
Energy Conversion and Management 293 (2023) 117454

Available online 28 July 2023
0196-8904/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Advances in solar thermal power plants based on pressurised central 
receivers and supercritical power cycles 

M.J. Montes a,*, R. Guedez b, J.I. Linares c, M.A. Reyes-Belmonte d 

a E.T.S. Ingenieros Industriales - UNED, C/Juan del Rosal 12, 28040 Madrid, Spain 
b Department of Energy Technology, KTH Royal Institute of Technology, Brinellvägen 68, 100 44 Stockholm, Sweden 
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A B S T R A C T   

This work addresses the comparative thermo-economic study of different configurations of solar thermal power 
plants, based on supercritical power cycles and pressurised central receiver systems. For all the cases examined, 
two innovations are introduced in the solar subsystem, compared to other similar studies. Firstly, the heat 
transfer fluid in the receiver is either a pressurised gas or a supercritical fluid. Secondly, the receiver is composed 
of compact structures performing as absorber panels, arranged in a radial configuration. The investigation 
considers different supercritical CO2 recompression cycles of 50 MWe, including a novel proposal of a directly 
coupled cycle with heat input downstream of the turbine. Furthermore, the study evaluates different heat 
transfer fluids in the receiver, specifically CO2, N2, and He, concluding that the former is preferred due to its 
better thermal performance. 

The main results show that an increase in the receiver inlet pressure yields to a reduction in its size, favouring 
the thermal efficiency but penalising the optical efficiency of the solar field. Therefore, optimal working pres
sures may exist for each configuration, depending on the operating temperature. When comparing the optimal 
configurations, it is observed that the plant based on the intercooling cycle demonstrates the highest overall 
efficiency, reaching 32.05%. At last, an economic analysis is conducted to assess the viability of the identified 
optimal configurations. In this regard, the plant based on the partial-cooling cycle exhibits the lowest levelised 
cost of electricity at 0.15 $/kWh. This is primarily due to its lower investment cost. The innovative directly 
coupled cycle follows closely with a cost of 0.17 $/kWh, driven by its high electricity production resulting from 
its low self-consumption.   

1. Introduction 

The current context has highlighted the need to achieve a sustain
able, secure and competitive energy supply, independent of fossil fuels 
and based on several energy sources. Within this energy mix, Concen
trating Solar Power (CSP) can play a relevant role. According to IRENA 
[1], between 2010 and 2021, the Levelised Cost of Electricity (LCOE) of 
Solar Thermal Power Plants (STPPs) decreased by 68%, from 0.358 
$/kWhe to 0.114 $/kWhe. This was mainly due to lower total installed 
costs (down 64%), higher capacity factors (up 17%), a reduction in 
operating and maintenance costs (down 10%) and a reduction in the 
Weighted Average Capital Cost (WACC) (down 9%). It is important to 
note that the decrease in LCOE over the last decade has been mainly 

driven by a reduction in the investment and Operation and Maintenance 
(O&M) costs. While LCOE can be reduced by reducing costs, there is a 
second approach to make CSP competitive: increasing the total STPP 
efficiency. This is the path set out by the Gen3 CSP Roadmap [2], and in 
this line, the use of supercritical carbon dioxide (sCO2) cycles is a key 
element. 

1.1. Integration schemes based on solar central receiver systems coupled 
to sCO2 cycles 

The Gen3 CSP Roadmap proposes three different STPP configura
tions, all of them based on the coupling between a sCO2 cycle and a 
Central Receiver System (CRS) [2]. The differing element between the 
proposed schemes is the Heat Transfer Fluid (HTF) in the central 
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receiver, specifically molten salt, solid particles or gas [3]. For any of 
these options the solar receiver is indirectly coupled to the power cycle 
through a heat exchanger [4,5] between the HTF from the receiver and 
the sCO2 from the cycle. In addition to indirectly coupled schemes, there 
are studies that propose direct coupling between the solar receiver and 
the supercritical cycle [6,7], thus using sCO2 in the solar receiver. A brief 
description of the state-of-the-art for each of these four schemes is given 
in the next paragraph. 

The scheme of molten salt central receiver coupled to a sCO2 cycle, is 
the most studied, as it is the logical evolution of current commercial 
tower plants. In these plants, the molten salt also performs as storage 
fluid in the Thermal Energy Storage (TES) system, both in a direct two- 
tank or a thermocline configuration [8,9]. In order to improve the per
formance of the supercritical cycle, it is necessary to work at higher 
temperature than that of commercial STPPs, about 700 ◦C at the outlet 
of the solar receiver; hence, the use of advanced ternary salts is neces
sary [10]. 

The STPP based on a particle central receiver coupled to a sCO2 
cycle, is analysed in several works [11,12]. Regarding the solar receiver, 
there are two different concepts [13]: directly irradiated and indirectly 
irradiated. Direct particle receivers include free-falling, obstructed-flow, 
centrifugal and fluidised designs. Indirect particle receivers include 
gravity-driven flow in enclosures and fluidised flow in tubes. One of the 
key features of this scheme is the possibility of directly storing the 
particles in tanks, providing the plant with dispatchability [14]. And the 
main challenge for the technical feasibility of these plants is the devel
opment of a heat exchanger to transfer the thermal energy to the sCO2 in 
the cycle [15,16]. 

The global scheme consisted of a pressurised gas receiver coupled to 
a sCO2 cycle, has been extensively analysed in [17]. Regarding the 

storage system in this scheme, there are different proposals, being worth 
to highlight the works about the design and simulation model of a 
sensible Packed Bed Thermocline (PBT) for pressurised air [18,19]. 

At last, there are several studies on direct integration between the 
solar tower system and the power block, employing supercritical CO2 as 
working fluid in both systems. To achieve direct coupling, it is necessary 
to develop solar receivers and storage systems capable of withstanding 
high temperatures and pressures. There are already several designs and 
prototypes of solar receivers for supercritical fluids, as will be discussed 
in section 1.2. Regarding storage in the case of using a supercritical fluid 
in the solar field, an indirect molten salt TES is the most conventional 
storage option. However, there are also proposals [6,7] for a thermo
cline system based on a set of smaller individual vessels, to reduce the 
wall thickness. 

The work presented in this paper focuses on the schemes based on a 
pressurised gas or supercritical fluid in the central receiver system and a 
sCO2 cycle, considering both directly and indirectly coupled schemes, 
the last one shown in Fig. 1. This work has focused on the integration 
between the solar receiver and the power cycle in a stand-alone STPP, 
without including the TES. As the comparative analysis has been carried 
out at design conditions, the TES only introduces the solar field over
sizing, but no differences between the STPP configurations considered. 

In the next two sections of the introduction, an analysis of the state- 
of-the-art is conducted for the two main systems in the integration 
schemes being studied: the solar receiver and the power cycle. 

1.2. The solar central receiver for pressurised gases and supercritical 
fluids 

Pressurised gas solar receivers have been studied for decades [17]. 

Nomenclature 

Acronyms 
AEP Annual Electricity Production 
AC Auxiliary Compressor 
C Compressor 
CF Capacity Factor 
CHE Compact Heat Exchanger 
CRF Capital Recovery Factor 
CRS Central Receiver System 
CSP Concentrating Solar Power 
DNI Direct Normal Irradiation 
HTF Heat Transfer Fluid 
HTR High Temperature Recuperator 
HX Heat Exchanger 
LCOE Levelised Cost of Electricity 
LTR Low Temperature Recuperator 
MC Main Compressor 
NREL National Renewable Energy Laboratory 
O&M Operation and Maintenance 
OMC Operation and Maintenance Costs 
PBT Packed Bed Thermocline 
PEC Purchase Equipment Cost 
PCHE Printed Circuit Heat Exchanger 
PFHE Plate Fin Heat Exchanger 
PHE Plate Heat Exchanger 
sCO2 Supercritical Carbon Dioxide 
STPP Solar Thermal Power Plant 
T Turbine 
TCC Total Capital Cost 
TES Thermal Energy Storage 
TM Turbomachinery 

TRM Thermal Resistance Model 
WACC Weighted Average Capital Cost 

Latin letters 
CO2 Carbon Dioxide 
h Enthalpy (J kg− 1) 
He Helium 
m Mass flow rate (kg s− 1) 
N2 Nitrogen 
ΔP Pressure drop (Pa) 
P Pressure (Pa) 
Q̇ Thermal power (W) 
R Thermal resistance (K W− 1) / Ideal gas constant 

(J kg− 1 K− 1) 
T Temperature (K) 
v Velocity (m s− 1) 
Ẇ Electrical power (W) 

Greek Letters 
η Efficiency 
Δ Differential 
δ Angle (rad) 

Subscripts 
amb Ambient 
e Electrical 
LMTD Logarithmic Mean Temperature Difference 
opt Optical 
out Outlet 
s Sun 
th Thermal 
0 Reference  
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The most traditional concept is the tubular gas receiver, which has been 
improved to work with gaseous or supercritical fluids. These improve
ments include the use of multi-layered tubes consisting of Inconel and 
copper to enhance radial and circumferential heat transfer [20,21] or 
bladed configurations that perform as a light trapping to reduce heat 
losses, when working at high temperatures [22]. In addition to tubular 
designs, the microchannel receiver is a more recent concept that is being 
extensively studied for both pressurised gases and supercritical fluids. It 
offers the advantage of increasing the heat transfer area between the 
HTF and the irradiated receiver walls. 

This type of receiver is based on compact structures such as those 
used in Compact Heat Exchangers (CHEs) [23], basically Plate Heat 
Exchanger (PHE), Plate-Fin Heat Exchanger (PFHE), Printed Circuit 
Heat Exchanger (PCHE), the plates being diffusion bonded [24,25]. 
Within the technical literature, three designs based on this concept are 
highlighted. The first design was developed by the Oregon State Uni
versity and consisted of an array of modular microchannel cells [26]. 
The second design was a 3 MWth plain rectangular fin-type micro
channel receiver, arranged in a cavity configuration [27]. At last, the 
National Renewable Energy Laboratory (NREL) proposed a wavy fin 
microchannel receiver [28]. This design served as the basis for 
manufacturing a prototype in a cavity configuration. Additionally, a 
model for an external receiver was simulated based on this concept. 

The design adopted for this work is a microchannel receiver, in 
which the absorber panels consist of compact structures of increasing 
compactness, arranged in a radial configuration [29]. This design has 
been validated and analysed in [30,31], and it is depicted in Fig. 2, with 
the configuration and dimensions optimised for the thermal power and 
fluid working conditions (temperature and pressure) corresponding to 
the comparative study carried out in this work. The radial configuration 
presents three features that are very suitable for working with gaseous or 
supercritical fluids at high temperature: the prismatic cavities between 
two consecutive panels perform as macroscopic light trapping geome
tries, reducing the view factor and therefore the heat losses to the 
outside; the irradiated external surface area is larger compared to an 
external receiver of the same diameter and height; finally, the panels are 
irradiated on both sides. Regarding the increased compactness, the main 
advantage is improving heat transfer only in the areas with more chal
lenging boundary conditions (higher irradiation and/or hotter heat 
transfer fluid with worse thermal properties), without excessively 
penalising the pressure drop due to the use of smaller channels. 

1.3. Supercritical CO2 power cycles 

In line with Gen3 programme recommendations, supercritical CO2 
power cycles are adopted in this study, as they exhibit high thermal 
efficiency (around 50%) even when the turbine inlet temperature is 

moderate (around 700 ◦C). This is because supercritical CO2 conditions 
at the compressor inlet are close to the critical point (7.38 MPa, 31 ◦C), 
and thus, the CO2 density is high, so the required compression power is 
reduced [32]. 

A comparative study of different sCO2 cycles indirectly coupled to a 
molten salt central receiver system, is accomplished in [8]. In that study, 
several comparative parameters have been weighed, highlighting: the 
cycle efficiency; the complexity of the cycle, in terms of additional 
components compared to the most conventional one, the recompression 
cycle; and the temperature difference in the primary heat exchanger. For 
a target temperature of 700 ◦C at the solar receiver outlet, the inter
cooling cycle exhibits the highest efficiency, followed by the recom
pression cycle; the simplest layout is the recompression, while the most 
complex are the intercooling and the partial-cooling, with two extra 
compressors and an extra intercooler; at last, partial-cooling cycle pre
sents the largest temperature difference in the primary heat exchanger, 

Fig. 1. Scheme of STPP based on a pressurised gas or supercritical fluid in the central receiver system, indirectly coupled to a sCO2 cycle. T, Turbine; MC, Main 
Compressor; AC, Auxiliary Compressor; LTR, Low Temperature Recuperator; HTR, High Temperature Recuperator; PC, Pre-Cooler; PCHE, Printed Circuit 
Heat Exchanger. 

Fig. 2. Scheme of the microchannel central solar receiver analysed in 
this work. 
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which in turns reduce the molten salt inventory and the working tem
perature in the solar receiver, both effects enhancing the STPP perfor
mance. A more specific comparative analysis between the 
recompression and. 

partial-cooling sCO2 cycles is accomplished in [33]. This study 
concludes that, while the recompression cycle is less complex and it has 
higher efficiency, the STPP based on the partial-cooling cycle produces 
more annual electricity and presents lower investment costs because the 
larger temperature difference in the primary heat exchanger, which 
reduces both the storage tanks volume and the required pumping power, 
and it increases the receiver efficiency by a heat losses reduction. 

For this comparative study, four sCO2 cycles have been selected, all 
based on the recompression configuration: conventional recompression 
(Fig. 4a), intercooling (Fig. 5a) and. 

partial-cooling (Fig. 6a). Finally, for the direct coupling, a new sCO2 
recompression cycle layout is illustrated in Fig. 7a, in which the CO2 
pressure in the thermal supply side of the cycle is lower than the pres
sures in conventional recompression cycles (85 bar compared to 
200–250 bar). The possibility of solarising the sCO2 cycle at a lower 
pressure represents a significant advantage and a technical advancement 
for the feasibility of such configurations. This new layout has already 
been analysed in previous works [34] and it will be explained in detail in 
section 2. 

1.4. Paper scope and structure 

This work addresses the comparative thermo-economic study of 
different configurations of solar thermal power plants, based on super
critical power cycles and pressurised central receiver systems. To ach
ieve this objective, this manuscript is organised as follows. The 
methodology section presents all the simulation models used in this 
study, as well as the value of the main parameters characterising each 
element of the STPP, specifically the microchannel receiver, the sCO2 
cycles and the heliostat field. As the comparative study focused on 
nominal conditions, a TES system has not been included in the analysis. 
However, it is acknowledged that the inclusion of a TES is crucial for 

assessing the annual performance of the STPP. In the last point of the 
methodology, it is presented a description of the objective functions for 
the thermo-economic optimisation. In the results section, the outcomes 
of several analyses are presented. Firstly, the thermal performance 
optimisation is discussed in relation to the working fluid conditions in 
the receiver, specifically temperature and pressure. Secondly, it is 
examined the effect of different fluids on the thermal performance of the 
solar subsystem. Lastly, an economic analysis is conducted, which as
sesses the cost-effectiveness and viability of the studied configurations. 

2. Methodology 

2.1. Thermal model of the microchannel receiver 

As mentioned in the introduction, the selected microchannel receiver 
is arranged in a radial configuration of the absorber panels, each of them 
presents an increasing compactness of one pass compared to the previ
ous one, as shown in Fig. 2. 

The fluid flows through the absorber panel in two passes, entering 
through the bottom side of the panel, close to the outer perimeter of the 
tower, and exiting through the bottom side of the panel close to the 
tower axis. The compact geometry consists of a plain rectangular fin 
core, so the channels have a quadrangular section. The receiver material 
is Alloy 617, which is recommended for compact heat exchangers at the 
temperatures at which the solar receiver operates [24]. Table 1 shows 
the main geometrical parameters of the microchannel receiver, that 
have been optimised for the working temperature range required by the 
sCO2 power cycles [30,31]. In this way, the optimal number of absorber 
panels is eight and their dimensions depend on the HTF and its working 
conditions; in this work, three HTFs have been considered: CO2, N2 and 
He, although most of the comparative studies in the results section 
consider CO2 as the HTF, as the solar subsystem performance is better 
when using this fluid. It is also observed that the channel dimensions are 
reduced in pass 2 compared to pass 1, thus increasing compactness and 
fluid velocity. These values are the result of an optimisation analysis in 
the working range of the pressurised receivers considered in this work 

Fig. 3. Thermal resistance circuit to model the heat transfer in the compact structure of the absorber panel.  
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[30,31]. At last, intermediate plate thickness, frontal and back plate 
thickness, and fin thickness between channels are kept the same in both 
passes. These geometrical parameters are depicted in Fig. 3. 

The receiver thermal model is based on a Thermal Resistance Model 
(TRM) that characterises the fluid heating along the flow direction. To 
determine the heat loss, it is necessary to calculate the absorber external 
surface temperature, for which an additional model is needed to char
acterise the heat transfer through the panel thickness, between parallel 
channels rows. Both models have been implemented in Matlab [35], and 
they have been explained and validated in [36]. Fig. 3 shows schemat
ically the application of the two TRMs to characterise the receiver. 

2.2. Thermal model for the sCO2 power cycle 

As said in the introduction, four different sCO2 cycles have been 
selected, three of them for a indirectly coupling: conventional 

recompression, intercooling, and partial-cooling cycles; and the last one 
for a direct coupling: recompression sCO2 cycle with solar thermal 
power supply through the low-pressure side. These supercritical cycles 
are shown in Fig. 4, Fig. 5, Fig. 6 and Fig. 7, respectively, both the 
layouts and the temperature – entropy (T-s) diagrams. 

The four cycles are based on the recompression layout, so two 
compressors are included: the main compressor (MC), that supplies the 
most pressurised stream to the Low Temperature Recuperator (LTR); 
and the auxiliary compressor (AC), that connects to the High Temper
ature Recuperator (HTR). The partial-cooling and intercooling cycles 
differ from the conventional recompression cycle in that the main 
compressor is split into two (MC1 and MC2) with an intercooling be
tween them. The intercooling and the partial-cooling layouts present 
different AC inlet conditions as seen in Fig. 5a and Fig. 6a. This differ
ence yields to larger temperature increment of the sCO2 in the primary 
heat exchanger of the partial-cooling cycle, which is advisable for the 

Fig. 4. Supercritical CO2 recompression cycle, indirect coupling configuration. (a) Layout (b) T-s diagram.  
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STPPs, as explained in the introduction. At last, the intercooling cycle 
achieves a decrease in the compression work that yields to a higher 
thermal efficiency than the recompression and partial-cooling layouts. 

The three indirectly coupled cycles include a PCHE performing as the 
primary heat exchanger, located upstream the turbine (T), in the high- 
pressure side of the sCO2 cycle. The directly coupled cycle differs from 
the indirect ones in the position in which the solar thermal power is 
supplied; this is located downstream the turbine in the low-pressure side 
of the cycle where CO2 pressure is much lower than in a conventional 
recompression cycle (85 bar compared to 200 bar). 

For all the cycles, the power output has been set to 50 MWe, which is 
considered representative of a commercial plant based on this technol
ogy [37]. The maximum pressure drop of the sCO2 in the recuperators 
has been set at 0.4 bar [38]. The isentropic efficiencies of both the 
turbine and the compressors have been set at 92% and 88%, 

respectively, and the mass flow rate split between MC and AC has been 
set to balance the LTR [34]. Besides, all the cycles present a dry cooling 
by means of an air-cooled Pre-Cooler (PC). 

Table 2 shows the thermodynamic properties of the state points 
following the numbering marked in Fig. 4a (recompression), Fig. 5a 
(intercooling), Fig. 6a (partial-cooling) and Fig. 7a (recompression with 
thermal power supply through the low-pressure side). The fluid tem
peratures at the inlet / outlet of the solar thermal supply, both in the 
indirect and direct couplig, are marked in grey. 

The sCO2 thermodynamic properties have been tabulated from NIST 
database [39] in the working region of the receiver, for temperature 
steps below 0.4 ◦C and pressure steps equal to 0.05 bar. As observed in 
Table 2, the cold source temperature is set at 50 ◦C, which corresponds 
to dry-cooling. The numbers highlighted in grey represent the temper
atures of the supercritical CO2 at the inlet and outlet of the primary heat 

Fig. 5. Supercritical CO2 intercooling cycle, indirect coupling configuration. (a) Layout (b) T-s diagram.  
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exchanger for the indirectly coupled cycles. It is assumed that the inlet 
and outlet temperatures of the solar subsystem are 12 ◦C higher, 
considering a balanced heat exchanger [5]. In the case of the directly 
coupled cycle, the temperatures marked in grey directly represent the 
inlet and outlet temperatures of the solar subsystem. 

The main global parameters of each sCO2 cycle are summarised in 
Table 3. 

As observed in Table 3, the gross power is equal to 50 MWe for all 
cycles. This value represents the power supplied by the turbine minus 
the power consumed by all the compressors included in the cycle. The 
gross cycle efficiency is defined in Eq. (1) as the ratio between this power 
(Ẇcycle) and the solar thermal power (Q̇th,receiver), transferred to the CO2, 
directly from the microchannel solar receiver, or by means of the pri
mary heat exchanger in indirect coupling. 

ηgross,cycle =
Ẇcycle

Q̇th,receiver
=

ẆT − ẆC

Q̇th,receiver
(1) 

To calculate the net cycle efficiency, internal consumptions have 
been deducted, including the fan power in the precooler, the intercooler 
(in the case of cycles with partial-cooling or intercooling), as well as the 
power consumed by the blower that drives the CO2 through the solar 
subsystem. The power consumed by this blower depends on the pressure 
drop of the fluid through the receiver, and this value, in turn, depends on 
the working pressure in the solar loop. In the case of direct coupling, this 
pressure is fixed by the cycle, while in other cases, the power consumed 
by the blower has been calculated for the working pressure that opti
mises the exergy efficiency of both the heliostat field and receiver, as 
will be seen in the results section: 85 bar for conventional recom
pression; 65 bar for intercooling; and 55 bar for partial-cooling. The 
efficiency of this blower has been assumed to be 70%. Once the above 
values are defined, the net efficiency is calculated according to the 
following Eq. (2). 

Fig. 6. Supercritical CO2 partial-cooling cycle, indirect coupling configuration. (a) Layout (b) T-s diagram.  
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ηnet,cycle =
Ẇcycle − Ẇfans − Ẇblower

Q̇th,receiver
(2)  

2.3. Optical model for the solar field subsystem 

The heliostats are arranged in a circular solar field, and they 
concentrate the sunlight on the receiver located at the top of the tower. 
The tower height is calculated by means of the equation shown in 
Table 4, as function of the receiver thermal power [40]. It is important to 
note that, although the tower height is apparently small compared to 
current commercial plants, it is within the limits given in [41], and in 
accordance with the default heliostat size used by the SolarPilot 

software [42]. Based on the thermal power, the absorber panel di
mensions are also calculated, keeping the geometrical parameters listed 
in Table 1, which are optimal for the thermal power range and working 
conditions used in this comparative analysis [30,31]. 

The tower height, thermal power and receiver sizing, together with 
the design point conditions shown in Table 4, are introduced in Solar
Pilot to calculate the circular heliostat field. The heliostat characteristics 
as well as the optical errors are the default ones in SolarPilot, also shown 
in Table 4. This heliostat field is then exported to Soltrace software [43], 
to perform a Monte Carlo ray tracing and to calculate more accurately 
the optical efficiency and the solar flux map on each of the absorber 
panels. All calculations obtained refer to nominal conditions of the sCO2 

Fig. 7. Supercritical CO2 recompression cycle with solar thermal power supply through the low-pressure side, direct coupling configuration (Source: [30]). (a) 
Layout (b) T-s diagram. 
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cycle and the design point of the solar field. The number of heliostats 
depends on each specific case, and it has been calculated for each of the 
cases analysed in the results section. 

2.4. Description of the comparative analysis and objective functions for 
the thermo-economic optimisation 

The first objective of the comparative study was to analyse several 
working conditions of the heat transfer fluid (HTF) in the solar receiver, 
specifically focusing on CO2 for the initial analysis. The investigation 
aimed to assess the impact of CO2 pressure at the receiver inlet for the 
cycles with indirect coupling (recompression, intercooling, partial- 
cooling). The objective functions for this comparative analysis have 
been the energy and exergy efficiencies, including the heliostat field and 
the solar receiver, Eq. (3) and Eq. (4): 

ηen, solar field & receiver = ηopt⋅ηen, receiver (3)  

ηex, solar field & receiver = ηopt⋅ηex,receiver (4) 

Eqs. (3) and (4) include the heliostat field optical efficiency, ηopt, 
calculated by means of Soltrace [43], and the receiver energy and exergy 
efficiencies, calculated using the simulation model [25,26]. These 

efficiencies are given by Eq. (5) and Eq. (6), respectively. 

ηen,receiver =
Q̇th,HTF,receiver

Q̇solar,receiver
(5)  

ηex,receiver =
ΔExHTF,receiver

ΔExsolar,receiver
(6) 

In the above equations, Q̇th,HTF,receiver is the thermal gain of the HTF 
through the receiver, calculated by Eq. (7); ΔExHTF,receiver is the exergy 
gain of the HTF; as the HTF working conditions in the receiver are far 
enough from the critical point, ideal gas with constant specific heats 
behaviour is assumed, so the exergy gain is given by Eq. (8); Q̇solar,receiver is 
the concentrated solar radiation on the receiver, while ΔExsolar,receiver is 
the exergy of this incident solar radiation, calculated by Parrot equation 
[44], Eq. (9). 

Q̇th,HTF,receiver = ṁ
[

(hout − hin)+
1
2
(
v2

out − v2
in

)
]

(7)  

ΔExHTF,receiver = ṁ
[

Δh
(

1 −
Tamb

Tlm

)

+RTambln
(

Pout

Pin

)]

(8)  

ΔExsolar,receiver = Q̇solar,receiver⋅
[

1 −
4
3
⋅
T0

Ts
⋅(1 − cosδ)1/4

+
1
3

⋅
(

T0

Ts

) ]

(9) 

In the above equations, ṁ is the fluid mass flow through the receiver; 
h is the fluid enthalpy at the inlet / outlet of each receiver element; v is 
the fluid velocity at the inlet / outlet of each receiver element; Tamb is the 
ambient temperature; Tlm is the log mean fluid temperature at the inlet / 
outlet of each receiver element, defined as Tlm = Tin − Tout

ln(Tin/Tout )
; R is the ideal 

gas constant; P is the fluid pressure, evaluated at the inlet / outlet of each 
receiver element; T0 is the reference temperature, equal to the ambient 
temperature; Ts is the equivalent temperature of the sun as a blackbody 
(~5800 K); and δ is the half–angle of the cone subtended by the sun’s 
disc (δ ~ 0.0047 rad, on a clear day). 

In the study of each STPP using indirect coupling, it was determined 
the optimal CO2 pressure that maximises the performance of the sub
system including the solar field and the receiver. For each optimal case 
identified, the overall STPP efficiency was calculated and compared to 
the case of direct coupling, where the receiver input conditions were 
kept constant. The overall STPP efficiency is defined according to Eq. 
(10): 

ηoverall, STPP = ηopt⋅ηen, receiver⋅ηnet,cycle (10) 

Table 1 
Themo-fluid and geometrical parameters of the receiver.  

Global characteristics of the absorber panel 
Number of absorber panels 8 
Material Inconel 617 
Aspect Ratio 0.7 
Number of flow passes in the panel 2 
Compact structure Plain rectangular fin 
Channel shape Quadrangular 
Pass 1 
Channel dimensions in pass 1 (mm × mm) 12 × 12 
Number of channel rows in pass 1 6 
Plate thickness (mm) 1 
Frontal / back plate thickness (mm) 1.5 
Thickness between channels (mm) 3 
Average fluid velocity (m⋅s− 1) 15 
Pass 2 
Channel Dimensions (mm × mm) 5 × 5 
Number of channel rows 6 
Plate thickness (mm) 1 
Frontal / back plate thickness (mm) 1.5 
Thickness between channels (mm) 3 
Average fluid velocity (m⋅s− 1) 30  

Table 2 
Thermodynamic properties of the state points of each sCO2 cycle.  
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A second comparative study has been conducted to analyse the 
performance of different HTFs in the solar receiver, specifically focusing 
on CO2, N2 or He. In this analysis, the energy efficiency and exergy ef
ficiency, calculated using equations (3) and (4) respectively, have been 
considered as objective functions. 

At last, a comparative economic analysis has been conducted for 
each optimum indirectly coupled configuration – adopting the CO2 
pressure at the receiver inlet that maximises the exergy efficiency- and 
the directly coupled configuration. For this analysis, the Total Capital 
Cost (TCC) [45] and the Levelised Cost of Energy (LCOE) [46,47] of each 
STPP have been estimated. 

The LCOE is calculated by means of the investment cost and the 
annual electricity production of the STPP, using the following Eq. (11) 
and Eq. (12): 

LCOE =
CRF⋅TCC

AEP
+OMC (11)  

CRF =
WACC⋅(1 + WACC)n

(1 + WACC)n
− 1

(12) 

In Eq. (11), CRF (%) is the Capital Recovery Factor; TCC ($) is the 
total capital cost of the STPP (power cycle and solar subsystem); AEP 
(kWhe) is the Annual Electricity Production by the STPP, taking into 
account that stand-alone CSP plants operate with reduced capacity 
factors (CF), in the range of 22–28% [48,49]; OMC is the O&M costs per 
kWh, taken from [1,50]; by using directly OMC, it is assuming that the 
O&M nominal escalation rate is null and thus, the Constant Escalation 
Levelisation Factor (CELF) is equal to 1. Finally, in Eq. (12), WACC is the 
Weighted Average Capital Cost. 

3. Results and discussion 

3.1. Optimisation of the solar subsystem thermal performance as function 
of the working conditions of the CO2 at the inlet of the solar receiver. 

This first analysis is limited to STPP configurations with indirect 
coupling to a sCO2 cycle, specifically considering conventional recom
pression, intercooling, or partial-cooling options. The study does not 
encompass the direct coupling case since the working conditions in that 
configuration are imposed by the power cycle. However, a comparison 
between the direct coupling and the optimum of each of the other 
configurations is addressed at the end of this section. 

For each indirectly coupled configuration, the solar subsystem per
formance has been assessed, including both the optical efficiency of the 
heliostat field and the receiver energy and exergy efficiencies, as func
tion of the HTF working conditions in the solar receiver, yielding to the 
results shown in Fig. 8 (recompression), Fig. 9 (intercooling) and Fig. 10 
(partial-cooling). The HTF in the solar receiver is CO2, since, as will be 
demonstrated in section 3.2, it has good thermal properties in the 
working range of the pressurised receiver. The CO2 pressure at the solar 
receiver inlet has been evaluated, within 25 bar and 85 bar, as displayed 
on the abscissa axis in Fig. 8, Fig. 9, and Fig. 10. As the pressure in
creases, the absorber panel dimensions decrease, as shown in Table 5. 

The effect of CO2 temperature in the solar subsystem has been ana
lysed by coupling to the different sCO2 cycles described in section 2.2, 
and assuming that the primary heat exchanger between the solar sub
system and the power cycle is balanced with a temperature difference of. 

12 ◦C [5]. For these conditions, the thermal increment in the solar 
receiver can be estimated as follows: 557.6 ◦C to 700 ◦C for conventional 
recompression; 520 ◦C− 700 ◦C for intercooling; 494.8 ◦C to 700 ◦C for 
partial-cooling. That is, the average working temperature is highest for 
recompression (628.8 ◦C), followed by the intercooling (610 ◦C) and 
finally, partial-cooling (597.4 ◦C). This temperature has an important 
effect on the solar subsystem performance, as it is a key factor in 
achieving optimum energy and exergy efficiency; as can be seen in the 
previous figures, the maximum energy and exergy efficiencies occur for 
a CO2 pressure of 55 bar in the partial-cooling case (Fig. 10), 65 bar in 
the intercooling case (Fig. 9) and there is no maximum for conventional 
recompression case (Fig. 8), in the working pressure range analysed. 
This latter trend is caused because, as the operating temperature in
creases, the heat losses increase, being therefore the highest for the 
receiver coupled to the recompression cycle, as shown in Table 5; thus, 
for this latter configuration, the receiver size reduction as the pressure 
increases is always beneficial, even if the optical efficiency decreases. 

The effect of the solar receiver size for a given pressure is explained 
as follows: the absorber panel dimensions are slightly larger as the 
average CO2 temperature in the receiver increases; that is, for a given 
pressure, the receiver coupled to the recompression cycle is slightly 
larger than that coupled to the intercooling cycle, the smallest being that 
coupled to the partial-cooling cycle. This effect is explained because heat 
transfer is worse as the fluid temperature increases, so more surface area 
is needed to reach the target temperature of 700 ◦C. The receiver size 
affects the optical efficiency, which decreases as the dimensions of the 

Table 3 
Main global parameters of each sCO2 cycle.   

Recompression 
cycle 

Intercooling 
cycle 

Partial- 
cooling 
cycle 

Direct 
coupling 
cycle 

Cycle gross 
power (MWe) 

50 50 50 50 

Precooler fan 
power 
consumption 
(kWe) 

291.7 143.9 157.2 380.1 

Intercooling 
fan power 
consumption 
(kWe) 

– 127.1 148.1 – 

Solar 
subsystem 
blower power 
consumption 
(kWe) 

8463 6554 6780 – 

Source thermal 
power 
(MWth) 

101.031 97.35 103.36 116.45 

Cycle gross 
efficiency (%) 

49.49 51.36 48.37 42.94 

Cycle net 
efficiency (%) 

40.82 44.35 41.52 42.61  

Table 4 
Parameters for the heliostat field calculation. .  

Design point conditions 
Location (latitude, longitude) Seville (37.4 N, 5.9 W) 
Day and hour 21st March, solar noon 
Direct Normal Irradiation, DNI (W m− 2) 950 
Ambient temperature (◦C) 25 
Effective sky temperature (◦C) 15 
Wind velocity (m s− 1) 2 
Tower height 
Htower = 0.2552⋅Q̇th,receiver(MWth) + 82.6[40,41] 
Heliostat geometry and focusing 
Structure width (m) × height (m) 12.2 × 12.2 
N. of horizontal panels 2 
N. of vertical panels 8 
Optical error parameters 
Elevation pointing error (rad) 0 
Azimuth pointing error (rad) 0 
Surface slope error in X / Y (mrad) 1.53 
Reflected beam error in X / Y (mrad) 0.2 
Mirror performance parameters 
Reflective surface ratio 0.97 
Mirror reflectivity 0.95 
Soiling factor 0.95 

Source: [40,41,42] 
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absorber panel are reduced; therefore, the net decrease of the optical 
efficiency in the working pressure range considered is lower for the 
recompression case (Fig. 8) than for the intercooling or partial-cooling 
cases (Fig. 9 and. 

Fig. 10, respectively). The receiver size also affects its energy and 
exergy efficiency. The net increase of both efficiencies in the working 
pressure range considered is higher in case of higher working temper
ature (recompression case, Fig. 8), as the heat losses per unit area are 
also higher, therefore a reduction of the exposure area has a higher 
positive impact on the receiver thermal performance. 

Finally, Table 6 shows the values of the main parameters that define 
the performance of each of the optimal STPP configurations previously 
calculated, together with the configuration corresponding to the direct 
coupling to the sCO2 recompression cycle with thermal power supply 
through the low-pressure side. In this case, only one set of working 
conditions has been considered (receiver inlet pressure of 86.6 bar and a 
thermal increment between 510 ◦C and 700 ◦C in the receiver). 
Although it is possible to modify the operating conditions in the solar 
subsystem by incorporating new elements in the global scheme, any 

modification of these conditions will also affect the power cycle per
formance, which complicates the optimisation process and requires a 
more extensive study, beyond the scope of this work. 

As seen in Table 6, for the indirect coupling option and the working 
conditions previously indicated, the STPP with the highest overall effi
ciency is the one based on the intercooling sCO2 cycle, followed by the 
conventional recompression and, finally, the partial-cooling cycle. This 
is due to the intercooling cycle exhibiting the highest net efficiency 
among the indirectly coupled configurations. Additionally, the solar 
subsystem efficiency is also high in this case, primarily because of the 
low inlet temperature and the large temperature increment in the pri
mary heat exchanger. These values fall between those observed in the 
recompression and partial-cooling options. 

It is also important to note that the STPP based on the novel proposal 
of directly coupled recompression cycle is only comparable to the 
configuration based on the indirectly coupled conventional recom
pression cycle, resulting a better performance in the latter compared to 
the former because, although the cycle efficiency is higher in the direct 
coupling option, the solar subsystem performance is favoured by the 

Fig. 8. Optical and thermal performance of the solar subsystem coupled to the conventional recompression sCO2 cycle.  

Fig. 9. Optical and thermal performance of the solar subsystem coupled to the intercooling sCO2 cycle.  
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lower inlet temperature and larger temperature increment of the ther
mal supply in the indirect coupling option. For future works, the directly 
coupled cycle could also incorporate partial-cooling and intercooling, 
and these cases should be compared to the corresponding indirectly 
coupled configurations. 

3.2. Effect of the heat transfer fluid on the solar subsystem performance 

In the previous section, the HTF in the solar receiver has been 
assumed to be CO2. Nevertheless, the type of HTF has a great influence 
on the receiver sizing and, therefore, on the solar subsystem 

performance. This section aims to show this effect by performing a 
comparative analysis between CO2, N2 and He in the receiver, for each of 
the supercritical cycles with indirect coupling and each of the optimum 
pressures shown in section 3.1. The result of this comparison is shown in 
Table 7 and Fig. 11. 

Fig. 11 shows that the solar subsystem energy and exergy efficiency 
when using He is lower than with N2 and, in turn, N2 is lower than with 
CO2, all under the same working conditions of pressure and tempera
ture. The reason for this lower efficiency is the worse heat transfer 
properties of the He or N2, compared to CO2, which means that the 
receiver dimensions are slightly larger, all other conditions being equal, 

Fig. 10. Optical and thermal performance of the solar subsystem coupled to the partial-cooling sCO2 cycle.  

Table 5 

Panel dimensions, heat loss, pressure drop in the solar receiver indirectly coupled to each sCCRF =
WACC⋅(1 + WACC)n

(1 + WACC)n − 1 
O2 recompression layout, as function of the 

CO2 pressure at the solar receiver inlet.  

Inlet 
pressure 
(bar) 

Recompression Intercooling Patial-cooling 

Panel 
height (m) 

Panel 
width (m) 

Heat loss 
(kWth) 

ΔP 
(bar) 

Panel 
height (m) 

Panel 
width (m) 

Heat loss 
(kWth) 

ΔP 
(bar) 

Panel 
height 
(m) 

Panel 
width (m) 

Heat loss 
(kWth) 

ΔP 
(bar) 

25 20.80 14.86 7782.46 6.17 15.66 11.19 4886.52 4.68 14.45 10.32 4346.27 4.35 
35 14.84 10.60 4237.98 5.78 11.18 7.99 2638.79 4.39 10.32 7.37 2377.39 4.07 
45 11.54 8.24 2676.14 5.52 8.69 6.21 1707.96 4.19 8.00 5.72 1552.82 3.89 
55 9.43 6.74 1878.84 5.33 7.11 5.08 1231.77 4.05 6.55 4.68 1138.27 3.76 
65 7.97 5.69 1415.96 5.19 5.99 4.28 954.39 3.93 5.53 3.95 897.39 3.65 
75 6.91 4.93 1128.98 5.07 5.19 3.71 782.21 3.84 4.79 3.42 745.38 3.57 
85 6.10 4.36 934.95 4.98 4.57 3.26 664.79 3.77 4.22 3.02 644.33 3.49  

Table 6 
Main parameters defining the performance of the solar thermal power plants analysed, including directly coupled and indirectly coupled configurations.   

Direct coupling Indirect coupling  

Recompression with thermal supply in low pressure side Conventional recompression Intercooling Patial-cooling 

Receiver panel height (m)  6.71  6.1  5.99 6.55 
Receiver panel width (m)  4.79  4.36  4.28 4.68 
Receiver heat loss (kWth)  1103.79  934.95  954.39 1138.27 
Receiver pressure drop (bar)  5.85  4.98  3.93 3.76 
Heliostat field optical efficiency (%)  77.31  83.79  83.48 84.61 
Receiver energy efficiency (%)  86.93  87.16  86.56 85 
Receiver exergy efficiency (%)  55.12  55.56  54.6 53.84 
Cycle net efficiency (%)  42.61  40.82  44.35 41.52 
Overall STPP efficiency (%)  28.64  29.81  32.05 29.86  
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as shown in Table 7. These larger dimensions result in higher heat losses 
in the solar receiver using He, followed by N2 and, finally, CO2. 

The investment in the solar field is also higher in the case of using He 
or N2, compared to CO2, as the dimensions of the receiver are larger. 
Although it would be necessary to analyse the cost difference between 
HTFs, as well as other technological implications related to the opera
tion and maintenance, it seems a priori that the use of CO2 is more ad
vantageous than the other options. 

3.3. Economic analysis 

In this last section, a comparative economic analysis has been carried 
out for the STPP configurations with the highest exergy efficiency of the 
solar subsystem (calculated in section 3.1), as well as the case of direct 
coupling to a sCO2 recompression cycle with thermal power supply 
through the low-pressure side. For this purpose, it has been estimated 
the TCC and the LCOE of each configuration. 

The solar subsystem TCC has been estimated by means of the 
SolarPilot software and it mainly includes the total capital cost related to 
the tower, the receiver and the heliostat field. 

Table 8 shows the numerical values of the main parameters, for each 
STPP configuration. The cost calculation equations are based on a design 
parameter, namely: the tower height -calculated using equation shown 
in Table 4-, for the tower cost; the receiver absorber area -calculated by 
the panels height and width, in Table 5 and Table 6-, for the receiver; 
and the number of heliostats. 

-calculated directly using SolarPilot-, for the heliostat field. Although 
the tower height is kept almost constant, there are notable differences 
between the number of heliostats and the receiver area. Thus, the solar 
subsystem that exhibits the lowest investment cost is the one coupled to 
the intercooling cycle, due to the lowest values of receiver area and 
number of heliostats. 

The power cycle TCC has been calculated by means of the method
ology explained in ([4,30]). This calculation is referred to the primary 
heat exchanger, the turbomachinery, the recuperators (LTR and HTR) 
and the precooler. For each item in previous table, the total investment 
cost includes Purchase Equipment Cost (PEC), the share in pipes, 
instrumentation and control (118% of PEC) and indirect cost (25% of 
PEC), according to [44]. The values calculated are shown in Table 9. In 
this case, the cycle with lowest investment cost is the partial-cooling, 
followed by the intercooling, the direct coupling and finally, the 
recompression layout. In this case, the biggest difference is caused by the 
LTR and HTR recuperators, which are less voluminous in the cases of 
partial-cooling and intercooling. 

The LCOE for each optimised configuration is calculated using Eq. 
(10) and the values assumed and justified in section 2.4, as summarised 
in Table 10. 

The configuration with the lowest LCOE is the one with the lowest 
TCC, which in this case is the STPP based on the partial-cooling cycle. 
Although this configuration has a higher investment cost in the solar 
subsystem compared to the intercooling configuration, the power cycle 
investment cost is considerably lower compared to the others, which 
leads to a lower LCOE. The direct coupling configuration is the second, 
followed by the STPP based on the intercooling cycle and lastly, the 
STTP based on the recompression cycle. Although the directly coupled 

configuration incurs higher investment costs compared to the inter
cooling configuration, the levelised cost is lower due to the higher 
electricity production resulting from lower self-consumption (fans and 
blower). It is important to highlight that the directly coupled configu
ration does not require a blower in the solar loop, and the CO2 
compression is performed at a lower temperature compared to the op
tions with indirect coupling, so the electricity consumption is lower. 

To finish this section, it can be concluded that there are several 
factors that lead to a reduction of the investment costs in STPPs based on 
sCO2 cycle, both in the power block and in the tower system. Concerning 
the power cycle, configurations in which the number and volume of heat 
exchangers are reduced should be chosen, as the turbomachinery cost is 
similar; in this way, the direct coupling configuration has the advantage 
of not requiring the primary heat exchanger. In addition, a higher cycle 
efficiency yields to a lower thermal power required and thus to smaller 
receiver dimensions and number of heliostats. At last, lower average 
temperature in the primary heat exchanger yields to lower working 
temperature and heat losses in the solar receiver. Concerning the solar 
subsystem, it has been proven that working with HTF at high pressure is 
beneficial, as it reduces the receiver dimensions and the number of he
liostats, although there is an optimum pressure for which the exergy 
efficiency of the solar field is maximum. Beyond this pressure, the 
number of heliostats required increases, increasing the cost again. 

4. Conclusions 

This paper presents a comparative thermo-economic study of 
different STPP schemes based on sCO2 cycles and pressurised solar 
central receiver systems. The working fluid in the solar subsystem is a 
pressurised gas or a supercritical fluid; the receiver consists of absorber 
panels arranged in a radial configuration, and each panel consists of a 
compact geometry of plain rectangular fin type. This design has been 
validated and optimised in previous works. For the comparative study, 
different sCO2 layouts have been evaluated, both indirectly coupled 
(conventional recompression, intercooling and partial-cooling) and 
directly coupled to the solar subsystem (recompression cycle with 
thermal supply in the low pressure side). Three possible HTFs have been 
considered in the solar tower system: CO2, N2 and He. For the former, a 
comparative analysis has been conducted, calculating the energy and 
exergy efficiency of the solar subsystem as a function of the receiver inlet 
pressure. Finally, it has been carried out an economic analysis of the 
STPP configurations optimised in the previous study. The main con
clusions obtained from this study are summarised as follows: 

- The selection of the sCO2 cycle affects the overall thermal perfor
mance of the STPP. In this way, two factors have been identified that 
improve the performance of the plant: the power cycle efficiency, 
since, for the same electrical power, the higher the efficiency, the 
lower the thermal power required from the solar subsystem, which 
reduces its size and thus the total investment cost; the temperature 
increment in the primary heat exchanger, since it reduces the volume 
of pressurised gas (or supercritical fluid) and thus the solar receiver 
size, while lowering the working temperature in the solar receiver 
and, therefore, the heat losses. 

Table 7 
Panel dimensions, heat loss, pressure drop in the solar receiver indirectly coupled to each sCO2 cycle, as function of the heat transfer fluid in the solar subsystem (CO2, 
N2 or He).  

HTF Recompression (85 bar at the solar receiver inlet) Intercooling (65 bar at the solar receiver inlet) Patial-cooling (55 bar at the solar receiver inlet) 

Panel 
height (m) 

Panel 
width (m) 

Heat loss 
(kWth) 

ΔP 
(bar) 

Panel 
height (m) 

Panel 
width (m) 

Heat loss 
(kWth) 

ΔP 
(bar) 

Panel 
height (m) 

Panel 
width (m) 

Heat loss 
(kWth) 

ΔP 
(bar) 

CO2  6.097  4.355  934.948  4.982  5.991  4.279  954.395  3.935  6.549  4.678  1138.270  3.759 
N2  10.336  7.383  2204.406  5.680  10.111  7.222  2213.332  4.501  10.998  7.856  2655.515  4.305 
He  15.810  11.293  4535.667  1.921  15.434  11.024  4515.296  1.551  16.771  11.979  5450.463  1.498  
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Fig. 11. Optical and thermal performance of the solar subsystem indirectly coupled to each sCO2 cycle, as function of the heat transfer fluid in the receiver (CO2, N2 
or He) (a) Recompression (b) Intercooling (c) Partial-cooling. 
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- The comparison between cycles has been carried out in two different 
ways. On the one hand, the solar subsystem performance has been 
evaluated for all STPPs based on indirect coupling, depending on the 
working conditions of the fluid in the solar receiver. Afterwards, all 
the optimum configurations have been compared, resulting that the 
STPP based on the intercooling cycle is the one with the highest 
overall efficiency, due to the higher cycle efficiency and the thermal 
increment characteristics in the primary heat exchanger (large 
increment with relatively low inlet temperature) that improve the 
solar subsystem efficiency (smaller receiver dimensions and lower 
heat losses). On the other hand, the directly coupled recompression 
cycle corresponds to and should be compared to the indirectly 
coupled conventional recompression cycle. This comparison shows 
that the STPP with indirect coupling presents better efficiency, since, 
although the cycle net efficiency is lower, the solar subsystem effi
ciency is higher.  

- For the same working conditions (pressure and temperature), the 
type of HTF in the solar subsystem is also a weighty factor in the 
performance of the plant. In this way, it has been demonstrated that 
CO2 is preferred over N2 or He, as it has better heat transfer char
acteristics in the working conditions analysed, and therefore requires 
a smaller absorber surface in the receiver.  

- The HTF pressure at the inlet of the solar receiver also affects the 
overall thermal performance of the STPP. The solar receiver size 
decreases as the working pressure increases. This improves the 
receiver energy and exergy efficiencies, as it reduces the receiver 
dimensions and thus the heat losses and pressure drop; but it pe
nalises the optical efficiency, as the spillage losses increase. Both 
factors lead to an optimum working pressure, which depends on 
sCO2 cycle, as it determines the operating temperature in the solar 
receiver. The higher the temperature, and thus the higher the heat 
losses, the higher the optimum working pressure since, a reduced 
solar receiver size has a more significant effect on the reduction of 
heat losses.  

- The economic analysis also identifies several items that largely affect 
the investment cost. On the power block side, the cost of the turbo
machinery is very similar in all configurations, and the most 
important factor is the number and size of the heat exchangers in the 
cycle, mainly the recuperators, necessary in the recompression 
scheme, and the primary heat exchanger, included in the indirectly 
coupled configuration. On the solar field side, the tower height is 
similar for all the configurations, so the most important factors are 
the solar receiver size and the number of heliostats. In this sense, an 
increased pressure always favours a smaller solar field size, but an 
excessive working pressure yields to very small receiver dimensions, 
higher spillage loss and lower optical efficiency, thus increasing the 
number of heliostats.  

- Finally, the analysis conducted on the LCOE shows that while the 
initial investment significantly influences the final levelised cost, it is 
also impacted by the annual power production. In this regard, the 
STPP with the lowest LCOE is the configuration corresponding to the 
indirectly coupled partial-cooling cycle, primarily due to its lower 
investment cost. However, it is followed closely by the direct coupled 
configuration. This is because the direct coupled configuration has 

Table 8 
Summary of the fixed capital investments for the solar subsystem of each opti
mised solar thermal power plant, based on a sCO2 cycle.   

Recompresssion Intercooling Partial- 
cooling 

Direct 
coupling 

Design parameters 
Tower height (m) 108.373 107.450 103.420 108.210 
Receiver 

absorber area 
(m2) 

424.839 410.140 490.195 514.377 

Number of 
heliostats 

1243 1199 1264 1346 

Economic parameters 
Tower cost (Mio. 

$) 
10.209 10.103 10.281 10.190 

Receiver cost 
(Mio.$) 

20.618 20.116 22.790 23.571 

Site 
improvements 
cost (Mio. $) 

2.871 2.770 2.920 3.109 

Heliostat field 
cost (Mio. $) 

26.021 25.100 26.461 28.178 

Contingency cost 
(Mio. $) 

4.238 4.124 4.435 3.938 

Total direct cost 
(Mio. $) 

63.957 62.212 66.887 68.986 

Land cost (Mio. 
$) 

2.812 2.751 2.916 2.940 

Sales tax cost 
(Mio. $) 

2.703 2.631 2.828 2.526 

Total indirect 
cost (Mio. $) 

5.516 5.383 5.744 5.466 

Solar field TCC 
(Mio. $) 

69.472 67.595 72.631 74.452  

Table 9 
Summary of the fixed capital investments for the power cycle of each optimised 
solar thermal power plant, based on a sCO2 cycle.   

Recompresssion Intercooling Partial- 
cooling 

Direct 
coupling 

Primary heat 
exchanger (Mio. 
$)  

13.516 9.531 9.141 – 

Recuperators 
(LTR þ HTR) 
(Mio. $)  

56.4 33.9 20.7 59.125 

Precooler CO2/Air 
(Mio. $)  

6.8 11.2 11.8 10 

Turbomachinery 
(TM) (Mio. $)  

49.2 43 43 43.055 

Power cycle TCC 
(Mio. $)  

125.916 97.631 84.641 112.180  

Table 10 
Levelised cost of energy of each optimised solar thermal power plant, based on a 
sCO2 cycle.   

Recompresssion Intercooling Partial 
cooling 

Direct 
coupling 

Weighted 
Average 
Capital Cost 
(WACC) (%) 

8 8 8 8 

Economic 
lifetime (n) 
(years) 

30 30 30 30 

O&M costs per 
kWh (OMC) 
($/kWh) 

0.023 0.023 0.023 0.023 

Capital Recovery 
Factor (CRF) 
(year¡1) 

8.883 8.883 8.883 8.883 

Capacity factor 
(CF) (%) 

25 25 25 25 

Annual 
Electricity 
Production 
(AEP) (GWe) 

90.327 94.553 93.983 108.668 

Total Capital 
Cost (TCC) 
(Mio. $) 

195.388 165.226 157.272 186.632 

Levelised Cost of 
Energy (LCOE) 
($/kWhe) 

0.2151 0.1782 0.1506 0.1756  
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significantly lower self-consumption compared to the indirectly 
coupled configurations. This is caused by the absence of a blower in 
the solar loop and the CO2 compression being performed at a lower 
temperature. 

5. Future works 

There are many future research lines from this work, including: a 
more detailed analysis of each of the proposed schemes, considering the 
detailed engineering, pipe sizing, etc.; analysis of other schemes in the 
direct coupling option, including intercooling, partial-cooling or 
reheating, and their comparison with the corresponding indirectly 
coupled cycles; implementation of the thermal storage system in future 
schemes; design of the control system of the STPP; and finally, analysis 
of the transient and annual assessment based on typical year data at 
specific locations. 
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