle). However, it is important 
to note that the constancy in the power output is contingent on the air 

Fig. 5. P-h diagram of the S-CO2 power cycle. Numbers correspond to Fig. 5, 
where parallel twin components have been condensed. 

Fig. 6. Simplified version of the S-CO2 layout shown in Fig. 1. Parallel twin components have been condensed into single units for the sake of simplicity.  

Table 10 
Geometrical parameters of the microchannel receiver.  

Number of converging absorber panels 8 
Panel width in pass 1 (Wpanel) [m] 3.3 
Panel height in pass 1 (Hpanel) [m] 4.62 
Width in pass 1 (Wpass1) [m] 1.38 
Channel dimensions in pass 1 (Wchannel,pass1 × Wchannel,pass1) [mm × mm] 10 × 10 
Panel width in pass 2 (Wpanel) [m] 6 
Panel height in pass 2 (Hpanel) [m] 1.92 
Width in pass 2 (Wpass2) [m] 5 × 5 
Channel dimensions in pass 2 (Wchannel,pass2 × Wchannel,pass2) [mm × mm] 6  
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compressor inlet temperature. Nonetheless, the power loss typically 
experienced in conventional gas turbines at high temperatures is miti
gated here by the higher solar contribution. 

The S-CO2 cycle is based on a recompression layout [7], but it has 
been modified in order to integrate both the high and intermediate- 
temperature thermal sources. Fig. 3a shows a classical s-CO2 recom
pression layout, where the sole thermal source is located upstream of the 
turbine (T), and there are two compressors and two recuperators. The 
components enclosed by a dashed line represent the equivalent single 
recuperator of a simple recuperated Brayton power cycle. In such a 

scheme, the main compressor (MC) operates close to the critical point. 
Different specific heat coefficients are exhibited for the high and low- 
pressure streams in the low-temperature zone of the equivalent recu
perator (LTR in the recompression layout). Thus, different mass flow 
rates are established to balance the recuperator. Accordingly, the small 
mass flow rate (with higher specific heat) in the high-pressure stream 
requires an auxiliary compressor (AC) to manage the split mass flow rate 

Fig. 7. Solar field layout and heliostat total efficiency calculated by SolarPilot.  

Table 11 
Geometrical and optical parameters of the heliostat field (default values in 
SolarPilot).  

Heliostat structure width [m] × height [m] 12.2 × 12.2 
N. of horizontal mirror facets 2 
N. of vertical mirror facets 8 
Surface slope error in  X /Y [mrad] 1.53 
Reflected beam error in  X /Y [rad] 0.2 
Mirror reflectivity 0.95  

Table 12 
Thermofluid-dynamic parameters of the microchannel receiver.  

Useful thermal power [MWth] 100.36 
Fluid inlet/outlet temperature [◦C] 510.4/700 
Fluid inlet pressure [bar] 86.6 
Pressure drop [bar] 4.075 
Heat losses [MWth] 5.473 
Receiver thermal efficiency [%] 90.18 
Receiver exergy efficiency [%] 57.55 
Average fluid velocity in pass 1 [m/s] 15 
Average convection heat transfer coefficient in pass 1 [W m− 2 ◦C− 1] 2.1⋅103 

Average fluid velocity in pass 2 [m/s] 30 
Average convection heat transfer coefficient in pass 2 [W m− 2 ◦C− 1] 4⋅103  
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by-passing the MC. The auxiliary compressor, with its suction upstream 
of the precooler (PC), increases the outlet temperature to a suitable 
value for mixing with the high-pressure stream leaving the LTR and 
before entering the high-temperature recuperator (HTR). In Fig. 3b, a 
modified recompression layout is shown, proposed in the current com
bined cycle. This modified layout does not need the AC, even though a 
lower mass flow rate in the high-pressure stream of the LTR is main
tained to achieve a balanced heat exchanger. This is accomplished by 
splitting the mass flow rate after the compressor (C) and supplying heat 
from the intermediate-temperature (IT) source to the stream by-passing 
the LTR, before mixing it with the rest of the flow and entering the HTR. 
In some way, the IT source plays the role of the AC. 

Fig. 3b shows another modification with respect to the classical 
recompression layout, enabling the integration of both high- 
temperature thermal sources (HTHR and CRS). This modification ad
dresses the requirement of moderate pressure in the tubes at the HTHR 
and in the channels at the CRS, which is usually impossible if these 
sources are located upstream of the turbine. To solve this issue, the high- 
temperature (HT) thermal source has been moved downstream of the 
turbine, transferring the heat to the high-pressure side through the HTR. 
This arrangement has been previously proposed and analyzed by the 
authors, exploring different configuration options in CSP systems [16]. 

The HTHR, the ITHR and the LTHR are all cross-flow heat ex
changers, where the streams flow unmixed. In all of them, the flue gases 
flow outside the tubes, while CO2 (HTHR and ITHR) or the organic fluid 
(LTHR) flow inside them. The type of heat exchangers cannot withstand 
the high pressure required to maximize the S-CO2 cycle efficiency, 
typically around 300 bar. Therefore, the allocation of the HTHR and 
LTHR on the low-pressure side of the S-CO2 cycle allows for the com
bination of both restrictions: the use of conventional heat exchangers 
and the choice of the optimal pressure for the high-pressure side of the S- 
CO2 cycle. Such allocation also enables the use of CO2 as the heat 
transfer fluid in the CRS, resulting in a direct cycle. As for the ITHR, 
since its thermal energy is supplied downstream of the compressor (C), 
an intermediate loop with CO2 at low pressure is used. The heating loop 
heat exchanger (HLHX) is a printed circuit heat exchanger (PCHE) in 
order to withstand the pressure difference between the high pressure of 
the power cycle and the low pressure of the heating loop. Regarding the 
LTHR, the working fluid of the ORC directly flows inside the tubes as a 
recuperative transcritical cycle is selected, with 50 bar as the highest 
pressure. With two high-temperature thermal sources, two high- 
temperature recuperators are present: one for the flue gases (Gases 
High-Temperature Recueprator, G-HTR) and another for the solar 
source (Solar High-Temperautre Recuperator, S-HTR). 

The central solar receiver is based on a microchannel configuration, 
which is particularly suitable for supercritical fluids such as CO2. Spe
cifically, this microchannel receiver combines two concepts [47]. From 
a macroscopic point of view, the receiver consists of a radial structure of 
several absorber panels, which converge on the central axis of the tower; 
this structure acts as a light-trapping geometry [48] that reduces heat 

loss by radiation, which can be significant at the actual elevated working 
temperatures (above 700 ◦C). From a microscopic point of view, the 
absorber panels consist of compact structures [49], whose compactness 
is gradually increased as the fluid is heated; this characteristic enhances 
the heat transfer to the working fluid, and thus the absorber cooling, 
only in the most thermally stressed parts of the absorber panel (higher 
concentrated solar radiation flux and/or hotter working fluid), without 
over penalizing its pressure drop. Fig. 4 shows a schematic of the 
microchannel receiver previously described and designed in this work. 
The compact structure considered is of the plain rectangular fin type 
with quadrangular channels. The fluid design velocities are 15 m/s in 
pass 1 and 30 m/s in pass 2. The receiver material is Alloy 617, which is 
recommended for compact heat exchangers working at the operating 
temperatures of the solar receiver [49]. The thermofluid-dynamic 
properties of CO2 have been tabulated from the NIST database [50]. 

The solar subsystem consists of a circular heliostat field, which 
concentrates the solar radiation on the central receiver located at the top 
of the tower. The tower height has been determined according to the 
receiver’s thermal power [14]. Once the characteristics of the receiver 
and the tower are established, the heliostat field is designed using the 
SolarPilot software [51]. For this design, the default heliostat size and 
optical parameters from SolarPilot have been used. In order to perform a 
more accurate calculation at the design point, the heliostat field ob
tained in SolarPilot is exported to Soltrace [52]. The calculation in 
Soltrace is based on the probabilistic Monte Carlo ray tracing method. 
This method involves simulating the trajectories of a large number of 
random sun rays (107 in this case), resulting in high accuracy. However, 
it is important to note that this approach is time-consuming and can only 
be applied to simulate particular moments. In this way, solar flux maps 
on the absorber panels and the solar field’s optical efficiency, under 
design point conditions, are obtained using Soltrace. 

2.2. Main hypothesis 

The performance of the proposed system has been studied at the 
design point, established by maintaining constant inlet conditions of the 
air in the compressor of the gas turbine and of the cooling water in the 
condenser and precooler. ISO conditions [53] have been assumed for 
sizing purposes. The incoming working fluid temperature to the S-CO2 
compressor and the ORC pump has been kept constant while varying the 
cooling water mass flow rate. Under these fixed conditions, the solar 
contribution characterized by the δ parameter has been varied from 0 to 
100 %. Tables 1–4 show the boundary conditions at the different systems 
of the power plant. 

In the combustion chamber of the gas turbine, a complete combus
tion process is assumed to take place, considering methane as fuel. 
Pressure drops are neglected [54]. Once inlet and outlet conditions at 
FGT have been established, the pressure ratio and the mass flow rate are 
calculated and kept constant. 

In the S-CO2 system, the inlet temperature of the low-pressure 
streams to both HTR (points 8 and 12 in Fig. 1) is fixed, as well as the 
compressor inlet conditions and the compressor outlet pressure. 

The selected working fluid for the ORC is R600 (n-butane), based on 
its excellent environmental properties (low GWP and null ODP). The 
operating pressures are also appropriate as the condensation pressure at 
35 ◦C is 3.3 bar (above the atmospheric pressure) and the critical pres
sure is low, 39 bar. These characteristics allow for the design of a 
transcritical cycle at a moderately high pressure. Pressure drops are also 
neglected in this context [55]. 

2.3. Performance model 

As mentioned earlier, while the cooling water temperature and 
ambient conditions are assumed to be constant, the solar radiation 
changes, which is quantified using the flue-gases split fraction, δ. The 
variation in the solar radiation involves significant changes in the 

Table 13 
Design point conditions for the heliostat field.  

Location (latitude, longitude) Seville (37.4 N, 5.9 W) 
Day and hour 21st June, 12.00 solar hour 
Direct Normal Irradiation, DNI [W/m2] 950 
Ambient temperature [◦C] 25 
Effective sky temperature [◦C] 15 
Wind velocity [m/s] 2  

Table 14 
Heliostat field geometry and performance.  

Tower height [m] 108.21 
Number of heliostats 1346 
Optical efficiency [%] 77.31  
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conditions at the two HTRs, with a higher duty occurring in the S-HTR 
for a larger solar contribution, as opposed to the G-HTR. Similar varia
tions in conditions are observed at the HTHR and CRS of the S-CO2 
power cycle. Alternatively, nearly constant conditions can be observed 
at the LTR, PC and HLHX heat exchangers, as well as in the CO2 turbine 
and compressor. However, to be precise, slight variations can be ex
pected due to the adjustment of the mass flow rate to maintain a tem
perature of 700 ◦C at points 8 or 12 (Fig. 2). 

Compressors and pumps are assumed adiabatic and governed by Eq. 
(1), where w stands for specific work, h for enthalpy and η for isentropic 
efficiency. Subscripts i stands for “inlet”, o for “outlet”, c/p for 

“compressor/pump”, and s represents the state with the same entropy as 
the inlet and the same pressure as the outlet. Turbines are also assumed 
adiabatic and governed by Eq. (2), where subscript T stands for “tur
bine”, and the rest of notation is the same as in Eq. (1). 

An energy balance in the heat exchangers is described by Eq. (3), 
where ṁ stands for mass flow rate, Q̇ for heat power exchanged, and the 
subscripts h and c stands for “hot” and “cold” respectively. Regarding the 
flow splitters, α is determined by balancing the LTR, whereas δ is 
imposed by the solar contribution. 

Fig. 8. Temperature profiles at high (HTHR) and intermediate (ITHR) temperature flue gases sources: (a) solar contribution of 20%; (b) solar contribution of 80%.  
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wc/p =
ho,s − hi

ηc/p
(1)  

wT = ηc/p •
(
hi − ho,s

)
(2)  

Q̇ = ṁh • (hhi − hho) = ṁc • (hco − hci) (3) 

For the operation of the heat exchangers, that is, their performance 
when mass flow rates vary, the model of Patnode has been followed, 
along with the ε-NTU method [56]. The expressions have been taken 
from EES libraries [57], the simulation environment where the entire 
model has been implemented. Eq. (4) shows the relationship between 
the thermal conductance (UA) and the mass flow rates at design 
(subscript N) and off-design conditions. This model has been applied to 
the heat exchangers affected by the solar contributions: HTHR, G-HTR 
and S-HTR in the S-CO2 power cycle, G-REC in the gas turbine, and 
LTHR and O-REC in the ORC. Mass flow rates are nearly constant in the 
LTR, HLHX, and ITHR. Cooling water mass flow rates in the PC and 
COND vary to keep constant CO2 and R600 temperatures, with minimal 
variation in their duties. In future analyses, when the plant operates 
under off-design conditions, the air mass flow rate will vary according to 
the ambient temperature [53]. This variation can be assessed using the 
thermal conductance model, similar to how it is done at the design point 
with the solar contribution. 

UA
UAN

=

1
ṁ0.8

c,N
+ 1

ṁ0.8
h,N

1
ṁ0.8

c
+ 1

ṁ0.8
h

(4) 

Eqs. (5)–(7) calculate the net power of different systems: gas turbine 
(GT), Brayton supercritical CO2 (S-CO2) and ORC. Subscripts are 
defined in Fig. 2. Eq. (8) gives the combined cycle efficiency, taking into 
account the overall net power and the heat power input from both the 
combustion chamber (CCH) and the central receiver system (CRS). 
Finally, Eq. (9) gives the specific gas consumption of natural gas. 

ẆGT = ẆFGT − ẆAC (5)  

ẆS− CO2 = ẆT − ẆC − ẆITLP (6)  

ẆORC = ẆO− T − ẆO− P (7)  

ηCC =
ẆGT + ẆS− CO2 + ẆORC

Q̇CCH + Q̇CRS
(8)  

g =
ṁng

ẆGT + ẆS− CO2 + ẆORC
(9)  

3. Results 

3.1. Design point 

The design point used to size all the components, except for the gas 
turbine recuperator, assumes a solar contribution of zero (δ = 0). 
However, for the gas turbine recuperator, the condition is the opposite, 
and the maximum solar contribution (δ = 1) is set to achieve the 
maximum duty of this particular heat exchanger. The design point 
conditions for the gas turbine components are summarised in Tables 5 
and 6, while Tables 7–9 for each component of both bottoming cycles (S- 
CO2 and ORC). 

Fig. 5 shows the p-h diagram of the S-CO2 power cycle and Fig. 6 
represents the corresponding layout. To simplify the representation, 
parallel twin components (HTHR/CSR and G/S-HTR) have been 
condensed into single units. The main features of the S-CO2 power cycle 
can be observed. 

One notable feature is that the compressor’s energy consumption is 
significantly low compared to the turbine’s production (hardly 14 % of 
self-consumption). As mentioned, the compressor suction (1 in Fig. 6) is 
close to the critical point, resulting in a reduced specific volume. This 
behavior is represented in Fig. 5 by the nearly vertical compressor line 
(1–2). 

Another important aspect that can be observed is the balancing of the 
LTR through the use of different mass flow rates in each stream: line 
2–10 is longer than line 8–9 in Fig. 5, due to the higher specific heat and, 
consequently, lower mass flow rate being directed through it. 

In contrast to the traditional recompression layout (Fig. 3a), the 
auxiliary compressor in Fig. 5 is replaced by the heat input from the 
ITHR, which is transferred to the power cycle through the HLHX. The 
other novelty is the relocation of the high-temperature source (HTHR/ 
CSR) downstream of the turbine, resulting in the line 6–7 in Fig. 5. The 
fluid then returns through the line 7–8 to transfer heat in the G/S-HTR. 

The main geometrical parameters of the microchannel receiver are 

Fig. 9. Total CO2 mass flow rate at no-split streams in the S-CO2 power cycle.  
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summarized in Table 10. Both the number of converging absorber panels 
and their dimensions are the result of an optimisation process for exergy 
efficiency referred to the entire solar subsystem [22]. Fig. 7 shows the 
solar field layout and the heliostat efficiency calculated by SolarPilot 
and Table 11 lists the default geometrical and optical parameters 
considered by SolarPilot. Table 12 presents the thermo-hydraulic pa
rameters of the microchannel receiver. 

Seville has been selected as the location for sizing the solar field due 
to its favorable radiation conditions in Spain. Table 13 shows the design 
point conditions and Table 14 showcases the resulting heliostat field and 
its performance. However, it’s important to note that the dimensions 
provided for the receiver and solar field are for illustrative purposes 
only. These simulations were obtained based on the design mass flow 
rate of flue gases from the gas turbine, which generates 102,785 kW at 
HTHR. The solar field has been sized in Seville to deliver this thermal 
power under the conditions outlined in Table 13. In future analysis, 
when assessing annual operation, the sizes of both solar field and 

receiver will be used to determine the actual heat power supplied by the 
solar system in response to instantaneous solar radiation. 

3.2. Performance 

Fig. 8 shows the effect of the solar contribution on the HTHR and 
ITHR. Fig. 8a represents a scenario with a low solar contribution (δ = 20 
%), where 80 % of the mass flow rate passing through the turbine FGT is 
directed to the HTHR. This configuration allows the HTHR to operate 
close to its design point, resulting in an exchange of approximately 80 
MW of heat. Conversely, in Fig. 8b, with a high solar contribution (δ =
80 %), only 20 % of the mass flow rate crossing FGT is sent to the HTHR, 
leading to a reduced duty of 20 MW. The variation in the mass flow rate 
of the flue gases affects the thermal conductance, as described by Pat
node [56]. This is evident in Fig. 8, where the log mean temperature 
difference is similar in both cases, but the amount of heat exchanged 
differs. In the case of the ITHR, no significant changes are appreciated 

Fig. 10. (a) LTHR inlet and outlet temperatures; (b) energy conversion in the ORC.  
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between Fig. 8a and 8b because all the mass flow rate of flue gases is 
mixed upstream, resulting in similar conditions. This behaviour aligns 
with the expected result that the mass flow rate of CO2 remains nearly 
constant. Fig. 9 further confirms this, illustrating that the maximum 
variation in the mass flow rate of CO2 is less than 2.7 %. 

In relation to the ORC, Fig. 10a depicts the inlet and outlet temper
atures of n-butane and flue gases in the LTHR as a function of the solar 
contribution. There is a relatively low variation in temperature, with a 
slightly higher variability observed in the flue-gases inlet temperature. 
At a 50 % solar contribution, the flue-gases inlet temperature reaches a 
minimum of 310 ◦C, while at 0 % and 100 % solar contribution, it 
reaches 340 ◦C (where no mixture occurs at point g5m). The curves of 
the temperature profiles are nearly parallel, indicating that the pinch 
point in the LTHR remains relatively constant, ranging from 28.5 ◦C to 
30.2 ◦C. This behaviour is further demonstrated in Fig. 10b, where both 
the heat input and power output of the ORC are nearly constant. The 

efficiency of the ORC ranges between 18 % and 20 %, with the lowest 
efficiency occurring at 50 % solar contribution, corresponding to the 
minimum turbine inlet temperature. In order to avoid acid condensation 
in the stack, the ITHR has been sized to ensure a minimum flue-gases 
outlet temperature of 95 ◦C, as can be seen in Fig. 10a. 

Fig. 11 shows the power produced by each cycle as a function of the 
solar contribution. A flat behaviour is observed, with an overall power 
production of 180 MWe and a global efficiency of 57.2 %. The ORC 
contributes only 5 % to the total power output, whereas both Brayton 
cycles sum up the remaining 95 % (56 % from the gas turbine and 39 % 
from the S-CO2 cycle). Taking into account the low contribution of the 
ORC to the overall power output, alternative uses for the intermediate- 
grade heat available in the flue gases at the LTHR (approximately 320 ◦C 
to 100 ◦C, and about 50 MWth) might be considered, depending on the 
location of the power plant. One possibility is the direct utilization of 
this heat for other applications. Another possibility would be to store 

Fig. 11. Production of each power cycle and combined cycle efficiency.  

Fig. 12. Gas consumption and CO2 emissions.  
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this heat and use it during short peak periods to boost power production. 
Fig. 12 shows the performance associated with the natural gas. Its 

specific consumption decreases with the increase in solar contribution, 
although the system efficiency, as shown in Fig. 11, remains relatively 
constant. The efficiency depicted in Fig. 11 considers the overall heat 
input, including both natural gas and solar energy. The reduction in the 
consumption of natural gas leads to a decrease in carbon dioxide emis
sions. Without any solar contribution, the emissions are approximately 
346 g CO2/kWhe (126 g CH4/kWh are consumed), while with the 
maximum solar contribution, the emissions decrease to around 236 g 
CO2/kWhe (86 g CH4/kWhe are consumed). Thus, a maximum reduc
tion of 32 % in CO2 emissions (related to natural gas consumption) can 
be achieved. 

Fig. 12 might be surprising because even with full solar contribution, 
natural gas is consumed. This is due to the fact that the plant is an 
integration of a solar field with an advanced (S-CO2 instead of Rankine) 
combined cycle, with the gas turbine responsible for 56 % of the power 
output for any solar contribution under design conditions. The role of 
solar energy in this system is to reduce the gas consumption by 
enhancing the recuperative behaviour of the gas turbine when radiation 
increases. The role of natural gas is triple. Firstly, it reduces the size of 
the solar field (at maximum radiation, it produces 39 % of power 
output), contributing to the reduction of CAPEX. Secondly, it converts 
all solar radiation hours into equivalent hours, thus increasing the ca
pacity factor. Finally, natural gas allows electricity production when 
there is no solar radiation without the need for thermal energy storage, 
which avoids potential issues with these systems. 

4. Conclusions 

A recuperative gas turbine combined with a Brayton supercritical 
CO2 power cycle integrated with a central solar receiver system has been 
proposed. The solar contribution is integrated with flue gases from the 
gas turbine in order to obtain nearly constant power production at 
design conditions. This is achieved by employing a partially recuperated 
gas turbine, which enables the adjustment of the high-temperature flue 
gas mass flow rate supplied to the S-CO2 power cycle based on the solar 
contribution. When the solar contribution is low, a larger mass flow rate 
is directed to the S-CO2 power cycle, whereas a high solar contribution 
increases the duty of the gas turbine recuperator. 

In this system, an intermediate-temperature heat recovery process 
replaces the auxiliary compressor used in conventional recompression S- 
CO2 schemes. Additionally, an ORC power cycle is used to take 
advantage of the low-temperature flue gases. A novel allocation of the 
heat input to the S-CO2 cycle enables the use of conventional cross-flow 
heat exchangers with circular-finned tubes in the flue-gases stream, 
while CO2 serves as the heat transfer fluid in the solar receiver, thus 
constituting a direct cycle. 

The integration of the central receiver system with the gas turbine 
avoids oversizing the solar field, and a reduction in the LCOE of the plant 
is expected. As thermal energy storage is not used, potential issues 
associated with this system, resulting from the high turbine inlet tem
perature required to increase efficiency, are avoided. Compared to a 
conventional CSP system, partial recuperation converts all solar hours 
into equivalent hours, thus increasing the capacity factor (under design 
conditions). The performance of the system at the gas turbine’s design 
conditions has been assessed as a function of solar contribution. The 
overall power production of the system amounts to 180 MWe, achieving 
a global efficiency of 57.2 %. The ORC contributes only 5 % to the power 
output, whereas both Brayton cycles account for the remaining 95 % (56 
% from the gas turbine and 39 % from the S-CO2 cycle). The system 
significantly reduces CO2 emissions, up to 32 %, when the solar 
contribution reaches its maximum. Due to the relatively low contribu
tion of the ORC to the overall power production, the recovered heat at 
the LTHR (50 MWth) could be directly utilized by nearby industries or 
stored to enhance power production during peak demands. 

As the proposed system is an integrated solar combined cycle, the gas 
turbine is always in operation. Solar contribution reduces the gas con
sumption, with the maximum reduction occurring when power output is 
required in the absence of solar radiation (similar to the beahviour of a 
conventional combined cycle). In future work, annual performance will 
be obtained by considering actual variations in radiation and ambient 
temperature. In the current analysis, ambient conditions have been 
maintained constant (design conditions), while the recuperation in the 
gas turbine was varied. 
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