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Abstract 14 

Solar power towers (SPTs) integrated with thermal energy storage are promising solutions for solar 15 

energy utilisation. Supercritical CO2 power cycles are acknowledged as an attractive option for dry-16 

cooling SPT plants. However, abundant low-grade waste heat exists in the SCO2 gas cooler, which is 17 

directly dissipated to the ambient. In order to further improve the performance of SCO2-based SPT 18 

plants, organic Rankine cycle (ORC) systems can be introduced as a bottoming cycle subsystem. In 19 

this paper, an ORC subsystem is added to four different SCO2 cycle layouts, i.e., recuperated (RE), 20 

recompression (RC), intercooling (IC), and partial cooling (PC) cycles, to form combined cycle 21 

systems for SPT applications. A parametric study reveals that the thermal efficiency of the power 22 

block (i.e., the whole power cycle system), and the salt temperature difference across the receiver are 23 

the determining factors of the thermo-economic performance of SPT-SCO2-ORC plants. Design 24 

optimisation and annual performance evaluations are implemented using actual weather data in 25 

Delingha, China. Compared to the SPT plant with a standalone recuperated SCO2 cycle system, the 26 

annual electricity generation is increased by 19% by integrating a bottoming ORC subsystem. The 27 

SPT-RC-ORC system produces the maximum electricity generation of 123 GW·h/year, while the 28 

SPT-RE-ORC system achieves the lowest levelised cost of electricity (LCOE) of 0.12 $/kW·h and 29 

the minimum payback time of 8.8 years. A wide range of solar irradiance conditions is further 30 

considered to generalise the performance evaluation of such combined cycle systems, with results 31 

showing that with the highest solar irradiance investigated (3700 sunshine hours, 1000 W/m2·h), the 32 

LCOE of the SPT-RE-ORC plant can be as low as 0.07 $/kW·h and the payback time is as short as 6 33 

years. This study investigates optimal SCO2-ORC configurations for SPT applications based on 34 

annual performance evaluations, and presents preliminary assessments of the thermo-economic 35 

potential of ushc SPT-SCO2-ORC plants across a variety of solar resource conditions. 36 
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Nomenclature 40 

A area, m2 

B cost coefficient of heat exchangers 

C cost, $ 

D diameter, m 

d discount rate, % 

E electricity output, kWh or MWh 

F correction pressure factor 

h enthalpy, J/(kg·K); heat transfer coefficient, W/(m2K) 

H height, m; hydraulic head, m 

i annual tax rate, % 

K cost coefficient of heat exchangers 

L length, m 

m mass flow rate, kg/s 

N number; rotation speed, rpm; plant life cycle, year 

Nu Nusselt number 

P working fluid pressure, Pa 

Pr Prandtl number 

Q heat flux, W 

R fouling resistance of heat exchanger, m2K/W 

Re Reynolds number 

T temperature, K 

t operating hour, h 

U total heat transfer coefficient, W/(m2K) 

v velocity, m/s 

W consumption power or output power, W 

x split mass ratio 

Y Stodola’s constant, 1/(m2s2K) 

T temperature difference, K 

Z component cost, $ 

  

Greek symbols 

ϕ mass flow coefficient, msK1/2 

 thermal conductivity, W/(mK) 

ɛ recuperator effectiveness; emissivity 

σ Stefan-Boltzmann constant 

 density, kg/m3 

τ annual plant operation hours, h 

  

Subscripts 

a, b, 1, 2, …, 13, 01, 02, …, 06 point numbers in the schematic diagram 

comp compressor 

cond condenser 

eva evaporator 

gen generator 

heli heliostat field 

in inlet 



lmtd log mean temperature difference 

max maximum value 

out outlet 

pb power block 

pp pinch point 

rec receiver 

ref reference year 

s isentropic 

th thermal 

tur turbine 

  

Acronyms 

CEPCI chemical engineering plant cost index 

CSP concentrated solar power 

DNI direct normal irradiation 

EPC  engineering and procurement cost 

HTR high-temperature recuperator 

IC intercooling SCO2 cycle 

LTR low temperature recuperator 

MC main SCO2 compressor 

ORC organic Rankine cycle 

O&M operating and maintenance cost 

PC partial-cooling cycle 

PCHE print circuit heat exchanger 

PEC purchase equipment cost 

PR pressure ratio 

RC recompression compressor and recompression SCO2 cycle 

RE recuperated SCO2 cycle 

SCO2 supercritical carbon dioxide 

SC SCO2 compressor 

SIC specific investment cost 

SPT solar power tower 

SRC steam Rankine cycle 

ST SCO2 turbine 

STHE shell and tube heat exchanger 

TCC total capital cost 

TES thermal energy storage 

TDC total direct cost 

TIC total indirect cost 

LCOE levelised cost of electricity, $/kW·h 

  41 



1. Introduction 42 

The world is planning to increase the use of renewables considering energy shortage and global 43 

warming issues, as well as the benefit from the continuous decrease in the costs of renewable energy 44 

technologies. According to the roadmaps to 2050 of the United States, the European Union, and China, 45 

the share of electricity generated from renewables will increase to 80% [1], 100% [2], and 80% [3], 46 

respectively. Solar energy can play a vital role in achieving these long-term strategic goals, of which 47 

photovoltaic (PV) and concentrated solar power (CSP) are two primary technologies. The former has 48 

the advantages of simplicity and relatively low capital costs [4], while CSP plants can provide 49 

dispatchable power via the integration of thermal energy storage (TES) systems [5]. Current CSP 50 

technologies are classified into four categories according to the optical types: parabolic trough, 51 

parabolic dish, linear Fresnel reflector, and solar power tower (SPT) [6], among which SPT 52 

technologies deliver the highest solar-to-electric efficiency and achieve the lowest nominal levelised 53 

cost of electricity (LCOE) [7]. Up to now, conventional steam Rankine cycle (SRC) systems have 54 

been adopted in SPT plants to generate electricity, which is a mature technology with a limited degree 55 

to further improve performance and reduce costs. Therefore, employing alternative power cycle 56 

systems is a key step to improving the market competitiveness for SPT plants. 57 

Supercritical CO2 (SCO2) provides higher temperature operability than steam and allows 58 

compact component and system structure thanks to the high density, and hence is regarded as a 59 

promising working fluid for power cycle systems. In the 1960s, Feher EG [8] and Angelino [9] initially 60 

proposed power cycle systems using SCO2. However, this technology attracted little attention over a 61 

long period due to the low technology readiness level. In 2004, Dostal proposed recompression SCO2 62 

Brayton cycle systems, which could avoid the pinch-point problem in recuperative heat exchangers, 63 

establishing the thermodynamic fundamentals of SCO2 cycle systems [10], which put SCO2 power 64 

cycle systems in the spotlight again. The advantages of SCO2 cycle systems for SPT applications can 65 

be concluded as follows: (1) CO2 shows “liquid-like” behaviour near the critical point (7.38 MPa, 66 

31 °C), which reduces the compression work drastically and leads to higher cycle efficiency [11]; (2) 67 

the high density of SCO2 working fluid offers advantages of much smaller equipment sizes than 68 

traditional steam Rankine cycle systems [12]; (3) the material costs of SCO2 cycle systems can be 69 

reduced due to the lower corrosiveness [13]; (4) SCO2 cycle systems can achieve high efficiency with 70 

dry-cooling and therefore can accommodate arid climate, which is vital for CSP systems located in 71 

droughty areas [14]. Consequently, SCO2 cycle systems are identified as an attractive option in next-72 

generation SPT plants, and further investigation is necessary to comprehensively understand this 73 

technology as well as the interaction with solar fields and thermal energy storage units. 74 

Various layouts of SCO2 Brayton cycle systems have been investigated in recent years, such as 75 



pre-compression, partial-cooling, preheating, intercooling and split expansion SCO2 cycle systems [15]. 76 

Crespi et al. [16] reviewed 42 standalone SCO2 system layouts and 38 combined system configurations 77 

for power generation, using thermo-economic performance as the indicator to select the most interesting 78 

cycle layouts for SCO2 power cycle systems coupled with TES in CSP applications [17]. Intercooling 79 

and partial-cooling SCO2 cycle systems have been proved to achieve cycle efficiency of over 50% for 80 

dry-cooling CSP plants [18]. Compared with recompression SCO2 cycle systems, partial-cooling SCO2 81 

cycle systems provided lower costs for recuperators and TES systems, which resulted in a lower 82 

LCOE [19]. Several authors tried to add certain dopants to the raw carbon dioxide in the above CO2 83 

cycle systems, also known as blended transcritical CO2 power cycle systems, to avoid efficiency 84 

degradation at high ambient temperatures [20]. Amongst these, Hexafluorobenzene (C6F6) and 85 

Titanium Tetrachloride (TiCl4) were numerically confirmed as suitable additives in the SCARABEUS 86 

project [21], which enabled thermal efficiency to exceed 50% at high environment temperatures. 87 

Although these SCO2 cycle systems demonstrate favourable performance in SPT applications, 88 

significant heat loss still exists in the gas cooler [22]. 89 

Adding a bottoming power cycle subsystem to the SCO2 cycle system to effectively utilise the 90 

low-grade waste heat can further improve thermal efficiency. Organic Rankine cycle (ORC) is 91 

considered a suitable choice due to its excellent performance for residual heat power generation [23]. 92 

Many researchers evaluated the thermo-economic performance of the combined SCO2-ORC power 93 

systems [24]. Specifically, ORC systems were added as a bottoming cycle subsystem for recuperated 94 

SCO2 cycle systems, recompression SCO2 cycle systems [22], partial-cooling SCO2 cycle systems 95 

[25], and intercooling SCO2 cycle systems [26]. The results showed that the combined cycle system 96 

provided a thermal efficiency increase of 2-13% compared to standalone SCO2 cycle systems. Adding 97 

ORC subsystems also enables flexible utilisations of multiple renewables. Song et al. performed 98 

thermo-economic assessments of various configurations of combined SCO2 cycle and ORC systems 99 

for hybrid solar and geothermal power generation, and the annual performance evaluation showed 100 

that the combined systems could achieve significant improvements, ranging from 22% to 45%, over 101 

the total electricity generation of the standalone SCO2 plant [27]. However, previous studies only 102 

focus on the thermodynamic and economic performance of SPT-SCO2-ORC plants at the design stage. 103 

This places a significant limitation on their results because such systems usually need to operate at 104 

off-design conditions. Annual direct normal irradiation (DNI) differs radically in different regions, 105 

and weather condition fluctuates during the daytime and determines the operating features of the 106 

power block. The heat input to the power block, heat storage capacity and power output are 107 

significantly influenced by DNI and air temperature variations. 108 

Moreover, previous research has mainly focused on the power block in CSP plants, while the 109 



interaction among the SPT, TES, and the power block is of interest and provides insights into such systems. 110 

It is noted that the plant efficiency is simultaneously affected by the optical field efficiency, receiver 111 

efficiency, and power block efficiency. In other words, each energy conversion process determines the 112 

overall thermodynamic performance of SPT systems. With respect to the economic performance, the 113 

capital cost of the heliostat field, which occupies 40-60% of the total investment cost of an SPT plant [28], 114 

is significantly affected by the thermal storage capacity and power block efficiency. Therefore, the object 115 

of this paper is to present an annual simulation for different SPT-SCO2-ORC systems using thermal 116 

storage. The main novelties of this paper include: (1) an integrated model capturing the heliostat field, 117 

solar receiver, TES, and power block is established to evaluate the overall thermo-economic performance 118 

from a holistic perspective; (2) an ORC subsystem is added to four different SCO2 cycle layouts, i.e., 119 

recuperated (RE), recompression (RC), intercooling (IC), and partial cooling (PC) configurations, to 120 

explore for the optimal combined cycle systems for SPT applications; and (3) real weather conditions and 121 

realistic off-design performance are considered to obtain accurate annual electricity generation. 122 

The work is organised as follows: four combined SCO2-ORC systems for SPT plants are 123 

proposed, along with comprehensive thermo-economic models, followed by a parametric study to 124 

investigate the interactive influence between the molten salt loop and power blocks. Afterwards, a 125 

case study, including design optimisation and annual performance evaluation, is performed based on 126 

the local weather data in Delingha, China. The performance of different SPT-SCO2 plants with and 127 

without ORC systems are compared, and the optimal power system configuration is obtained. 128 

Furthermore, a wide range of solar irradiance conditions is considered to assess the potential of 129 

exploiting the proposed SPT-SCO2-ORC plants in different global regions. 130 

 131 

2. System configurations 132 

The concentrated solar power plants considered in this study contain three major parts: the SPT, the 133 

TES, and the power block. The SPT subsystem consists of a heliostat field, a solar tower, and a molten 134 

salt receiver, as shown in Fig. 1. The TES subsystem is constituted of two molten salt thermal storage 135 

tanks (hot and cold) and ancillary facilities. The standalone SCO2 cycle systems or combined SCO2-136 

ORC systems work as the power block. 137 

Four SCO2 system layouts are investigated in this paper: the recuperated SCO2 cycle system (RE), 138 

the recompression SCO2 cycle system (RC), the intercooling SCO2 cycle system (IC), and the partial 139 

cooling SCO2 cycle system (PC). As shown in Fig. 2, the RE system configuration is derived from the 140 

simple Brayton cycle system by adding a recuperator to avoid discharging a large amount of energy to 141 

the ambient. However, a pinch-point problem caused by the significant difference in the heat capacity 142 

between the high-pressure and low-pressure SCO2 streams exists in the recuperator [10]. The RC system 143 



layout was proposed to mitigate this effect by dividing the recuperator into a high-temperature 144 

recuperator (HTR) and a low-temperature recuperator (LTR) [29]. Moreover, an additional compressor, 145 

i.e., the re-compressor, is included in the RC system, as shown in Fig. 3. Unlike the RE system 146 

configuration, a portion of the low-pressure working fluid CO2 bypasses the SCO2 cooler and is 147 

compressed by the re-compressor. This stream also bypasses the LTR after the compression process. 148 

This configuration provides a better match of heat capacity between the hot and cold streams of 149 

recuperators and effectively reduces the impacts of the pinch-point problem on cycle efficiency. 150 

Intercooling is a classical approach to decreasing the compression work of multi-stage 151 

compressors. It has been introduced into the recompression SCO2 cycle system to further improve 152 

system efficiency. As illustrated in Figs. 4 and 5, there are two technical routes to integrate the 153 

intercooling process: recompression with main compressor intercooling [30] and recompression with 154 

pre-cooling [10]; these two cycle systems are also called “IC” and “PC” systems, respectively. The 155 

PC system involves a cooler and pre-compressor before the flow splits to the RC system, while the 156 

IC system includes an intercooler in the main compression line. 157 

In order to achieve better performance for the power block, a bottoming ORC system is added to 158 

recover the heat rejected in the SCO2 cooler. The SCO2 and ORC subsystems are coupled via a shared 159 

heat exchanger. The heat recovery process occurs in the evaporator, and the condensed organic fluid 160 

turns into a vapour after absorbing the heat from the CO2 stream. In this work, the molten salt SPT and 161 

TES system are integrated with the four specific combined SCO2-ORC systems mentioned above, and 162 

the systems are named “STP-RE-ORC”, “STP-RC-ORC”, “STP-IC-ORC” and “STP-PC-ORC”, with 163 

schematic diagrams and corresponding T-s diagrams shown in Figs. 2, 3, 4, and 5, respectively. 164 

 165 
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 166 

Fig. 1. Schematic diagram of an SPT plant. 167 
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  (a)  (b) 169 

Fig. 2. (a) Schematic diagram of a RE-ORC power cycle system, and (b) corresponding T-s diagram. 170 
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  (a)  (b) 172 

Fig. 3. (a) Schematic diagram of a RC-ORC power cycle system, and (b) corresponding T-s diagram. 173 
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  (a)  (b) 175 

Fig. 4. (a) Schematic diagram of an IC-ORC power cycle system, and (b) corresponding T-s diagram. 176 
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  (a)  (b) 178 

Fig. 5. (a) Schematic diagram of a PC-ORC power cycle system, and (b) corresponding T-s diagram. 179 

 180 

3. Modelling methodology 181 

Based on the principal assumption that the whole system always works at steady states, in-house 182 

MATLAB models have been developed to analyse systems’ performance, with working fluid 183 

properties obtained from REFPROP 9.1. 184 

 185 

3.1 Solar field and molten salt loop 186 

The total solar energy reflected by the heliostat field is given by: 187 

 Q
heli,out

 = DNI · Aheli · Nheli · ηheli
 (1) 188 

where Qheli,out is the output solar energy of the heliostat field, DNI is the direct normal irradiance, Aheli 189 

represents the area of each heliostat, Nheli is the total number of heliostats, and ηheli is the optical 190 

efficiency of the heliostat field. 191 

The total energy collected by the receiver Qrec equals Qheli,out. The energy conservation equation 192 

of the solar receiver can be expressed as: 193 

 Q
rec,in

 = Q
rec,conv

 + Q
rec,rad

 + Q
rec,cond

 + Q
rec,ref

 + Q
rec,out

 (2) 194 

where Qrec,conv, Qrec,rad, Qrec,cond and Qrec,ref are the energy losses from convection, radiation, conduction, 195 

and reflection. The conductive loss Qrec,cond is neglected by assuming that the solar receiver has good 196 

thermal insulation. The solar receiver’s output energy Qrec,out equals to the total heat transferred to the 197 

molten salt, the thermal energy transferred by convection in the receiver tubes, and the heat transferred 198 

by thermal conduction through the tube wall, respectively. It can be calculated from: 199 



 Q
rec,out

 = msalt · (hsalt,hot − hsalt,cold) (3) 200 

 Q
rec,out

 = ksalt · Awall,in · (Twall,in − Tsalt,ave) (4) 201 

 Q
rec,out

 = 
2π · λtube · Awall,in· (Twall,out−Twall,in)

Di · ln(Do/Di)
 (5) 202 

where msalt is the mass flow rate of molten salt in the receiver, hsalt,hot and hsalt,cold represent the 203 

enthalpies of the molten salt at the outlet state and inlet state, ksalt is the convective heat transfer 204 

coefficient of the molten salt, Awall,in is the sum of the internal surface area of the tube wall, Twall,in and 205 

Twall,out is the temperatures at the internal and external surface of tube walls, Tsalt,ave represents the 206 

average temperature of molten salt, λtube is the heat conductivity coefficient of the tube, and Do and 207 

Di are the external and internal diameters of the receiver tube. 208 

The shape of the solar receiver is a cylinder. The overall convection loss Qrec,conv is expressed as: 209 

 Q
rec,conv

 = π · k · Hrec· Drec · (Twall,out − T∞) (6) 210 

where Hrec and Drec are the height and diameter of the receiver, T∞ is the ambient temperature, and k 211 

is the convective heat transfer coefficient, which can be calculated from [31]: 212 

 k = [kfc
3.2

 + knc
3.2

]

1

3.2 = [( λ · NuD  D⁄
rec

)
3.2

 + ( λ · NuH  Hrec⁄ )
3.2

]

1

3.2 (7) 213 

where kfc and knc are the forced and natural convective heat transfer coefficients. NuD and NuH are 214 

Nusselt numbers associated with different characteristic lengths, which can be calculated from [31]: 215 

 NuD = {
0.3 + 0.488 · ReD

0.5 · [1 + ( ReD 282000⁄ )
0.625

]
0.8

for ReD ≤ 3.7 × 10
5

0.53 · (0.00257 · ReD
0.98) + 0.47 · (0.0135 · ReD

0.89)      for 3.7 × 10
5
 < ReD < 10

7

0.0455 · ReD
0.81                                       for ReD ≥ 10

7

 (8) 216 

 NuH = 0.049 · π · Gr0.33 · (
Twall

T∞
)
-0.14

 (9) 217 

The reflection loss of the solar receiver is calculated from [32]: 218 

 Q
rec,ref

 = (1− αrec) · Q
rec,in

 (10) 219 

where αrec is the absorptivity of the receiver. 220 

The radiation loss of the solar receiver is calculated from [32]: 221 

 Q
rec,rad

 = εrec · σ · Arec · (Twall,out
4 − Tair

4 ) (11) 222 

where σ is the Stefan-Boltzmann constant, εrec is the receiver emissivity, and Arec is the total surface 223 



area of the solar receiver.  224 

The receiver efficiency is expressed as: 225 

 η
rec

 = 
Qrec,out

Qrec,in

 (12) 226 

The hot molten salt splits into two streams after absorbing heat in the solar receiver: one part drives 227 

the power system to generate electricity (Qps,in), and the redundant hot salt is stored in the tank (Qstorage).  228 

Thermal storage efficiency, which is the ratio of the amount of energy sent to the thermal storage unit 229 

and the amount of energy discharged to the steam generator for downstream use, is normally used to 230 

evaluate the thermal insulation effects. In practical applications, thermal storage efficiency in 231 

commercial plants can achieve 99.5% thanks to good thermal insulation [33], for example, the top and 232 

side surfaces of tanks can be insulated with mineral wool blankets overlaid with fibreglass boards, and 233 

foam glass insulation can be considered for the bottom. More technical details of insulated thermal 234 

storage systems can be found in Ref. [33]. In the present work, good thermal insulation is considered 235 

and the heat loss of the storage tanks is neglected, while the electricity generation can be easily re-236 

calculated if a certain thermal storage efficiency is considered, as the two values are linearly related. 237 

Therefore, the energy balance equation of the molten salt thermal storage subsystem is expressed as: 238 

 Q
storage

 = Q
rec,out

− Q
ps,in

 (13) 239 

 240 

3.2 Power block 241 

The steady-state thermodynamic models for the main components of the power block are developed 242 

based on the first law of thermodynamics, and the energy balance equations. Table 1 lists all 243 

thermodynamic balance equations for the combined RE-ORC system, in which the recuperated SCO2 244 

cycle (RE) is selected as the topping system. Detailed thermodynamic models of other combined power 245 

cycle systems are described in the Appendix.  246 

A simple ORC system works as the bottoming system in this work, with R245fa as the working 247 

fluid, which has been considered in ORC systems in extensive studies thanks to the good thermal 248 

performance [34], non-flammability and low leakage risks. The maximum operating pressure of R245fa 249 

is limited to 3470 kPa and 160 ºC to ensure operational safety [27]. 250 

 251 



Table 1. Thermodynamic models of the combined RE-ORC system. 252 

Component Thermodynamic balance equation 

SCO2 turbine Wtur,SCO2
 = m4 ∙ (h4 − h5), η

tur,SCO2
 = (h4 − h5) / (h4 − h5s) 

ORC turbine Wtur,ORC = m04 ∙ (h03 − h04), η
tur,ORC

 = (h03 − h04) / (h03 − h04s) 

SCO2 compressor η
SC 

= (h2s − h1) / (h2 − h1), WSC = m1 ∙ (h2 − h1) 

ORC pump η
pump

 = (h02s − h01) / (h02 − h01), Wpump = m01 ∙ (h02 − h01) 

Heater msalt,b ∙ (Tsalt,hot − Tsalt,cold) = m4 ∙ (h4 − h3) 

Recuperator h5 − h6 = h3 − h4 

Evaporator m6 ∙ (h6 − h7) = m02 ∙ (h03 − h02) 

SCO2-air cooler m1 ∙ (h7 − h1) = m10 ∙ (h11 − h10) 

Wfan,cooler = 0.5 ∙ m10 ∙ ΔPair ∙ (ρ10
− ρ

11
) / η

fan
 

Condenser m01 ∙ (h04 − h01) = m05 ∙ (h06 − h05) 

Wfan,cond = 0.5 ∙ m05 ∙ ΔPair ∙ (ρ05
− ρ

06
) / η

fan
 

 253 

3.3 Thermodynamic performance criteria 254 

The thermal efficiency is used to evaluate the thermodynamic performance of the power block and is 255 

defined as follows: 256 

 η
th

 = 
Wnet,total

Qheater

 = 
Wnet,total

msalt · (Tsalt,hot−Tsalt,cold)
 (14) 257 

where Qheater is the total energy input from the molten salt-SCO2 heat exchanger, and Wnet,total is the 258 

amount of electric power produced by the combined SCO2-ORC system, which is calculated from: 259 

 Wnet,total = WST + WBT −WMC − WRC − Wfan,cooler − Wfan,cond (15) 260 

The overall efficiency of the whole STP plant at the design condition is calculated from: 261 

 η
plant,design

 = η
heli

 · η
rec

 · η
th

 = 
Wnet,total + Qstorage · η

th

DNI · Aheli · Nheli · ηheli

 (16) 262 

where ηheli, ηrec, ηth are the efficiencies of the heliostat field, solar receiver and the power block. 263 

 264 

3.4 Economic performance criteria 265 

The costs of the solar field, TES and main components of the power block can be calculated using 266 

formulas listed in Table 2. 267 

 268 



Table 2. Cost formulas used for the main components of the SPT-SCO2-ORC plant. 269 

Component Cost formulas 
CEPCI (Reference 

year) [30] 

Heliostat field Zheli = 156 ∙ Aheli ∙ Nheli [36] 776.9 (2021) 

Power tower Ztower = 3 ∙ 106 ∙ e0.0113 ∙ htower [36] 

htower = 72.31 ∙ eAheli ∙ Nheli ∙ 8×10-7

  [36] 

776.9 (2021) 

Solar receiver Zreceiver = 1.03 ∙ 108 ∙ (Areceiver  ∕ 1571)
0.7

 [36] 776.9 (2021) 

TES ZTES = 22 ∙ [284 / (T
salt,hot

− Tsalt,cold)]  ∙ Q
storage

 ∙ tstorage [37] 776.9 (2021) 

Compressor Zcomp = 71.1 ∙ mcomp / (0.93 − η
comp

) ∙ PRcomp ∙ ln(PRcomp) [38] 381.7 (1996) 

Turbine Ztur = 479.3 ∙ mtur / (0.93 − η
tur

) ∙ ln(PRtur) ∙ (1 + e(0.036 ∙ Ttur,in−54.4)) [38] 381.7 (1996) 

Electrical 

generator 

Zgen = 60 ∙ Wtur
0.95 [39] 567.3 (2013) 

Cooling fan Zfan = 12400 ∙ (Wfan / 50)
0.76

 [40] 468.2 (2005) 

 270 

The module costing technique is adopted to estimate the costs of other components in the power 271 

block. The equations for the purchase costs of these components are given by: 272 

 Z = Z0 · Fbm (17) 273 

 lgZ0 = K1 + K2 · lgX + K3 · (lgX)
2
 (18) 274 

 lgFp = F1 + F2 · lgP + F3 · (lgP)
2
 (19) 275 

 Fbm = B1 + B2 · Fm · Fp (20) 276 

where Z0 represents the cost at the base condition, Fbm stands for the correction factor, and Fm and Fp 277 

are material and operation pressure correction factors, respectively. The other coefficients K1-K3, F1-278 

F3, B1, and B2 are listed in Table 3, and the reference year is 2001. 279 

The Chemical Engineering Plant Cost Index (CEPCI) updates the component cost. The 280 

relationship between the present capital cost and the reference cost is expressed as follows: 281 

 Zequip = Zequip,ref · 
CEPCI2021

CEPCIref
 (21) 282 

 283 



Table 3. Coefficients for purchase cost estimation of heat exchangers and pumps [41]. 284 

Coefficient Cooler and condenser Heater Evaporator Pump 

K1 4.0336 4.6656 4.3247 3.3892 

K2 0.2341 -0.1557 -0.303 0.0536 

K3 0.0497 0.1547 0.1634 0.1538 

F1 -0.1250 -0.1250 -0.0016 -0.3935 

F2 0.1536 0.1536 -0.00063 0.3957 

F3 -0.02861 -0.02861 0.0123 -0.00226 

B1 0.96 0.96 1.63 1.89 

B2 1.21 1.21 1.66 1.35 

Fm 1 3.5 1 1.6 

 285 

The total capital cost or total installed cost (TCC) of the SPT plant can be calculated by functions 286 

listed in Table 4. 287 

 288 

Table 4. Total capital cost (TCC) functions. 289 

Cost Subitem Equations 

Purchase equipment cost 

(PEC) 

Solar field PECfield = Zheli + Ztower + Zreceiver 

TES PECTES = ZTES 

SCO2 system PECSCO2
 = Zheater + ZST + ZSC + ZHTR + ZLTR + Zcooler  

ORC system PECORC = ZEVA + ZBT + Zpump + Zcondenser  

Subtotal PECtotal = PECfield + PECTES + PECSCO2
 + PECORC 

Contingency cost / Costcontin = 0.07 · PECtotal [36] 

Total direct cost (TDC) / TDC = PECtotal + Costcontin 

Total indirect costs (TIC) Land cost Costland = 2.471 · Aland = 2.471 · Aheli · Nheli / φ [36] 

EPC and owner cost CostE&o = 0.13 · TDC [36] 

Sales tax Costtax = 0.8 · TDC · rtax [36] 

Subtotal TIC = Costland + CostE&o + Costtax 

Total capital cost (TCC) / TCC = TDC + TIC 

 290 

The total specific investment cost (SICtotal) of a SPT-SCO2-ORC plant is calculated from: 291 

 SICtotal = 
PEC

Wnet,total
 (22) 292 



The annual operating and maintenance (O&M) cost is given by: 293 

 CostO&M = cO&M · Wnet,total (23) 294 

where cO&M is the annual operating and maintenance cost per unit of power and Wnet,total is the total 295 

output power. 296 

The levelised cost of electricity (LCOE) is chosen as the economic performance indicator to 297 

compare different configurations of the SPT-SCO2-ORC plant from an economic point of view, 298 

and it is calculated from [8]: 299 

  LCOE = [TCC + ∑
CostO&M · (1 + if)

n-1

(1 + id)
n

N
n=1 ]  ∑

AEG

(1 + id)
n

N
n=1⁄  (24) 300 

 AEG = 3600 · Wnet,total · τ (25) 301 

where AEG is the annual electricity generation, τ is the annual full-load operating hour, and the plant 302 

life cycle N is set to 25 years [42]; the inflation rate if is assumed to be 2.5% [43], and the discount 303 

rate id is taken as 5% [44]. 304 

The payback time (PBT) of the power plant is given by [44]: 305 

 PBT = ln[
TCC⋅(if−id)

Cel
 + 1]   ln[

(1 + if)

(1 + id)
]⁄  (26) 306 

where the electricity purchase price Cel is set to 0.19 $/kW·h [45]. 307 

 308 

3.5 Model validation 309 

In order to validate the solar receiver model, simulation results of receiver efficiencies are compared to 310 

those from Ref. [32]. The input parameters are listed in Table 5, and the comparison results are shown 311 

in Fig. 7. It can be seen that the deviations between this work and the reference are less than 3% in the 312 

hourly simulation. The good agreements with the reference results indicate that the developed model is 313 

reliable in predicting the receiver performance. The SAM software [36], which specialises in SPT 314 

modelling, is used to obtain the heliostat field layout and efficiencies. Validation of the combined SCO2-315 

ORC model can be found in the authors’ previous work [22]. A recompression SCO2 cycle system with 316 

a simple ORC system, using five organic working fluids (Isobutane, R123, R114, R141b, RC318), is 317 

investigated under different pressures and evaporating temperatures. The power output and thermal 318 

efficiency calculated from our self-built models were compared with the performance indicators from 319 

Ref. [38]. The deviations were within 0.1% under the same operating parameters and organic working 320 

fluids, which indicates our model is accurate and sufficient for the simulation in this work. 321 



Table 5. Input parameters for model validation of solar receiver [32]. 322 

Parameters Values 

Number of effective heliostats, Nheli 4946 

Heliostat area, Aheli 144 m2 

Receiver diameter, Drec 15 m 

Receiver height, Hrec 19.5 m 

Number of panels, Npanel 28 

Number of tubes per panel, Ntube 40 

Number of the flow path, Npath 2 

Tube external diameter, Do 42 mm 

Tube internal diameter, Di 40.4 mm 

Receiver absorptivity, αrec 0.94 

Receiver emissivity, εrec 0.85 

 323 

 324 

Fig. 7. Comparison of solar receiver efficiency predicted by the developed model with data reported 325 

in Ref. [32]. 326 

 327 

4. Parametric analysis 328 

Based on the above mathematic models, parameter analysis is performed for the solar field, TES and 329 

power block. In this section, we investigate the effects of the key parameters, i.e., salt temperatures, 330 

SCO2 operating pressures and ORC evaporating pressure, on the systems’ thermodynamic and 331 

economic performance. The rated output power of the integrated SPT plants is 20 MWe, which 332 

corresponds to a typical medium-scale solar power plant. A DNI of 850 W/m2 and an environment 333 

temperature of 25°C are considered design conditions. The solar multiple, which is defined as the 334 
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ratio of the maximal receiver output to the rated output power, is set to 2.8, so as to allow 24 hours of 335 

operation in summer. In the ORC subsystem, R245fa is selected as the working fluid. Tables 6 and 7 336 

list the input parameters of the solar field, receiver and power block. 337 

 338 

Table 6. Main input parameters of the solar field and receiver. 339 

Parameters Values 

Annual heliostat field efficiency, ηheli 0.6 [46] 

Receiver absorptivity, αrec 0.94 [32] 

Receiver emissivity, εrec 0.85 [32] 

The ratio of receiver height to diameter, Hrec/Drec 1.3 [47] 

Number of panels, Npanel 28 [32] 

Number of tubes per panel, Ntube 40 [32] 

Number of the flow path, Npath 2 [32] 

 340 

Table 7. Main input parameters of the power block. 341 

Parameters Values 

*Main compressor inlet temperature, T1 (°C) 35 [48] 

Compressor efficiency, ηMC, ηRC and ηPC (%) 85 [49] 

SCO2 turbine efficiency, ηST (%) 90 [49] 

Bottoming cycle turbine efficiency, ηBT (%)  85 [50] 

Generator efficiency, ηgen (%) 98 [51] 

Pump efficiency, ηpump (%)  80 [48] 

Cooling fan efficiency, ηfan (%) 60 [52] 

Effectiveness of HTR, εHTR 0.9 [42] 

Effectiveness of LTR, εLTR 0.9 [42] 

PPTD of the air-cooled condenser, ΔTpp,cond (°C) 10 [53] 

PPTD of the evaporator, ΔTpp,eva (°C) 5 [53] 

Temperature difference at both heater ends, ΔTpp,heater (°C) 15 [54] 

Temperature difference at the cold end of SCO2-air cooler, ΔTpp,cooler (°C) 15 [55] 

Overall heat transfer coefficient of the heater, Uheater (W/(m2·K)) 330 [52] 

Overall heat transfer coefficient of HTR, UHTR (W/(m2·K)) 3000 [50] 

Overall heat transfer coefficient of LTR, ULTR (W/(m2·K)) 1600 [50] 

Overall heat transfer coefficient of evaporator, Ueva (W/(m2·K)) 1600 [42] 

Overall heat transfer coefficient of air-cooled condenser, Ucond (W/(m2·K)) 300 [52] 

Overall heat transfer coefficient of sCO2-air cooler, Ucooler (W/(m2·K)) 77 [56] 

* Note: For the intercooling cycle and the partial-cooling cycle, T1a = T1c = 35 °C. 342 

 343 



A chloride ternary salt (mixture of 24.5 wt% NaCl, 20.5 wt% KCl and 55.0 wt% MgCl2) is 344 

selected as the heat transfer fluid in the molten salt loop considering the wide operating temperature 345 

range, low cost, and high volumetric heat capacity [57]. The correlations of the thermal properties of 346 

the salt are summarised in Table 8. 347 

 348 

Table 8. Thermal properties of the solar salt [52]. 349 

Property Correlation 

Density, ρ (kg/m3) 1899.3− 0.43 · (T− 273.15) 

Specific heat, cp (J/(kg·K)) 1180 

Thermal conductivity, λ (W/(m·K)) 0.5423− 0.0002 · (T− 273.15) 

Absolute viscosity, μ (Pa·s) 8.25 · 10
-6

 · e
11870/(1078 + T)

 

 350 

4.1 Solar field and TES system 351 

The parametric analysis is performed in this section to investigate the effects of Thot,salt, Tcold,salt, and 352 

ηth on the thermodynamic and economic performance of the solar field and TES subsystem. The 353 

power block thermal efficiency (ηth) is set as 30%, 40% and 50% to represent power cycle systems 354 

with different thermodynamic performance. The variation range of the Thot,salt, and Tcold,salt are 565-355 

800 °C and 400-465 °C, respectively. The economic performance indicator considered here is the 356 

purchase equipment cost (PEC). 357 

Figure 8 shows the variations of ηrec, PECfield, and PECTES with the Thot,salt, Tcold,salt and ηth. With 358 

the decrement of Thot,salt, the solar receiver can achieve better thermodynamic performance and the 359 

maximum receiver efficiency reaches 85%. It is also noted that the effects of Tcold,salt and ηth on ηrec 360 

can be neglected. In addition, a larger solar field area and higher tower are required due to the drop 361 

in ηrec. Therefore, an increase in Thot,salt is associated with an increase in the solar field cost, as shown 362 

in Figure 8(b). It can be seen that increasing Thot,salt has no benefit on the solar field, but higher Thot,salt 363 

can always result in better performance and lower cost of the power block. On the other hand, PECfield 364 

decreases significantly as ηth increases. It shows that the solar field with ηth of 50% has the lowest 365 

PECfield of $ 8.1×107, which is 34% lower than that of the case with ηth of 30%. Since the required 366 

heat input is inversely proportional to ηth for the given power output, the total heliostat area and the 367 

tower height increase drastically as ηth decreases, affecting the solar field cost. Therefore, improving 368 

the thermal efficiency of the power block not only boosts the solar-to-electricity efficiency of the 369 

whole plant but also dramatically reduces the total capital cost. 370 

Figure 8(c) shows the variation of PECTES with Thot,salt, Tcold,salt and ηth, and it can be seen that 371 



these three parameters can significantly affect the cost of the TES subsystem. As the power block 372 

thermal efficiency (ηth) increases from 30% to 40%, the purchase equipment cost of the TES system 373 

(PECTES) decreases by ~25%. A 10% further increase in ηth is estimated to save 20% on the PECTES. 374 

This is because the required heat storage capacity decreases as the ηth increases within the same design 375 

power output, which also implies that TES cost is quite sensitive to the power block thermodynamic 376 

performance. Therefore, the cost of SPT plants can be reduced to some extent if the traditional steam 377 

Rankine power blocks are replaced by novel SCO2 power blocks. On the other hand, the value of 378 

PECTES in this work is scaled from the commercial molten-salt power tower model using the widely 379 

used solar salt (mixture of 60 wt% NaNO3 and 40 wt% KNO3), which has a temperature difference 380 

between the hot salt and cold salt (ΔTsalt) of 284 °C, and a unit value of 22 $/kW·h is used as suggested 381 

by the SAM software [36]. As seen in Fig. 8(c), PECTES shows a decreasing trend with an increase 382 

in ΔTsalt, which is the determining factor of the TES cost because the size of the thermal storage 383 

capacity is inversely proportional to ΔTsalt. The lowest cost of TES system can be achieved in the 384 

case of ηth, Thot,salt, and Tcold,salt equal to 50%, 800 °C and 400 °C, respectively. In summary, the 385 

values of Thot,salt and Tcold,salt need to be carefully considered, and improving ηth is essential to 386 

achieve superior performance of the whole SPT plant. 387 

 388 

 389 

(a) 390 



 391 

(b) 392 

 393 

(c) 394 

Fig. 8. Variations of: (a) receiver efficiency ηrec, (b) purchase equipment cost of solar field PECfield, 395 

and (c) purchase equipment cost of thermal energy storage system PECTES with different hot salt 396 

temperatures (Thot,salt), cold salt temperatures (Tcold,salt), and thermal efficiencies of power block (ηth = 397 

30%, 40%, 50%). The rated output power of the SPT plant is 20 MWe, and the solar multiple is set 398 

as 2.8. The design DNI is 850 W/m2 and the environment temperature is set as 25 °C. 399 

 400 

4.2 Combined SCO2-ORC systems 401 

Effects of five key parameters, i.e., the hot salt temperature (Tsalt,hot), the maximum pressure of the SCO2 402 

cycle (Pmax), the minimum pressure of the SCO2 cycle (Pmin), the ORC evaporating pressure (Peva), the 403 



ratio of pressure ratio (RPR) on the thermal efficiency (ηth) and the purchase equipment cost (PECpb) of 404 

the power block are discussed in this section. Among these parameters, Tsalt,hot is the parameter of the 405 

molten salt loop, Pmax, Pmin, and RPR are parameters of the SCO2 subsystem, and Peva is the key 406 

parameter of the ORC subsystem. The ratio of pressure ratio, RPR, is only expressed for the cases with 407 

an intercooling SCO2 cycle and the partial-cooling SCO2 cycle, and it is defined as: 408 

 RPR = 
Pmax  Pinter−1⁄

Pmax  Pmin−1⁄
 (27) 409 

where Pinter is the intermediate pressure in the SCO2 compression process. 410 

The following are set as baseline conditions for all the investigated layouts: Tsalt,hot = 565 °C, 411 

Tsalt,cold = 445 °C, Pmax = 25 MPa, Pmin = 7.4 MPa, Peva = 800 kPa, and RPR = 0.8. When the effects 412 

of one parameter are studied, the other parameters are fixed at their basic values. Fig. 9 shows the 413 

variations of ηth and PECpb of the power block at various maximum pressures of the SCO2 cycle 414 

subsystem (Pmax). It can be seen that higher Pmax enables better thermodynamic and economic 415 

performance of the combined power systems with the RE, IC, and PC SCO2 layouts. In the case of 416 

RC-ORC layout, ηth increases first and then decreases as Pmax increases, while the PECpb shows an 417 

opposite variation. The comparison results of the four proposed combined SCO2-ORC power systems 418 

indicate that the IC-ORC system yields the highest thermal efficiency when Pmax is higher than 21 419 

MPa, and the PC-ORC layout always provides the lowest PECpb. 420 

Figure 10 shows the comparison of ηth and PECpb of different SCO2-ORC system configurations 421 

at various minimum pressures of the SCO2 cycle subsystem (Pmin). It shows that decreasing Pmin benefits 422 

thermal efficiency and reduces unit cost for the RC-ORC layout and the PC-ORC layout. With respect 423 

to the RE-ORC layout, ηth decreases with the increase in Pmin, while PECpb decreases with Pmin in the 424 

low-pressure range and increases in the high-pressure range. For the RC-ORC layout, the highest ηth 425 

exists when Pmin is 8 MPa, and decreasing Pmin can result in a lower power block cost. Fig. 11 shows 426 

the comparison of ηth and PECpb with different SCO2-ORC system configurations at various hot salt 427 

temperatures (Tsalt,hot). As expected, ηth increases with Tsalt,hot for all SCO2-ORC layouts. It also can be 428 

seen that the PECpb decreases with Tsalt,hot for all SCO2-ORC layouts, indicating that increasing Tsalt,hot 429 

is beneficial for both the thermodynamic and economic performance of the power block. More precisely, 430 

the RC-ORC system with Tsalt,hot of 800 °C achieves the highest ηth of 48% and the lowest PECpb of 431 

$1.7×107, which are 26% higher and 47% lower than that of the case with Tsalt,hot of 500 °C. 432 

Figure 12 shows the effects of the ORC evaporating pressure (Peva) on ηth and PECpb. It is noted 433 

that the operating ranges of Peva for the RE-ORC and RC-ORC systems are larger than those for the IC-434 

ORC and PC-ORC systems. This is because the Peva of ORC working fluid is in proportion to the SCO2 435 

inlet temperature, which differs greatly in these combined SCO2-ORC systems. For the RE-ORC system, 436 



the SCO2 inlet temperature corresponding to the maximum Peva is about 200 °C, while the maximum 437 

SCO2 inlet temperature is only 80 °C for the PC-ORC system. It is also observed that ηth in all cases 438 

increases first to a maximum and then decreases. Moreover, higher Peva results in higher PECpb, and 439 

PECpb of IC-ORC and PC-ORC layouts are sensitive to the change in Peva. In particular, for the PC-ORC 440 

system, the PECpb increases by 10% when Peva increases from 400 kPa to 1500 kPa. Fig. 13 demonstrates 441 

the effects of the ratio of pressure ratio (RPR) on ηth and PECpb. It is found that an optimum value of 442 

RPR exists for the IC-ORC and PC-ORC layouts when it ranges from 0.8 to 0.9. The PECpb of these two 443 

combined systems always increase with RPR, and the IC-ORC layout has a more significant increase. 444 

It can be concluded that the combined IC-ORC system yields the highest thermal efficiency, and 445 

the combined PC-ORC system provides the lowest specific investment cost under most conditions. 446 

Although the system configurations of IC-ORC and PC-ORC are complex due to the additional SCO2 447 

compressor and cooler, they have distinct advantages in terms of cost or thermal efficiency over the 448 

RE-ORC and RC-ORC layouts. In addition, the effects of Pmax, Pmin, Peva, and RPR on the thermal 449 

efficiency and purchase equipment cost of the power block are not simply monotone. Moreover, the 450 

whole SPT plant performance also relies on the characteristics of the solar field and TES subsystems, 451 

and the incorporation abilities of different SCO2-ORC systems with the molten salt loop are of vital 452 

importance. Therefore, the performance coupling between the solar field, TES, and SCO2-ORC systems 453 

needs to be carefully considered and the key parameters need to be optimised at the design stage. 454 

 455 

  456 

 (a) (b) 457 

Fig. 9. Effects of the maximum pressure Pmax on (a) thermal efficiency ηth, and (b) purchase equipment 458 

cost of power block PECpb, for different combined SCO2-ORC systems. Results correspond to design 459 

conditions that Tsalt,hot = 565 °C, Tsalt,cold = 445°C, Pmin = 7.4 MPa, Peva = 800 kPa, and RPR = 0.8. 460 
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   461 

 (a) (b) 462 

Fig. 10. Effects of the SCO2 minimum pressure Pmin on (a) thermal efficiency ηth, and (b) purchase 463 

equipment cost of power block PECpb, for different combined SCO2-ORC systems. Results correspond to 464 

design conditions that Tsalt,hot = 565 °C, Tsalt,cold = 445°C, Pmax = 25 MPa, Peva = 800 kPa, and RPR = 0.8. 465 

    466 

 (a) (b) 467 

Fig. 11. Effects of the hot salt temperature Tsalt,hot on (a) thermal efficiency ηth, and (b) purchase equipment 468 

cost of power block PECpb for different combined SCO2-ORC systems. Results correspond to design 469 

conditions that Tsalt,cold = 445 °C, Pmax = 25MPa, Pmin = 7.4 MPa, Peva = 800 kPa, and RPR = 0.8. 470 
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 (a) (b) 472 

Fig. 12. Effects of the ORC evaporating pressure Peva on (a) thermal efficiency ηth, and (b) purchase 473 

equipment cost of power block PECpb for different combined SCO2-ORC systems. Results correspond to 474 

design conditions that Tsalt,hot = 565 °C, Tsalt,cold = 445°C, Pmax = 25 MPa, Pmin = 7.4 MPa, and RPR = 0.8. 475 

   476 

Fig. 13. Effects of the ratio of pressure ratio RPR to the thermal efficiency ηth, and purchase equipment 477 

cost of power block PECpb for different combined SCO2-ORC systems. Results correspond to design 478 

conditions that Tsalt,hot = 565 °C, Tsalt,cold = 445 °C, Pmax = 25 MPa, Pmin = 7.4 MPa, Peva = 800 kPa. 479 

 480 

5. Comparison of different STP-SCO2-ORC systems 481 

A case study in Delingha (37.4°N, 97.4°E), China is considered for performance comparison of 482 

different STP-SCO2-ORC systems. The SPT plant design is performed at solar noon on the summer 483 

solstice [58], assuming a DNI of 850 W/m2 and an environment temperature of 25 °C. To provide a 484 

fair performance comparison, all power blocks are integrated with the same solar field configuration 485 

300 450 600 750 900 1050 1200 1350 1500
34

35

36

37

38

39

40

41

42

 RE-ORC

 RC-ORC

 IC-ORC

 PC-ORC

T
h

er
m

al
 e

ff
ic

ie
n

cy
, 
h

th
 (

%
)

Evaporating pressure, Peva (kPa)
300 450 600 750 900 1050 1200 1350 1500

2.2x107

2.4x107

2.6x107

2.8x107

3.0x107

3.2x107

 RE-ORC

 RC-ORC

 IC-ORC

 PC-ORC

T
o

ta
l 

P
E

C
 o

f 
p

o
w

er
 c

y
cl

e 
sy

st
em

s,
 P

E
C

p
b

 (
$

)

Evaporating pressure, Peva (kPa)

0.5 0.6 0.7 0.8 0.9
36

37

38

39

40

41

42

43

T
h

er
m

al
 e

ff
ic

ie
n

cy
, 
h

th
 (

%
)

Ratio of pressure ratio, RPR

 (hth) IC-ORC

 (hth) PC-ORC

2.2x107

2.3x107

2.4x107

2.5x107

2.6x107

2.7x107

2.8x107

2.9x107

3.0x107

 (PECps) IC-ORC

 (PECps) PC-ORC

T
o

ta
l 

P
E

C
 o

f 
p

o
w

er
 c

y
cl

e 
sy

st
em

s,
 P

E
C

p
b
 (

$
)



which derives from the GEMASOLAR plant located in Fuentes de Andalusia (Seville, Spain). The 486 

solar multiple is set to be 2.8. The main parameters of the solar field are listed in Table 9. 487 

 488 

Table 9. GEMASOLAR plant main parameters [59, 60] 489 

Parameter Value 

Number of heliostats 2650 

Mirror aperture area 306660 m2 

Tower height 140 m 

Receiver diameter 8.1 m 

Receiver height 10.6 m 

Storage size (extend power block operation without sun radiation) 15 hours 

 490 

5.1 Design optimisation 491 

It can be concluded from the parameter analysis study that Thot,salt, Tcold,salt, Pmax, Pmin, Peva, and RPR 492 

have a non-monotonic effect on the component efficiency and costs. Therefore, these parameters are 493 

selected as the decision variables for design optimisation, and for each integrated system, the vector 494 

of decision variables is presented as follows:  495 

 X⃗⃗  = 

{
 
 

 
 (Thot,salt, Tcold,salt, Pmax, Pmin, Peva)    for SPT-RE-ORC system

(Thot,salt, Tcold,salt, Pmax, Pmin, Peva)         for SPT-RC-ORC system

(Thot,salt, Tcold,salt, Pmax, Pmin, Peva, RPR) for SPT-IC-ORC system

(Thot,salt, Tcold,salt, Pmax, Pmin, Peva, RPR) for SPT-PC-ORC system

 (28) 496 

The specific investment cost of the whole SPT plant (SICtotal), is selected as the optimisation objective: 497 

 min. SICtotal(X⃗⃗ ) (29) 498 

which is subject to the following conditions: 499 

 

{
  
 

  
 

565 ≤ Thot,salt(°C) ≤ 800

290 ≤ Tcold,salt(°C) ≤ 565

Pmin ≤ Pmax(MPa) ≤ 30

7.38 ≤ Pmin(MPa) ≤ Pmax

0.2 ≤ Peva(MPa) ≤ 2

0 ≤ RPR(-) ≤ 1

 (30) 500 

The thermo-economic optimisation for each system is conducted by using the genetic algorithms 501 

(GA) method, with detailed optimisation results listed in Table 10. The SPT systems with standalone 502 

SCO2 systems are also included as a baseline case for comparison. The results indicate that all SPT-SCO2-503 

ORC systems can achieve a decrease in SICtotal relative to the corresponding SPT plants with standalone 504 



SCO2 systems, and also, adding an ORC bottoming system is beneficial to the overall performance. 505 

The SPT-IC-ORC system is found to have the lowest SICtotal of 7990 $/kW, followed by the SPT-506 

PC-ORC system of 8060 $/kW, but their SICtotal reductions after adding bottoming ORC subsystems 507 

are quite small (< 2%). Also, the SICtotal of the SPT-RC-ORC system just decreases by 3% relative to 508 

the SPT-RC system. The amount of performance improvement by adding bottoming ORC subsystems 509 

to the SPT-RC, SPT-IC and SPT-PC systems is not as expected. Fig. 14 shows a breakdown of power 510 

outputs by the topping SCO2 subsystem and the bottoming ORC subsystem. It can be seen that the 511 

Wnet,ORC is relatively low at the optimal SICtotal condition for the cases of the SPT-IC-ORC and SPT-512 

PC-ORC systems. By comparison, the ORC subsystem in the SPT-RE-ORC system yields a 513 

considerable amount of power output (2.8 MWe), which enables the SPT-RE-ORC system to achieve 514 

the largest SICtotal decrease (11%) by adding an extra ORC subsystem. This is because the ORC 515 

evaporation temperature of the SPT-RE-ORC plant is the highest among the four proposed integrated 516 

SPT systems, and the ORC subsystem can absorb the maximum amount of the waste heat from the 517 

SCO2 working fluid, thereby improving the performance of the power block. 518 

 519 

Table 10. Optimisation results of different SPT systems with environment temperature Tenv = 25 °C. 520 

  
SPT-

RE 

SPT-

RE-

ORC 

SPT-

RC 

SPT-

RC-

ORC 

SPT-IC 

SPT-

IC-

ORC 

SPT-

PC 

SPT-PC-

ORC 

Optimal 

operating 

parameter 

Pmax 

(MPa) 
30.0 30.0 29.9 29.8 29.1 29.7 29.5 29.6 

Pmin 

(MPa) 
8.2 7.4 9.5 8.7 7.5 7.6 7.7 7.5 

Peva 

(MPa) 
/ 3.47 / 0.83 / 0.54 / 0.47 

Thot,salt 

(℃) 
800 800 774 800 800 800 800 783 

Tcold,salt 

(℃) 
583 584 603 630 616 616 586 562 

RPR / / / / 0.65 0.71 0.71 0.73 

Performance 

indicators 

ηplant,design 

(%) 
20.1 23.0 23.5 24.2 23.9 24.3 22.7 23.2 

Wnet,total 

(MW) 
18.7 21.4 21.9 22.5 22.2 22.6 21.2 21.6 

ITC 

($·108) 
1.72 1.74 1.84 1.83 1.81 1.80 1.73 1.74 

SICtotal 

($/kW) 
9180 8150 8400 8160 8130 7990 8190 8060 

 521 



 522 

Fig. 14. Power output with breakdown contributed by the topping SCO2 cycle subsystem and the 523 

bottoming ORC system of SPT plant integrated with different power cycle systems. The solar-array 524 

area and solar multiple are set to be 306660 m2 and 2.8. The design DNI is 850 W/m2 and the 525 

environment temperature is set as 25 °C. Results correspond to the optimal conditions with the 526 

minimum specific investment cost of the whole plant shown in Table 10. 527 

 528 

Furthermore, Fig. 15 shows the purchase equipment cost (PEC) breakdown of TES, SCO2 and 529 

ORC subsystems, corresponding to the operating condition at which the SPT plants can achieve the 530 

lowest SICtotal. For SPT plants integrated with SCO2-ORC systems, the total PECs do not show 531 

significant changes compared to those of the standalone SCO2 systems. Using the SPT-RE-ORC 532 

system as a reference, the relative differences in PEC are 16.9%, 11.3% and -0.2% for the SPT-RC-533 

ORC, SPT-IC-ORC and SPT-PC-ORC systems. As the salt temperature differences (ΔTsalt) in the 534 

SPT-RE-ORC and SPT-PC-ORC systems are lower, these two systems provide smaller salt storage 535 

tanks; thereby, their TES costs are relatively low. 536 
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 538 

Fig. 15. Purchase equipment cost (PEC) of subsystems for SPT plant integrated with different power 539 

cycle systems. The solar-array area and solar multiple are set to be 306,660 m2 and 2.8. The design 540 

DNI is 850 W/m2 and the environment temperature is set as 25 °C. Results correspond to the optimal 541 

conditions with the minimum specific investment cost of the whole plant shown in Table 10. 542 

 543 

Fig. 16 shows the effect of the environment temperature on the optimal specific investment 544 

cost of the whole SPT plant. The environment temperature varies between 5 and 45 °C, and the DNI 545 

is fixed at 850 W/m2. The results show that the specific investment costs of SPT plants will increase 546 

by more than 7.6% while the design environment temperature increases from 25 to 45 °C, which 547 

means that higher investment costs for SPT plants are needed in hot areas. The reasons can be 548 

summarised as follows: firstly, higher environment temperature corresponds to higher condensation 549 

pressures of the ORC system and results in a drop in the unit output work of the ORC turbine. 550 

Secondly, the SCO2 main compressor deviates from its optimum operating condition if the 551 

environment temperature is higher than 25 ℃. At relatively high environment temperatures (Tenv > 552 

25 ℃), the main SCO2 compressor inlet deviates from its design operating condition and causes a 553 

drop in the SCO2 system efficiency. Thirdly, environmental temperature is one of the major factors 554 

affecting the performance of air-cooled equipment. Any change in environment temperatures 555 

induces a change in the airflow rate in the cooler and condenser, which can lead to a change in the 556 

power consumption of cooling fans. Therefore, at high environmental temperatures, more power 557 

consumption is required, and less output power is produced. 558 

SPT-R
E

SPT-R
E-O

RC

SPT-R
C

SPT-R
C-O

RC

SPT-IC

SPT-IC
-O

RC

SPT-PC

SPT-PC-O
RC

0

1x107

2x107

3x107

4x107

5x107

6x107

P
E

C
 (

$
)

 PECORC

 PECSCO2

 PECTES



 559 

Fig. 16. Effects of environment temperature Tenv to the optimal specific investment cost of the whole 560 

SPT plant SICtotal for different SPT systems. 561 

 562 

5.2 Annual performance simulation 563 

The annual performance of the proposed STP-SCO2-ORC integrated systems is assessed based on 564 

real weather data in Delingha, China (37.4°N, 97.4°E), of which the environment temperature and 565 

DNIday are shown in Fig. 17. System parameters correspond to the optimal design scheme with the 566 

lowest specific investment cost in Table 10. Off-design models are used to predict performance under 567 

different operating conditions. The annual electricity generation of the four proposed SPT-SCO2-ORC 568 

systems is calculated based on real weather conditions. 569 

 570 
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 573 

(b) 574 

Fig. 17. (a) Year-round direct normal insolation (DNIday) fluctuation, and (b) maximum and minimum 575 

daily environment temperature in Delingha, China. 576 

 577 

The total energy input to the solar field is directly proportional to the value of DNI. Therefore, the 578 

heat transferred from the solar receiver to the molten salt loop constantly changes with time. In addition, 579 

the SCO2 compressor inlet temperature and the condensing temperature are influenced by the 580 

environment temperature. The output power of SPT plants changes frequently, and an off-design 581 

analysis should be implemented to obtain accurate electricity generation. Some assumptions are made 582 

to simplify the analysis: (1) weather conditions are constant for each hour and hourly-daily-monthly-583 

yearly electricity generation is calculated in sequence; (2) the dynamic response of the systems are not 584 

taken into account and systems always runs in a steady state; (3) the SPT plants are designed to meet 585 

the base load and do not undertake the tasks of peaking and frequency modulation. The power block 586 

supplies the rated power when the heat input is sufficient, so as to address the maximum annual 587 

generating capacity of different SPT plants; and (4) the efficiencies of all SCO2 compressors, turbines 588 

and pumps are kept constant at the design values, assuming that their deviations from the design 589 

condition will be small due to the adoption of variable-frequency speed control systems. 590 

The geometric characteristics of the solar field and receiver, the design parameters of the power cycle 591 

system and the design conductance (UA) of heat exchangers are obtained in the design stage and 592 

considered known parameters. The heliostat field efficiency (ηheli) is obtained using the SAM software 593 

[36] for every hour and is determined by the heliostat field layout, geographical location and sun direction. 594 

The off-design performance of the solar receiver and heat exchangers is evaluated using the models in 595 

Section 3. For off-design analysis of heat exchangers, the correlation between the conductance (UA) and 596 
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the mass flow rates of hot fluid and cold fluid (mhot, mcold) can be expressed as [61]: 597 

 
1

U · A
∝

1

mcold
0.8  + 

1

mhot
0.8 (31) 598 

Given the design and off-design mass flow rates of both the cold and hot fluids, the ratio of the 599 

off-design conductance UAoff and the design conductance UAdesign can be calculated from [32]: 600 

 
(U · A)off

(U · A)design

 = (
mcold,off

0.8  · mhot,off
0.8

mcold,design
0.8  · mhot,design

0.8 ) · (
mcold,design

0.8  + mhot,design
0.8

mcold,off
0.8  + mhot,off

0.8 ) (32) 601 

Based on the above off-design analysis method for the SPT plant, the effect of environment 602 

temperature variation on the thermal efficiency of the power block can be assessed, as shown in 603 

Fig. 18. The ambient environment temperature varies from -30 °C to 30 °C, which correspond to 604 

the lower and upper-temperature limits in Delingha, China. It can be seen from the figure that the 605 

thermal efficiency (ηth) of the power block decreases as the environment temperature (Tenv) 606 

increases. This is because an increase in Tenv results in a decrease in ORC efficiency and an increase 607 

in the power consumption for SCO2 compression. 608 

 609 

 610 

Fig. 18. Effect of environment temperature on the thermal efficiency of different combined SCO2-611 

ORC power systems. System design parameters correspond to the optimal conditions with the 612 

minimum specific investment cost of the whole plant shown in Table 10. 613 

 614 

In this section, we take the SPT-RE-ORC system as an example to show the annual electricity 615 

generation calculation process. Parameters such as Tenv, DNI, the power block thermal efficiency (ηth), 616 

receiver efficiency (ηrec), heliostat field efficiency (ηheli), and plant design efficiency (ηplant,design) over 617 
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a typical winter and summer day are shown in Fig. 19. Lower Tenv in winter results in higher ηth due 618 

to the decrease in power consumption of cooling fans and the increase in power output of the ORC 619 

expander. Therefore, ηth of the SPT-RE-ORC can be as high as 51% on a typical winter day (12th 620 

January). On the other hand, the sunlight lasts 9 hours on the selected winter day and 14 hours on the 621 

summer day. During the summer, the heliostat field receives more solar energy; thus, the SPT plant 622 

has a longer operating time. In this case, ηhel and ηrec are determined by DNI over a day, and the real-623 

time solar-to-electricity efficiency (ηsolar-el) is positively associated with the DNI. The hourly-daily 624 

electricity generation can be obtained based on the above data and the solar field parameters. 625 

 626 

  627 

(a) 628 

  629 

(b) 630 

Fig. 19. Variation of ambient conditions and system efficiency on: (a) a typical winter day (12th 631 
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January), and (b) a typical summer day (21st June) of an SPT-RE-ORC system in Delingha, China.  632 

 633 

Figures 20 and 21 show the daily direct normal insolation (DNIday) and electricity generation 634 

(Eday) in January and June, respectively. The Eday always follow the trend of the change in DNIday, 635 

which shows dramatic fluctuations due to the unstable weather conditions. The maximum DNIday in 636 

January and June are 7003 kW·h/m2 and 9185 kW·h/m2, respectively. The DNI difference between 637 

the summer and winter can be explained by the different sun positions and amount of solar hours. 638 

Therefore, on a clear day, the peak value Eday in June is higher than that in January. Figure 22 shows 639 

the monthly electricity generation and operation hours of the SPT-RE-ORC system. It can be seen 640 

that the maximum monthly generating capacity (Emonth) appears in November, while the SPT plant 641 

has the lowest Emonth in February, which is linked to the Delingha climate. The monthly total DNI 642 

value (DNImonth) reaches the maximum value of 209 MW·h/m2 in November while the DNImonth in 643 

February is 128 MW·h/m2. The full-load operation hour is calculated by dividing the rated power 644 

output into the monthly electricity generation. It can be seen that the electricity generation of the SPT-645 

RE-ORC plant exceeds 11000 MW·h in October, November and December. The total electrical 646 

energy over a year reaches 119.8 GW·h, and the full-load operation time is 5600 h. 647 

 648 

 649 

Fig. 20. Daily direct normal insolation and electricity generation of an SPT-RE-ORC system in 650 

Delingha, China, in January. 651 
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 652 

Fig. 21. Daily direct normal insolation and electricity generation of an SPT-RE-ORC system in 653 

Delingha, China, in June. 654 

 655 

Fig. 22. Monthly electricity generation and operation hours of an SPT-RE-ORC system in Delingha, China. 656 

 657 

The annual electricity generation of four proposed SPT-SCO2-ORC systems, along with comparisons 658 

with different SPT-SCO2 systems, are shown in Fig. 23(a), which indicates that an improvement (from 3% 659 

to 19%) in the electricity generation can be achieved by adding a bottoming ORC subsystem to the power 660 

block. The levelised cost of electricity (LCOE) and payback time of these SPT-integrated systems are 661 

calculated using the actual annual electricity generation data. As shown in Fig. 23(b), it is not surprising 662 

that the SPT systems integrated with combined SCO2-ORC systems have lower costs, which benefits from 663 
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the improvement in energy conversion efficiency. As shown in Fig. 23 (c), the capital cost of the SPT-SCO2 664 

plant integrated with ORC systems can be paid back in a shorter period, which further proves that the 665 

combined SCO2-ORC systems are promising technologies for SPT plants. 666 

Among the eight cases, the STP-RE-ORC layout has the lowest LCOE of 0.12 $/kW·h, followed 667 

by the STP-IC-ORC layout and the STP-RC-ORC layout. In addition, the SPT-RE-ORC system has the 668 

simplest structure, and the operational controls and procedures are also much simpler than other systems. 669 

Therefore, the combined RE-ORC system is preferred and can be considered in practical applications. 670 

  671 
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 676 

(c) 677 

Fig. 23. Comparison of (a) annual electricity generation, (b) LCOE, and (c) payback time for different 678 

SPT-SCO2 systems with and without ORC subsystem, using the weather data in Delingha, China.  679 

 680 

5.3 Sensitivity analysis 681 

As the SCO2 power blocks are emerging technology and therefore not commercially mature, the 682 

investment cost data is not sufficiently accurate. Therefore, the sensitivity analysis of economic 683 

performance is conducted to address the uncertainty in the modelling variables, including the total 684 

purchase equipment cost (PEC), the discount rate (id), the inflation rate (if) and the overall heat 685 

transfer coefficient of heat exchangers (UHE). At the design stage, the overall heat transfer coefficient 686 

of heat exchangers (UHE) is the input parameter, which is a reference value. The design values of UHE 687 

are related to the detailed structural parameters and vary in a given range, which induces the 688 

uncertainty of heat exchanger cost. In addition, most cost correlations of the SCO2 equipment are 689 

derived from the process industries and the accuracy is not enough, leading to the calculation error of 690 

the total purchase equipment cost (PEC). The discount rate (id) and inflation rate (if) usually have 691 

different values in different engineering projects. It is estimated that the uncertainty of these variables 692 

ranges from -30 to +30% of the nominal values [62]. 693 

The uncertainty analysis results that the effects of UHE, PEC, id, and if on levelised cost of 694 

electricity (LCOE) and payback time (PBT) are presented in Figs. 24, 25, 26 and 27, respectively. 695 

The economic performance is most sensitive to PEC and for every 10% by which the PEC changes 696 

from the nominal value, the LCOE and PBT change by about 8.7% and 11.0%, respectively. This is 697 

because the SPT plant construction is a capital-intensive project. The next most influential factor 698 
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in the SPT economic performance is id, which leads to a change in LOCE of 4.3% and PBT of 2.9% 699 

for a 10% change in its value. For every 10% change in UHE, the LCOE and PBT change by about 700 

1.5%. Finally, if has little impact on the economic performance of SPT plants. The sensitivity 701 

analysis results indicate that the accuracy of equipment cost correlations should be improved when 702 

the central tower solar thermal technology and SCO2 power system become mature in the future. 703 

Also, stakeholders should give careful consideration to the interest charged to the loan when 704 

evaluating the economic performance of SPT plants. 705 

 706 

   707 

(a) (b) 708 

Fig. 24. Sensitivity analysis with the overall heat transfer coefficient of heat exchangers (UHE). 709 

Analysis results of (a) levelised cost of electricity, LCOE, and (b) payback time, PBT for different 710 

SPT-SCO2 systems with and without ORC subsystem, using the weather data in Delingha, China.  711 

-30 -20 -10 0 10 20 30

0.08

0.10

0.12

0.14

0.16

0.18

UHE changes from nominal value (%)

 SPT-RE       SPT-RE-ORC

 SPT-RC       SPT-RC-ORC

 SPT-IC        SPT-IC-ORC

 SPT-PC       SPT-PC-ORC

L
C

O
E

 (
$
/k

W
h

)

-30 -20 -10 0 10 20 30

6

8

10

12

14

UHE changes from nominal value (%)

 SPT-RE       SPT-RE-ORC

 SPT-RC       SPT-RC-ORC

 SPT-IC        SPT-IC-ORC

 SPT-PC       SPT-PC-ORC

P
ay

b
ac

k
 t

im
e,

 P
B

T
 (

y
ea

rs
)



   712 

(a) (b) 713 

Fig. 25. Sensitivity analysis with the total purchase equipment cost (PEC). Analysis results of (a) 714 

levelised cost of electricity, LCOE, and (b) payback time, PBT for different SPT-SCO2 systems with 715 

and without ORC subsystem, using the weather data in Delingha, China.  716 

   717 

(a) (b) 718 

Fig. 26. Sensitivity analysis with the discount rate (id). Analysis results of (a) levelised cost of 719 

electricity, LCOE, and (b) payback time, PBT for different SPT-SCO2 systems with and without ORC 720 

subsystem, using the weather data in Delingha, China.  721 
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(a) (b) 723 

Fig. 27. Sensitivity analysis with the inflation rate (if). Analysis results of (a) levelised cost of 724 

electricity, LCOE, and (b) payback time, PBT for different SPT-SCO2 systems with and without ORC 725 

subsystem, using the weather data in Delingha, China.  726 

 727 

6. Generalised multi-climate analysis 728 

The annual direct normal solar irradiance in Delingha as a case study above is around 2,080 729 

kW·h/m2/year (~2450 sunshine hours, 850 W/m2/h), while it can reach 2900 kW/m2/year in Australia 730 

and even >3700 kW/m2/year in Chile [62]. In this section, the performance of SPT plants in multi-731 

climate regions is focused, with DNI and annual sunshine hours taken as input parameters [64]. 732 

Of interest, for a fixed mirror aperture area of 306660 m2, the SPT-RE-ORC system is always 733 

the optimal system with the lowest LCOE for different solar conditions considered here, thereby 734 

the results of the SPT-RE-ORC system layout are presented. Fig. 22 shows the annual electricity 735 

generation increases with DNI and annual sunshine time. The SPT-RE-ORC plant can generate 736 

261 GW·h of electricity annually when DNI and the annual sunshine time reach 1100 W/m2 and 737 

4000 hours, respectively. The variation of LCOE in different solar conditions is shown in Fig. 23. 738 

Obviously, the plant has lower LCOE in regions with high solar resources. With the increment of 739 

solar irradiance, the capital cost of the SPT plant can be reduced, especially for the solar field, due 740 

to the reduction of the number of heliostat mirrors. Moreover, longer sunshine hours enable the SPT 741 

plant to produce more electricity. For instance, the SPT plant located in Delingha has an LCOE of 742 

0.12 $/kW·h, while the LCOE of the SPT plant in Chile (3700 sunshine hours, 1000 W/(m2·h)) can 743 
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be as low as 0.07 $/kW·h. As shown in Fig. 24, the payback time of the SPT plant in Chile is less 744 

than six years. It is noted that an SPT plant with a RE-ORC power system can pay back in <10 745 

years when the annual direct normal solar irradiance exceeds 2000 kW·h/m2/year, which reveals 746 

that the SPT-RE-ORC system is attractive for many regions in the world. 747 

 748 

Fig. 28. Annual electricity generation of SPT plants based on RE-ORC power systems, with a fixed 749 

mirror aperture area of 306660 m2 which is the same as the GEMASOLAR power plant. The annual 750 

sunshine hour ranges from 1600 to 4000 h, and the DNI (at the summer solstice) ranges from 600 to 751 

1400 W/(m2·h), representing solar sources at most locations with high levels of DNI around the world. 752 

 753 

Fig. 29. LCOE of 20 MWe SPT plants based on RE-ORC power systems, with a fixed mirror aperture 754 

area of 306660 m2 which is the same as the GEMASOLAR power plant. The annual sunshine hour ranges 755 

from 1600 to 4000 h, and the design DNI (at the summer solstice) ranges from 600 to 1400 W/(m2·h), 756 

representing solar sources at most locations with high levels of DNI around the world. 757 
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 758 

Fig. 30. Payback time of 20 MWe SPT plants based on RE-ORC power systems, with a fixed mirror aperture 759 

area of 306660 m2 which is the same as the GEMASOLAR power plant. The annual sunshine hour ranges 760 

from 1600 to 4000 h, and the design DNI (at the summer solstice) ranges from 600 to 1400 W/(m2·h), 761 

representing solar sources at most locations with a high level of DNI around the world. 762 

 763 

7. Conclusions 764 

In the present study, bottoming ORC systems are coupled with different SCO2 systems in order to 765 

assess the potential for further performance improvement in SPT plants. Four configurations of such 766 

SCO2-ORC systems are presented: (1) recuperated SCO2-ORC system (RE-ORC); (2) recompression 767 

SCO2-ORC (RC-ORC); (3) intercooling SCO2-ORC (IC-ORC); and (4) partial-cooling SCO2-ORC 768 

(PC-ORC). A systematic comparison of these SPT-SCO2-ORC system variants is conducted based 769 

on an integrative model, which includes the heliostat field, the solar receiver, the molten salt thermal 770 

energy storage system (TES), and the power cycle system. 771 

Parameter sensitivity analysis is first conducted to evaluate the impact of power block 772 

characteristics and TES operating temperatures on the thermodynamic and economic performance of 773 

SPT plants. Gains in the power block efficiency contribute to the whole plant efficiency and reduce 774 

the heliostat number (i.e., solar field size) and heat storage capacity (i.e., storage system size), 775 

resulting in lower solar field and TES subsystem investment costs. On the other hand, various power 776 

cycle systems present different salt temperature differences (ΔTsalt) across the solar receiver. Larger 777 

ΔTsalt contribute to obtaining smaller salt storage tank sizes and reduced TES costs, which benefit the 778 

incorporation of power cycle systems with TES. Further work on novel SCO2 power systems in SPT 779 

applications should aim to obtain higher cycle efficiency and larger ΔTsalt. 780 
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An annual system performance evaluation case study is undertaken based on the weather data in 781 

Delingha, China. Levelised costs of electricity (LCOE) and payback time for different integrated 782 

systems are calculated. The results show that adding a bottoming ORC system to SCO2 systems 783 

improves system thermal efficiency and reduces the cost of power blocks for SPT applications. Since 784 

the RE-ORC system has a larger ΔTsalt and reduced flow rates of solar salt and SCO2, it achieves the 785 

lowest LCOE and payback time. Specifically, the SPT-RE-ORC plant exhibits the greatest annual 786 

electricity generation improvement (19%), and the most significant decrease in the LCOE (14%) and 787 

payback time (20%) thanks to the largest amount of waste heat recovery from the SCO2 cooling 788 

process. In addition, this system has the simplest layout and highest technology readiness level (TRL) 789 

among the four SPT-SCO2-ORC systems presented in this work. Therefore, the integration of ORC 790 

bottoming cycles is recommended for solar power utilisation in these combined systems. 791 

Finally, a generalised multi-climate analysis, conducted to provide insight into the techno-792 

economic feasibility of SPT plants over a range of different solar irradiance conditions, indicates that 793 

LCOEs as low as 0.07 $/kW·h and payback times as short as 6 years can be achieved in some regions 794 

with an abundant solar resource (annual sunshine hours >3700, design DNI >1000 W/(m2h)). 795 

In future work, the cost correlations will be further improved when more cost data is available to 796 

enhance the reliability and accuracy of economic evaluation. More working fluids will be considered to 797 

explore the optimal working fluid selection along with the optimal design of the ORC systems. Moreover, 798 

a comparison with steam Rankine systems, condensation-based systems (e.g., with CO2 mixtures as 799 

working fluids for the topping CO2 cycle systems) as well as other bottoming cycle system options will 800 

be performed to address the potential of using the presented systems in practical applications. 801 
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 811 



Appendix  812 

The combined recompression SCO2-ORC (RC-ORC) system is selected to describe the detailed 813 

modelling process of the power blocks. 814 

(1) Turbine modelling 815 

Based on the energy balance equation, the output power of the SCO2 turbine (ST) can be 816 

calculated as: 817 

 Wtur,SCO2
 = m4 ∙ (h4 − h5) (A1) 818 

where m4 is the turbine mass flow rate. h4 and h5 are the CO2 enthalpies at the inlet and outlet of ST, 819 

respectively. 820 

The efficiency of ST is defined as: 821 

 η
tur,SCO2

 = (h4 − h5) / (h4 − h5s) (A2) 822 

where h5s is the CO2 enthalpy at the ST outlet for an isentropic expansion process. 823 

The output power and efficiency of the turbine in the bottoming ORC system can also be 824 

calculated as follows:  825 

 Wtur,ORC = m04 ∙ (h04 − h05) (A3) 826 

 η
tur,ORC

 = (h04 − h05) / (h04 − h05s) (A4) 827 

(2) Compressor modelling 828 

The isentropic efficiencies and power consumptions of the SCO2 compressors are expressed as 829 

follows: 830 

 η
MC 

= (h2s − h1) / (h2 − h1) (A5) 831 

 WMC = m1 ∙ (h2 − h1) (A6) 832 

 η
RC

 = (h3s − h8) / (h3 − h8) (A7) 833 

 WRC = m8b ∙ (h3b − h8b) (A8) 834 

where subscripts “MC” and “RC” represent the main compressor and recompression compressor in 835 

the SCO2 system, respectively. 836 

(3) Pump modelling 837 

The isentropic efficiency and output power of the ORC pump can be calculated as follows: 838 



 η
pump

 = (h02s − h01) / (h02 − h01) (A9) 839 

 Wpump = m01 ∙ (h02 − h01) (A10) 840 

where h02s is the r245fa enthalpy at the pump outlet for an isentropic expansion process. h01s is the 841 

r245fa enthalpy at the pump inlet. 842 

(4) Heat exchanger modelling 843 

In the heater, the hot salt transfers the heat to the CO2 working fluid of the power block. The 844 

energy balance equation for the heater can be expressed as: 845 

 msalt,b ∙ (Tsalt,hot − Tsalt,cold) = m4 ∙ (h5 − h4) (A11) 846 

where msalt,b denotes the mass flow rate of salt entering the heater, Tsalt,in and Tsalt,out are salt inlet and 847 

outlet temperatures, respectively. 848 

There are two recuperators in the recompression SCO2 cycle: high-temperature recuperator 849 

(HTR) and low-temperature recuperator (LTR), the energy conservations for them are given by, 850 

 h6 − h7 = h4 − h3 (A12) 851 

 h7 − h8 = (1− x)(h3a − h2) (A13) 852 

The effectiveness of recuperators is defined as: 853 

 ε = (Tlp,in − Tlp,out) / (Tlp,in − Thp,in) (A13) 854 

where Tlp,in, Tlp,out are the inlet and outlet temperatures of the low-pressure CO2 working fluid. Thp,in 855 

denotes the inlet temperature of the high-pressure CO2 working fluid in the recuperator. 856 

The topping SCO2 cycle and the bottoming ORC cycle are coupled by a heat exchanger called 857 

an “evaporator” in this work. The R245fa working fluid absorbs the waste heat from the CO2 stream 858 

and it turns into vapour. The energy conservation equation of this process is expressed as: 859 

 m9 ∙ (h8a − h9) = m02 ∙ (h03 − h02) (A15) 860 

The SCO2-air cooler works as the heat sink in the SCO2 cycle. The energy balance equation for 861 

the cooler is given by: 862 

 m1 ∙ (h9 − h1) = m10 ∙ (h11 − h10) (A16) 863 

The power consumption of the cooling fan is calculated as: 864 

 Wfan,cooler = 0.5 ∙ m10 ∙ ΔPair ∙ (ρ10
− ρ

11
) / η

fan
 (A17) 865 

where m10 denotes the mass flow rate of the air in the cooler, ΔPair represents the pressure drop of air 866 



across the cooler. ρ10 and ρ11 are the densities at the cooler inlet and outlet. ηfan is the fan efficiency. 867 

The exhausted R245fa vapour changes into liquid at the condenser, and the energy conservation 868 

equation of the condensation process and the power consumption of the fan are expressed as: 869 

 m01 ∙ (h04 − h01) = m05 ∙ (h06 − h05) (A18) 870 

 Wfan,cond = 0.5 ∙ m05 ∙ ΔPair ∙ (ρ05
− ρ

06
) / η

fan
 (A19) 871 
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