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Techno-Economic Analysis 
and Optimal Supercritical Carbon 
Dioxide Power Cycle 
Configuration for Novel 
Concentrating Solar Power Plants 
Adopting Tubular Fluidized 
Particles Central Receivers
Concentrating solar power (CSP) plants, thanks to the use of cost-competitive thermal 
energy storage, can provide back-up power guaranteeing a zero-emission alternative to 
conventional power plants and offer balancing services to the electrical grid. However, 2023 
average CSP levelized cost of electricity (0.117 $/kWh) is still remarkably higher than other 
renewable technologies. Next-generation solar towers are expected to employ novel 
receiver technologies to reach temperatures above 700 �C, leading to improved efficiency of 
the power block and competitive techno-economic performance. In this context, the Horizon 
Europe POWDER2POWER project aims to demonstrate at MW-scale the operation of 
innovative tubular receivers adopting fluidized particles reaching temperatures of 750 �C, 
while ensuring intraweek storage at reduced cost, increasing CSP competitiveness and its 
value for the grid. For these applications, the adoption of supercritical carbon dioxide 
(sCO2) power cycles is highly recommended thanks to their high efficiency, compactness of 
turbomachinery, and simple plant arrangement. This work aims to confirm the potential 
advantages of sCO2 power blocks for CSP plants based on fluidized particles. A numerical 
model is developed to calculate the system overall efficiency and the capital cost for different 
cycle configurations, to identify the optimal techno-economic solution which minimizes the 
plant specific cost. The model implements ad hoc routines for component sizing and uses 
referenced cost correlations for power block and solar field components. Results enable to 
select the optimal sCO2 cycle configuration and design parameters considering the tradeoff 
between solar-to-electricity efficiency and total investment cost of the plant.  
[DOI: 10.1115/1.4068464] 

1 Introduction

Concentrating solar power (CSP) plants, thanks to the use of cost- 
competitive thermal energy storage (TES), represent a zero- 
emission alternative to conventional power plants to provide both 
dispatchable and baseload generation. These systems could thus 
help to overcome the main limits of variable renewable energy 
sources, such as photovoltaic systems and wind turbines, related to 
their intrinsic unpredictability [1]. Furthermore, the application of 
TES to CSP plants can lead to a reduction in the levelized cost of 
electricity (LCOE), thanks to a decrease in the power block (PB) 

size, for a given solar field surface, and an increase in the equivalent 
hours [2].

Current state-of-the-art CSP plants adopt a central receiver and 
use solar salts (60% NaNO3–40% KNO3) both as heat transfer fluid 
(HTF) and storage medium in a direct two-tanks storage system. The 
PB consists of a conventional steam Rankine cycle and typical 
maximum temperatures are limited to around 565 �C to avoid solar 
salts decomposition [3]. Unfortunately, as the average LCOE of CSP 
for 2023 is equal to 0.117 $/kWh [4], this technology still faces some 
challenges in competing economically with other forms of 
electricity generation systems on the market. For this reason, 
academic and industrial research on CSP is pushing toward central 
receiver technologies able to reach higher temperatures, of at least 
700 �C, to achieve improved power block efficiencies (>50%) and 
to lower the LCOE below 0.06 $/kWh [5].
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While nitrate salts have been effectively demonstrated as HTF for 
maximum operating temperature around 565 �C (e.g., Crescent 
Dunes Solar Energy Project, Gemasolar), they are not suitable for 
higher operating temperatures due to decomposition [3], motivating 
the research of alternative carriers capable of withstanding and 
efficiently transferring heat at temperatures above 700 �C. Carbon
ate, chloride, or fluoride salts represent a potential alternative, yet 
their utilization introduces several challenges primarily related to 
severe corrosion issues, ultimately leading to increased equipment 
and maintenance expenditures [6].

Consequently, the concept of employing solid particle suspen
sions as HTF received attention thanks to their high specific heat 
capacity and their easy integration with hot and cold bulk storage 
systems. This solution does not feature rigid temperature con
straints, even if still limited by the maximum admissible wall 
temperature of the receiver tubes, and it is characterized by lower 
parasitic power losses, thanks to the mechanical or pneumatic 
conveying of solid particles [7]. Additionally, the adoption of 
particles as heat transfer medium eliminates the need for electric 
tracing of pipes, decreasing both the capital and operating costs of 
the CSP plant. This concept has been thoroughly investigated by the 
H2020 NEXT-CSP project [8], the main outcomes of which are the 
starting point of the Horizon Europe POWDER2POWER (P2P) 
project, which started in October 2023 and is dedicated to 
developing and demonstrating the fluidized particle-driven CSP 
concept at MW-scale for both power and industrial heat production. 
In the P2P project, the adoption of supercritical carbon dioxide 
(sCO2) Brayton cycles for the CSP plant power block would also be 
investigated. These power conversion systems are extensively 
researched from both academia and industry, mostly due to their 
high efficiency, compactness of turbomachinery, simple plant 
arrangement, no water consumption, high performance at part- 
load, and fast transients in operation [9–11]. This work considers 
different sCO2 cycles coupled to a solar tower CSP plant with a 

fluidized particle-driven receiver and a TES system. A numerical 
model is developed to assess the main design parameters, the solar- 
to-electricity efficiency, and the capital cost for different cycle 
configurations, with the aim of identifying the optimal techno- 
economic solutions.

2 Methodology and Scope of Work

The objective of this work is to carry out a preliminary techno- 
economic assessment of a 20 MWel nominal capacity plant based on 
the P2P concept. A qualitative plant layout scheme is proposed in 
Fig. 1, from which it is possible to recognize the different 
components that compose the P2P plant.

The fluidized particles CSP plant is designed considering the 
location of Seville (37.4 deg N, 5.9 deg W), in Spain, being one of 
the most promising sites in Europe as demonstrated from the 
numerous CSP projects here developed (e.g., the Gemasolar, the 
PS10, and the PS20 plants).

Due to the significant interactions among the different plant 
components, it is not possible to design them individually without 
considering the effects on the overall plant efficiency and invest
ment cost. For this reason, the methodology briefly outlined in Fig. 2 
has been followed.

First, the heliostat field is generated in SolarPILOT [12] and then 
exported to SolTrace [13], to produce the heat flux map on the 
receiver panels which is then provided as an input for the receiver 
thermal model. The thermal efficiency of the receiver is then 
obtained through numerical simulations carried out with a MATLAB 

thermal model for a wide range of fluidized particle inlet and outlet 
temperatures. On the other hand, the power block has been designed 
by means of a MATLAB þ REFPROP V10 model, considering four 
different cycle configurations (see Sec. 2.2), air-cooling with a 
design ambient temperature of 35 �C, and a fixed cycle power output 
of 20 MWel.

Fig. 1 POWDER2POWER plant scheme adopting a recompressed sCO2 power block 

Fig. 2 Flowchart of the methodology employed to design the overall P2P plant 
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For each cycle configuration, several design cases are obtained by 
parametrically varying the inlet and outlet CO2 temperature at the 
primary heat exchanger (PHE), while the cycle pressure levels and 
the split ratio are optimized at all times, as explained in detail in 
Sec. 2.2.

Along with the thermodynamic streams conditions, the power 
balances, and the cycle performances, also a preliminary estimate of 
the size and cost of the heat exchangers is computed, except for the 
primary heat exchanger as it requires the definition of the HTF 
temperature profile. The power block performance maps obtained 
for the different cycle configurations are then coupled to the solar 
field and receiver by optimizing the cold- and hot-end temperature 
difference of the primary heat exchanger, thus determining the inlet 
and outlet temperature of the HTF.

The objective function of this optimization is the specific 
investment cost of the plant ($/kWel), a figure of merit which allows 
to consider the tradeoff between the plant performance (influenced 
by the power block, the particle conveying system, the receiver, etc.) 
and the investment cost of the plant. The modeling of each plant 
subsection is described in detail in the next paragraphs.

2.1 Solar Field and Receiver. The solar field and receiver 
design is performed through the combined use of SolarPILOT and 
SolTrace. A semicylindrical cavity, for updraft fluidized particle 
receivers, is selected in this work according to Ref. [14]. The 
receiver is scaled up considering a solar multiple (SM) of 2.8 and 
first guess efficiencies for the power block and the receiver of 50% 
and 80%, respectively. In SolarPILOT, the solar field is designed 
considering a simplified rectangular target, tilted downwards by 

30 deg, with a size equal to the aperture of the cavity of the receiver 
(see Table 1).

All the thermal losses related to particles conveying and storage 
system are neglected, and they will be considered in future 
investigations of the technology. Consequently, the estimated 
power to the aperture is equal to 140 MW, concentrated on an 
aperture area of 48.8 m2 (7.8 m of height and 6.3 m of width).

The tower height is equal to 193 m, as for the Gemasolar plant, 
while the heliostat field adopts square mirrors (7 m� 7 m) with 
optical quality of 1.8 mrad as reported in Ref. [15]. All the main 
assumptions related to the design of the solar field, the receiver, and 
the thermal energy storage are reported in Table 1.

Description of the Solar Field Model. The solar field generated in 
SolarPILOT is then exported to SolTrace, where the detailed panels 
geometry (see Table 1) is inserted adding a subsequent optical stage. 
For simplicity, the internal walls of the cavity are not simulated, and 
all the radiation entering the cavity but missing the panels is assumed 
to be evenly reflected by the passive walls onto the receiver panels 
with a reflectivity of 0.78 [14].

Receiver geometry is retrieved from Ref. [14] and then scaled up 
proportionally to the required power, with the only difference being 
that the receiver panels inside the cavity are translated vertically to 
maximize the collected incident radiation. Since to keep the 
proportions the required height of the panels would be 11 m, which 
exceeds the tube height limit of 7 m given in Ref. [14], it is decided to 
split the absorbing surface in two 5.5 m high receivers one on top of 
the other (see Fig. 3).

The heat flux map on the panels is then provided as an input for the 
receiver thermal model.

Description of the Receiver Thermal Model. The receiver thermal 
model for tubular billboard receivers from Ref. [16], and based on 
tools presented in Ref. [17], is adopted and modified to consider the 
presence of the cavity.

Due to the high resulting wall temperatures in the receiver, 
Inconel 601 is selected as the material for the tubes. Accordingly, the 
maximum peak heat flux is limited to around 500 W/m2 [7]. The 
two-dimensional steady-state thermal model takes into account the 
effect of both radiative and convective losses. For simplicity, the 
effect of the cavity is considered only by multiplying the view factor 
between the tube and the ambient by the view factor between the 
whole receiver area and the aperture. Therefore, the radiative 
exchange with the reflective surfaces inside the cavity and other 
tubes, except the neighboring tube, is neglected. Convective losses 
are assumed to take place only from the surface of the tubes, and the 
convective heat transfer coefficient is assumed equal to 10 W/m2K, 
as recommended in Ref. [14]. The heat transfer coefficient between 
the fluidized particles and the receiver tubes has been assumed 
constant and equal to 1200 W/m2K [18], and the thermal 
conductivity of Inconel 601 has been assumed equal to 26.1 W/mK.

From the NEXT-CSP project experience, olivine has been 
selected as HTF and storage material for its thermal properties, its 
inert and widely available nature, and its reasonable cost [7].

Table 1 Assumptions for the solar field 

Parameter Value
Solar Field
Location Seville, Spain
Design point Solar noon, June 21st

Design direct normal irradiance, W/m2 970
Tower height, m 193
Heliostat size, m�m 7� 7
Heliostat reflectivity 0.92
Heliostat reflected image error, mrad 1.8
Aiming strategy Image size priority r¼ 1.5

Receiver
Impinging power on the aperture, MW 140
Horizontal acceptance angle, deg 120
Cavity aperture size, m�m 6.3� 7.8
Cavity tilt, deg 30
Number of receiver panels 5
Receiver panel size, m�m 6.1� 5.5

HTF and TES
Hours of storage, h 13
HTF and storage medium Olivine

Fig. 3 Fluidized particles cavity receiver geometry 
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2.2 Power Block Configurations and Modeling. The power 
block has been designed considering a power output equal to 
20 MWel including the air-cooling auxiliaries electrical consump
tion, while not considering the power required for the particles 
handling and conveying. As depicted in Fig. 2, this consumption will 
be included in the next step of the plant design as a result of the 
coupling of the power block to the solar field and receiver, which 
defines the particles mass flow rate and thus electric requirements for 
their handling and conveying. A MATLAB þ REFPROP V10 numerical 
model has been employed to calculate the efficiency and to 
preliminarily size the heat exchangers for four different sCO2 

Brayton cycle configurations: the recompressed cycle (RCC), the 
recompressed cycle with main compressor intercooling (RCIC), the 
recompressed cycle with high temperature recuperator (HTR) 
bypass (RCCB), and the partial cooling cycle (PCC). It has been 
decided to not include the simple recuperated cycle as its conversion 
efficiency for high temperature applications was too low to achieve 
to competitive solutions. A schematic of each cycle layout is 
depicted in Fig. 4. Recompressed cycle is generally considered the 
optimal configuration for high temperature applications thanks to its 
high conversion efficiency, obtained through an efficient internal 
recuperation process [19]. However, this characteristic leads to a 
high CO2 temperature at the inlet of the PHE, which limits its 
potential for CSP applications, as a higher return temperature of the 
HTF leads to higher thermal losses of the receiver and a larger size of 
the TES for the same nominal capacity. A possible solution to this 
issue is represented by a partial bypass of the HTR, where a fraction 
of the CO2 is split just before entering the HTR cold side (point 3 in 
Fig. 4(b)) and it is then heated up in the bypass heat exchanger (BHE) 
by further cooling the HTF (point 4b). The bypass stream is then 
mixed with the CO2 main flow at the HTR cold side outlet (point 4a) 
before entering the PHE (point 4). This solution allows to reduce the 
average temperature of heat introduction in the power cycles at the 
expense of an additional heat exchanger and a higher heat transfer 
surface in the HTR, as the heat capacities of the hot and cold streams 
become more similar [11,20].

Moreover, another difficulty related to the adoption of CO2 

supercritical cycles for CSP applications is related to the high 
ambient temperatures and water scarcity that characterize locations 
with a high direct normal irradiance. This aspect implies the 
adoption of air-cooled heat rejection units (HRUs) and relatively 
high compressor inlet temperatures of the cycle, leading to lower 
CO2 densities along the compression process and therefore to a 

higher compressor power consumption. Considering that the 
average ambient temperatures during summer in Seville are around 
35 �C, a minimum cycle temperature of 45 �C has been considered.

The RCIC and PCC configurations alleviate the problem thanks to 
a lower average compression temperature obtained by splitting the 
compression into two phases, among which an intercooling of the 
CO2 is placed. This feature also allows these configurations to have a 
lower temperature at compressor outlet, and thus, for the same level 
of internal heat recuperation, a lower temperature at PHE inlet, 
leading to the aforementioned advantages. All the mixing processes 
of the different configurations (see Fig. 4) have been set as 
isothermal by varying the CO2 mass flow rates sent to the secondary 
compressor or to the bypass heat exchanger, as this solution allows 
to minimize the mixing irreversibility and thus to optimize the cycle 
efficiency [21].

The assumed pressure drops (computed as percentage of the inlet 
pressure) are reported in Table 2. For the RCCB configuration, the 
pressure drop in the BHE is considered equal to that of the HTR cold 
side, so that an isothermobaric mixing of the two CO2 streams is 
assumed.

Constant values of isentropic efficiencies of the turbomachinery 
equal to 90% and 85% are set for the turbine and the compressors 
[22], respectively. An electrical motor efficiency equal to 97% is 
considered for each compressor, while the electrical generator 
efficiency of the turbine is set to 98.5%, as recommended in 
Ref. [22]. Pinch point temperature difference (DTpp) of the low 

Fig. 4 Schematic of the CSP sCO2-based plant configurations: (a) RCC, (b) RCCB, (c) RCIC, and (d) PCC 

Table 2 Assumption for the sCO2 power block 

Parameter Value

Net cycle power output, MWel 20
Minimum cycle temperature, �C 45
Maximum cycle allowable pressure, bar 250
Isentropic turbine efficiency 90%
Isentropic compressors efficiency 85%

LTR pinch point DT, �C 5
HTR pinch point DT, �C 5–75
PHE pressure drops 1%
HRU/IC pressure drops 1%
LTR/HTR hot side pressure drops 0.5%
LTR/HTR cold side pressure drops 0.1%

Motor/generator efficiencies 97%/98.5%
_Wel,HRU/ _QHRU, MWel/MWth 0.85%
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temperature recuperator (LTR) has been fixed to the assumed 
technological limit, equal to 5 �C, coherently with the results 
obtained in Ref. [23].

To finalize the power cycle design, it is necessary to define some 
additional parameters, namely:

� The cycle minimum pressure and the pressure ratio of the main 
compressor for the RCIC and PCC configurations. Those 
parameters have been optimized for each single design to 
maximize the cycle thermodynamic efficiency using an 
internal optimization routine based on the patternsearch 
algorithm [24].

� Due to the lack of investment cost correlations which consider 
the actual metal mass of the heat exchangers, which is function 
of the tube thicknesses, the maximum operating pressure of the 
cycle has been set to a technologically feasible value of 250 bar 
[23].

� The maximum temperature of the cycle and the HTR DTpp have 
been varied in a specific range by means of a parametric 
analysis with the aim of investigating different power block 
designs in terms of costs and cycle efficiency. Cycle maximum 
temperature has been varied between 600 �C and 740 �C, while 
the HTR DTpp has been varied between 5 �C and 75 �C. The 
higher the internal cycle recuperation (lower HTR DTpp), the 
higher the cycle efficiency but also the narrower the 
temperature range of heat introduction in the cycle.

It is thus possible to notice that, for a fixed HTF PHE inlet 
temperature, this aspect results in a lower temperature difference 
also for the HTF. As already mentioned, in a CSP plant, this aspect 
leads to a narrower temperature difference of the storage system and 
so to a larger inventory of storage medium and to a higher investment 
cost of the TES system. To address this aspect, a TES cost 
correlation is employed in this work as a function of the storage 
volumetric size and temperature, as explained in Sec. 2.3. 
Furthermore, the convective and radiative thermal losses of the 
receiver increase because the HTF average temperature is higher for 
a given maximum temperature. This aspect is considered in this 
work thanks to the receiver thermal model presented in Sec. 2.1.

The final output and objective function of the power block model 
is the net cycle efficiency computed as the ratio of the net power 
output of the sCO2-based power block and the thermal input to the 
cycle, as reported in Eq. (1). The HRU auxiliaries work related to the 
cooling air fan consumption ( _Wel,HRU) is computed as 0.85% of the 
thermal duty that must be rejected by the heat exchanger to the 
environment [24] 

gcycle ¼
_Wnet,cycle

_Qin,cycle

¼
_Wturb,el −

P
_Wcomp,el − _Wel,HRU

_Qin,cycle

(1) 

Parasitic consumption related to air compression for fluidization is 
neglected, as well as the thermal losses linked to the flow rate of 
fluidization air. Related to this last aspect, it must be noticed that 
these losses can be significantly mitigated by recirculating a portion 
of the fluidization air, as suggested in Ref. [7].

2.3 Techno-Economic Analysis. The cost correlations for 
each component of the power block are taken from Weiland et al. 
[25], apart for the PHE cost correlation which is taken from Ref. 
[26], considering the cost of a conventional Shell&Tube heat 
exchanger and applying a cost multiplier equal to 5 with respect to 
stainless steel [27] related to the adoption of nickel-based 
superalloys due to the high operating temperatures. For the solar 
field (heliostats, land occupation, and tower), the cost correlations 
adopted in System Advisor Model (SAM) [28] and already reported in 
Ref. [23] are used. It must be noted that the fluidized particle solar 
receiver is more difficult to design and operate than a molten salt 
receiver in certain aspects, such as the greater complexity moving 
particles through fluidization with respect to pumping a liquid. 
Conversely, it is less complex in other regards, notably the absence 

of corrosion or freezing concerns, even if erosion issues must be 
dealt with. Thus, due to the uncertainty related to the estimation of its 
cost, the same cost per receiver surface adopted in SAM for the molten 
salt technology has been adopted [28].

For the thermal energy storage, temperature-dependent area- 
specific cost correlation proposed in Ref. [29] has been employed. 
The total amount of olivine necessary to achieve 13 h of storage 
capacity is computed assuming a density of olivine equal to 
3300 kg/m3 and a specific heat capacity as a function of temperature 
as reported in Ref. [30]. An extra 10% particle mass is added to 
account for the amount in other components of the plants, as 
suggested in Ref. [31]. Then, considering a void faction of 0.52 [30] 
the total volumes of the hot and cold storage hoppers are computed. 
Finally, cylindrical hoppers are assumed with a height-to-internal 
diameter ratio of 2 [31], and the total insulated surface is computed 
for both the hot and the cold storage. A specific cost of olivine equal 
to 0.1 $/kg is then employed to account for the cost of HTF 
inventory. For the particle conveying, due to the lack of accurate 
literature correlations, the same cost correlation reported in Ref. [32] 
for the falling particle receiver technology has been considered.

Finally, contingencies and engineering, procurement, and con
struction costs are considered equal to 7% and 11%, respectively, of 
the direct capital costs [28], while a factor equal to 20% is considered 
for the balance of plant.

3 Results and Discussion

3.1 Solar Field and Receiver. The solar field layout and heat 
flux map obtained through the combined use of SolarPILOT and 
SolTrace are reported in Figs. 5 and 6. The solar field consists of 
4259 heliostats and has an average optical efficiency of 65.0%, 
largest loss being the “spillage” (reflected solar radiation not hitting 
the aperture due to manufacturing and tracking errors), as the size of 
the aperture is relatively small compared to the size of the receiver.

The thermal efficiency of the receiver grec obtained through the 
thermal model simulations is reported in Fig. 7. These results have 
been then used to obtain a polynomial interpolating function to 
define the receiver thermal efficiency, as reported in Eq. (2), where 
THTF,in and THTF,out are the HTF inlet and outlet temperatures, 
respectively, 

grec ¼ 0:9235 − 1:59� 10−5 � THTF,in − 4:45� 10−5 � THTF,out

− 2:01� 10−8 � T2
HTF,in − 1:14� 10−8 � THTF,in � THTF,out

(2) 

3.2 Power Block. All the results of the thermodynamic 
optimization are reported in Fig. 8, highlighting the comparable 

Fig. 5 Solar field layout and optical efficiency at design 
conditions
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cycle thermodynamic efficiencies obtained by the four configu
rations and thus the very similar thermal power input. The regions of 
admissible points do not cover the full range because the two 
parameters (maximum cycle temperature and HTR DTpp) are linked 
together: once the maximum cycle temperature is fixed and the HTR 
DTpp is selected in its variability range, the cycle minimum pressure 
is optimized resulting in a specific turbine outlet temperature and 
PHE inlet temperature (considering the range of HTR DTpp). Main 
differences are related to the RCCB configuration that, with respect 
to the other three configurations: (i) allows entering in the heat 
introduction heat exchanger (BHE) at much lower temperatures 
(low as 179 �C) thanks to the recuperator bypass, (ii) is optimized in 
performance for the minimum primary heat exchanger inlet 
temperature rather than for the maximum one, and in conclusion 
(iii) reaches maximum efficiency for a much larger temperature span 
in the heat introduction process (555 �C versus around 200 �C) thus 
potentially leading to lower cost of TES. It is worth highlighting that 
in case of RCCB the minimum temperature difference in the heat 
introduction process is at the BHE outlet–PHE inlet according to the 

different CO2 mass flow rates at cold side of the two heat exchangers. 
Thus, even if the bypass heat exchanger allows to improve the HTF 
cooling with respect to the RCC configuration, it is not possible to 
achieve HTF minimum temperatures close to the CO2 BHE inlet 
temperature due to the pinch point constraint at the BHE outlet–PHE 
inlet section. The best results are obtained by the RCIC 
configuration, with a net cycle efficiency of 50.25% for a maximum 
cycle temperature of 740 �C and a HTR DTpp of 5 �C (corresponding 
to a CO2 PHE inlet temperature of 556.8 �C), which slightly 
overtakes the performance of the RCC and RCCB configurations 
(49.52%). These results are then combined with the receiver 
efficiency map reported in Fig. 7 to obtain the overall solar-to- 
electricity efficiency gsun2el, defined as reported in Eq. (3), where gopt 

is the solar field optical efficiency and gaux,SF is the efficiency related 
to the auxiliaries consumption, namely, the particle conveying, 
which is computed adopting a 80% efficiency with respect to the 
mechanical power required for particle lifting [33] 

gsun2el ¼ gopt � grec � gcycle � gaux,SF (3) 

3.3 Techno-Economic Analysis. The information available 
from solar field and receiver analysis are eventually combined with 
those related to power plant design and performance to assess a 
preliminary techno-economic analysis. The parameter selected as 
figure of merit for this analysis is the plant specific cost in $/kWel, 
calculated as the sum of all the system costs (i.e., solar field, receiver, 
TES and solid particles handling devices, power block, and balance 
of plant) divided by the net plant electrical power equal to the 
difference between the net power delivered by the sCO2-based 
power block (always set to 20 MWel) and the power required by the 
particle handling systems (divided by the SM in order to account for 
the correct amount of solid displaced when the power plant operates 

Fig. 7 Receiver efficiency as function of the HTF inlet and outlet 
temperatures

Fig. 6 Receiver heat flux map at design conditions 

Fig. 8 Cycle efficiency of the different sCO2-based power blocks as function of the PHE (BHE for the RCCB) inlet and PHE outlet 

temperature. The solid lines for the RCCB configuration indicate the CO2 PHE inlet temperature. (a) RCC, (b) RCCB, (c) RCIC, and 
(d) PCC.

111007-6 / Vol. 147, NOVEMBER 2025                                                                                                  Transactions of the ASME 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/gasturbinespow

er/article-pdf/147/11/111007/7507944/gtp_147_11_111007.pdf by Politecnico D
i M

ilano user on 04 June 2025



at nominal condition). The plant specific cost has been preferred to 
the LCOE since the quantification of this latter index would require 
the knowledge of the annual energy yield. Considering that the SM 
and TES design number of hours is the same for all the investigated 
cases and that all the cycles adopt the same heat rejection unit type, 
the number of equivalent operating hours is expected to be similar 
for all the plants. For this reason, the analysis based on the specific 
plant cost should lead to similar conclusions with respect to a more 
detailed analysis in which the LCOE is used as figure of merit. The 
plant specific cost for each different design case is calculated with 
the procedure already presented in Sec. 2. First, the cost of each 
sCO2 PB component but the PHE (or BHEþPHE for RCCB 
configuration) is calculated adopting the correlations reported in 
Sec. 2.3. Results are depicted in Fig. 9, and it is possible to highlight 
that, not including the PHEþBHE, all the sCO2 cycle configurations 
show a comparable investment cost. An exception is represented by the 
RCCB cases characterized by a HTR DTpp of 5 �C, which have a capital 
cost appreciably higher than the other systems, due to exponential 
growth of the recuperators cost, in particular of the HTR, which design 
for this configuration is pinched on both the cold and hot side.

Primary Heat Exchanger Design and Definition of Heat Transfer 
Fluid Temperature Profile. Then, the PHE (or BHEþPHE for 
RCCB configuration) design is obtained through an optimization 
procedure that varies the heat exchanger cold- and hot-end 

temperature differences, thus defining the minimum and maximum 
temperature of the fluidized particles, in order to minimize the 
specific cost of the plant. For sake of simplicity, the PHE global heat 
transfer coefficient is considered constant and equal to 800 W/m2K 
[7]. The optimization always sets the maximum temperature of the 
HTF to the maximum value compatible with the receiver materials 
(750 �C), since reducing this parameter allows from one side to 
increase the receiver thermal efficiency (improvement is however 
very limited according to Fig. 7) but on the other one it translates into 
various penalizing effects such as higher TES cost, an increase of the 
fluidized particles mass flow rate, and a larger PHE surface. 
Differently, for a given thermodynamic cycle, the lower the 
minimum temperature of fluidized particles, the higher the heat 
exchanger surface and cost, while on the contrary the HTF mass flow 
rate reduces (leading to a particle conveying equipment cost and 
consumption reduction), the TES dimension and cost decreases, and 
the receiver thermal efficiency slightly increases. This last effect 
also impacts the size of the heliostat field which is scaled on the 
receiver incident power by keeping the same optical efficiency (i.e., 
minor variation in reflecting area and last mirror distance from 
receiver do not impact the solar field efficiency appreciably). The 
different trends of components costs and the impact of auxiliaries 
consumption on the net plant power output lead to a tradeoff analysis 
on plant specific cost.

Maps of specific cost are reported in Fig. 10: for each plant 
configuration, it is possible to note that the minimum specific cost is 
generally obtained for the plant that finds the best tradeoff between 
the need of minimizing the cost of the solar field and TES section 
without penalizing excessively the performance of the plant.

Figure 11 depicts the fluidized particles mass flow rate (dotted line 
on contour plot) and PHE outlet temperature (solid lines) for the 
different P2P plant designs as function of the CO2 PHE (BHE for the 
RCCB) inlet and PHE outlet temperature for the four different power 
block configurations. As already reported in previous studies [34], 
the PCC allows to obtain lower HTF temperatures at receiver inlet 
thanks to the greater pressure ratio of the turbine, which leads to 
lower temperature at turbine outlet and a limited internal 
recuperation with respect to configurations based on the recom
pressed cycle. As mentioned in Sec. 2.2, this aspect leads to higher 
receiver efficiency and lower costs of the storage. However, it must 
be noted that, as the thermal efficiency of this kind of receiver is less 
sensitive to HTF temperature variation than other technologies 
thanks to the presence of the cavity (which reduces both the radiative 
and convective losses), and the fact that the storage cost accounts for 
just for a small fraction of the plant investment cost, these two 
advantages are not actually leading to a significant improvement in 
the techno-economic performances of the plant, and all the cycle 
configurations are able to reach minimum values of the specific plant 
investment cost in the same range, namely, between 8450 and 8600 
$/kW.

Fig. 9 sCO2-based PB investment cost (not including the 

PHE1BHE)

Fig. 10 Specific plant cost in $/kWel of the different P2P plant designs as function of power block configuration, CO2 PHE (BHE for 
the RCCB) inlet and PHE outlet temperature: (a) RCC, (b) RCCB, (c) RCIC, and (d) PCC
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Main results for the minimum specific cost design cases for each 
of the four plant configurations are reported in Table 3. It is 
interesting to notice that the PCC, which is the cycle configuration 
achieving the lowest specific cost (8446.8 $/kW), is also the one 
featuring the lowest power block (41.26%) and sun-to-electricity 
efficiencies (23.05%), underlining another time the fact that there is 
no actual need to push to really high values the efficiency of the 
power block at the expense of increased investment costs. Table 4 
depicts the capital cost breakdown for the minimum specific cost 
design for each of the four plant configurations. It is possible to 
appreciate that the cost related to receiver, the tower, and the 
heliostat field is much larger than sCO2 power block related costs 
(PHE included).

Despite the lower efficiency, the PCC configuration is able to 
reach the minimum specific cost thanks to the lower TES and PB 
costs. The first is due to the lower HTF minimum temperature, as 
previously stated, while the second can be attributed to the lower 

CO2 mass flow rate and internal recuperation of the PCC 
configuration, which leads to lower costs of the recuperators.

It must be finally noted that, due to the intrinsic uncertainties 
associated with component cost correlations, it results evident that 
despite it is possible to identify an optimal PB configuration able to 
minimize the plant specific cost, the overall results tend to converge, 
making the different configurations comparable from a techno- 
economic perspective. Thus, the final selection criteria of the PB 
should also take into account further considerations, such as aspects 
related to layout complexity and part-load flexibility and 
performance.

4 Conclusions

In the present work, a preliminary techno-economic optimization 
of a solar power tower based on a fluidized particle receiver and a 
sCO2 power block has been performed. The results of the design and 
optimization of the plant subsections have been reported in the form 
of parametric performance maps, highlighting the strong tradeoff 

Table 3 Results for the optimal case for each different cycle 

configuration 

Parameter RCC RCCB RCIC PCC

CO2 Tin,PHE, �C 483.5 510.2 452.1 411.9
CO2 Tout,PHE, �C 680 680 700 700

CO2 Tin,BHE, �C — 207.52 — —
CO2 _m, kg/s 192.6 192.6 150.1 133.8

pmin, bar 93.88 93.88 66.75 56.03
pmax, bar 250 250 250 250
pint, bar — — 68.10 97.14
Particles Tin,PHE, �C 750 750 750 750

Particles Tout,PHE, �C 528.1 550.35 507.5 481.9
Particles Tout,BHE, �C — 519.3 — —
Particles _m, kg/s 161.2 155.0 144.8 135.6
_Wturb, MW 28.22 28.22 29.10 29.51
_Wmain comp, MW 6.72 6.72 5.15 4.51
_Wsec comp, MW 0.63 0.63 0.59 0.00
_Wprecomp, MW — — 2.45 4.06
_WHRU, kWel 227.7 227.7 220.1 234.0
_QPHE, MW 47.66 41.24 46.82 48.48
_QBHE, MW — 6.42 — —
_Qrec,thermal, MW 133.46 133.46 131.11 135.73
_Qrec,incident, MW 153.12 153.05 150.27 155.35
_Qsun, MW 235.56 235.45 231.17 239.01

gcycle, % 41.96 41.96 42.71 41.26
gopt, % 65.0 65.0 65.0 65.0
gaux,SF, % 98.09 98.17 98.29 98.40
grec, % 87.16 87.20 87.26 87.37
gsun2el, % 23.32 23.35 23.81 23.05

Table 4 Cost breakdown for the optimal case for each different 
cycle configuration 

Cost, M$ RCC RCCB RCIC PCC

Turbine 4.08 4.08 4.15 4.18
Main compressor 2.63 2.63 2.37 2.24
Secondary compressor 1.02 1.02 1.00 0.07

Precompressor — — 1.76 2.15
PHE 3.62 3.37 3.66 3.55
HRU 1.41 1.41 0.66 1.20
Inter/precooling — — 1.21 0.55
LTR 2.54 2.54 1.95 1.51
HTR 1.80 2.13 0.97 0.93

HTR bypass — 0.78 — —
Generator 0.68 0.68 0.69 0.69
Motors 1.57 1.57 2.06 1.94
Heliostats 30.84 30.83 30.27 31.29
Land 0.60 0.60 0.59 0.61
Site improvements 3.89 3.88 3.81 3.94
Receiver 34.95 34.95 34.95 34.95

Tower 25.97 25.97 25.97 25.97
Hot storage 2.11 2.06 1.97 1.88
Cold storage 1.90 1.85 1.77 1.69
Particles inventory 0.83 0.80 0.75 0.70
Particles conveying 0.40 0.40 0.40 0.41
Balance of plant 24.17 24.31 24.19 24.09

Contingencies 13.29 13.37 13.30 13.25
Engineering, procurement,  
and construction

8.46 8.51 8.47 8.43

Total, M$ 166.77 167.74 166.90 166.22
Specific cost, $/kW 8501.7 8544.6 8491.5 8446.8

Fig. 11 Optimal fluidized particles mass flow rate (dotted line, contour) and PHE outlet temperature (solid lines) of the different 

P2P plant designs as function of power block configuration, CO2 PHE (BHE for the RCCB) inlet and PHE outlet temperature: 
(a) RCC, (b) RCCB, (c) RCIC, and (d) PCC
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between plant investment cost and solar-to-electricity plant 
efficiency. The power block performances of four different cycle 
configurations are coupled to the solar field and receiver efficiencies 
by optimizing the design of the primary heat exchanger, namely, 
selecting the cold- and hot-end temperature difference of the 
component, and thus determining the inlet and outlet temperature of 
the HTF. The objective function of this optimization is the specific 
investment cost of the plant ($/kWel), a figure of merit which allows 
to consider the tradeoff between the plant performances (influenced 
by the power block, the conveying system, the receiver, etc.) and the 
economic competitiveness of the plant.

Of the four studied cycle configurations, the PCC showed the 
most promising results from a techno-economic point of view, as it 
reached the lowest plant specific cost with a value of 8446.8 $/kW, 
even if it is characterized by a lower solar-to-electricity efficiency, 
equal to 23.05%. The cost breakdown of this cycle configuration 
highlighted how the lower average temperature of heat introduction 
allows to decrease the storage cost, as well as the lower CO2 mass 
flow rate and internal recuperation of the PCC configuration lead to 
lower costs of the recuperators. Furthermore, the lower particle 
temperature at receiver inlet allows to achieve a slightly higher 
receiver thermal efficiency. Future improvements of this work will 
focus on a more detailed description of the radiative heat exchange 
model of the receiver cavity and on the use of a variable internal heat 
transfer coefficient for the fluidized particles in the receiver tubes: 
these modifications would allow a more accurate receiver thermal 
efficiency prediction. The analysis would also benefit from an 
improvement in the PHE model, which should be able to accurately 
compute the number of heat exchanger stages and to properly 
estimate the global heat transfer coefficient. Another future 
improvement will consist in the introduction of more accurate 
heat exchangers cost correlations considering their actual metal 
masses, to also optimize the cycle pressure levels. Moreover, the 
extension of the optimization routine with a detailed yearly 
simulation to compare the different options from an LCOE point 
of view is foreseen.

Acknowledgment

The current work has been developed for the POWDER2POWER 
project,2 which has received funding from the European Union’s 
Horizon Europe research and innovation programme under Grant 
Agreement No. 101122347.

This study was carried out within the NEST—Network 4 Energy 
Sustainable Transition (D.D. 1243 02/08/2022, PE00000021) and 
received funding under the National Recovery and Resilience Plan 
(NRRP), Mission 4 Component 2 Investment 1.3, funded from the 
European Union—NextGenerationEU. This paper reflects only the 
authors’ views and opinions, neither the European Union nor the 
European Commission can be considered responsible for them.

Funding Data

� European Union’s Horizon Europe research and innovation 
programme (Grant Agreement No. 101122347; Funder ID: 
10.13039/100004431).

� National Recovery and Resilience Plan (NRRP), Mission 4 
Component 2 Investment 1.3, funded from the European 
Union—NextGenerationEU (ID: PE0000021).

Data Availability Statement

The datasets generated and supporting the findings of this article 
are obtainable from the corresponding author upon reasonable 
request.

Nomenclature

BHE ¼ bypass heat exchanger 
CSP ¼ concentrating solar power 

HRU ¼ heat rejection unit 
HTF ¼ heat transfer fluid 
HTR ¼ high temperature recuperator 

LCOE ¼ levelized cost of electricity 
LTR ¼ low temperature recuperator 
MC ¼ main compressor 
PB ¼ power block 
PC ¼ precompressor 

PCC ¼ partial cooling cycle 
PHE ¼ primary heat exchanger 
P2P ¼ POWDER2POWER 

RCC ¼ recompressed cycle 
RCCB ¼ recompressed cycle with HTR bypass 
RCIC ¼ recompressed cycle with intercooling 

SAM ¼ System Advisor Model 
SC ¼ secondary compressor 

sCO2 ¼ supercritical carbon dioxide 
SM ¼ solar multiple 

TES ¼ thermal energy storage 
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