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ABSTRACT 
Concentrated solar power (CSP) systems are 

acknowledged as a promising technology for solar energy 
utilisation. Supercritical CO2 (SCO2) cycle systems have 
emerged as an attractive option for power generation in 
CSP applications due to the favourable properties of CO2 as 
a working fluid. In order to further improve the overall 
performance of such systems, organic Rankine cycle (ORC) 
systems can be used in bottoming-cycle configuration to 
recover the residual heat. This paper presents a 
thermodynamic performance assessment of a combined 
SCO2/ORC system in a CSP application using parabolic-
trough collectors. The parametric analysis indicates that 
the heat transfer fluid (HTF) temperature at the inlet of the 
cold tank, and the corresponding HTF mass flow rate, have 
a significant influence on the overall system performance. 
The results suggest that the combined system can offer 
significant thermodynamic advantages at progressively 
lower temperatures. Annual simulations for a case study in 
Seville (Spain) show that, based on an installation area of 
10,000 m2, the proposed combined cycle system could 
deliver an annual net electricity output of 2,680 MWh 
when the HTF temperature at the cold tank inlet is set to 
250 °C, which is 3% higher than that of a stand-alone CO2 
cycle system under the same conditions. Taking the size of 
the thermal storage tanks into consideration, a lower HTF 
temperature at the cold tank inlet and a lower mass flow 
rate would be desirable, and the combined system offers 
up to 66% more power than the stand-alone version when 
the HTF inlet temperature is 100 °C. 
 
Keywords: CSP, combined cycle, SCO2 cycle, ORC, 
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NOMENCLATURE 

Abbreviations  

CSP concentrated solar power 

HTF heat transfer fluid 

ORC organic Rankine cycle 

SCO2 supercritical CO2 

  

Symbols  

T temperature (K) 

s specific entropy (J/kg·K) 

Wn net power output (W) 

1. INTRODUCTION 
As a ubiquitous and accessible heat source, solar 

energy is widely recognised as having the potential to play 
an important role in clean power generation [1-3]. 
Concentrated solar power (CSP) systems have appeared 
as an effective solution for solar energy utilisation and 
permit the use of thermal-energy storage at low costs 
relative to electrical-energy storage [4]. Consequently, 
various power-cycle options for CSP applications have 
received growing attention in recent years [5,6]. Amongst 
the existing technologies, supercritical CO2 (SCO2) cycle 
systems have emerged as a promising heat-to-power 
conversion technology thanks to the key advantages 
offered by the properties of CO2 as a working fluid [7,8]. In 
addition, a better temperature match can be obtained 
between the heat source and the power cycle thereby 
reducing the exergy loss in the heat exchange processes. 
Beyond CSP applications, fossil fuel [9], nuclear [10], 
geothermal [11] and waste heat recovery [12] are all 
potential application areas for SCO2-cycle systems. 
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The pressure ratio of SCO2 cycles is generally small, and 
the turbine outlet temperature would be relatively high. A 
recuperator is typically installed to utilise the energy of the 
hot stream from the turbine but the residual heat which is 
dissipated in the pre-cooler remains significant. Although 
an acceptable efficiency can be attained by CSP-SCO2 cycle 
systems, this observation helps to motivate the pursuit of 
further performance improvements to the overall system, 
by means of a bottoming cycle used to recover heat from 
the topping SCO2 cycle [13]. 

In this context, organic Rankine cycle (ORC) systems 
offer an attractive option as they have been proven to be 
an efficient technology for heat-to-power conversion for 
low- and medium-temperature and small-to-medium 
scale applications [14,15]. Besarati and Goswami [16] 
compared the performance of power systems based on 
various SCO2 cycles with bottoming ORCs using different 
working fluids. Their results indicated that the combined 
recompression SCO2/ORC systems had higher thermal 
efficiencies, and butane and cis-butene were found to be 
most appropriate for the bottoming ORC. Similar work 
was conducted by Padilla et al. [17], whose results 
revealed that a recompression cycle with main 
compression intercooling delivered the best thermal 
performance. Singh and Mishra [18] conducted a 
performance analysis of combined-cycle power plants 
driven by solar parabolic-trough collectors; R407c was 
found to deliver the highest thermal efficiency of 42% in 
this case. Furthermore, Chacartegui et al. [19] studied 
simple SCO2/ORC combined cycles and several organic 
working fluids were tested for use in the bottoming cycle, 

with results demonstrating that the efficiency of the 
simple SCO2 cycle could be increased by 7-12%. 

Most previous research has focused on working fluid 
selection and parameter optimisation of the bottoming 
ORC system, while limited attention has been paid to the 
interplay between the topping and bottoming cycles. In 
addition, overall system analysis and annual performance 
assessment has been limited, despite being essential for 
technical evaluation. This paper presents a comprehensive 
model including sub-models of the solar field and the 
combined-cycle system, to allow detailed thermodynamic 
assessments. A case study in Seville (Spain) using the 
proposed CSP-combined SCO2/ORC system is conducted. 
The two cycles interact via the heat transfer fluid (HTF) 
temperature at the cold tank inlet (see Fig. 1), motivating 
an investigation into the influence of this parameter on the 
system performance. An annual performance evaluation 
of the overall system is performed to demonstrate the 
potential of exploiting this kind of combined-cycle CSP 
systems in practical applications. 

2. SYSTEM DESCRIPTION 

2.1 CSP - combined SCO2/ORC system architecture 

A schematic diagram of the CSP-combined SCO2/ORC 
system is shown in Fig. 1, in which the red line (hot) and 
blue line (cold) represent the HTF loop that absorbs solar 
energy from the parabolic-trough collectors and 
transfers heat to the power cycle systems, while the lines 
coloured in orange and black denote the SCO2 cycle and 
the ORC, respectively. The two sub-systems are coupled 

 

Figure 1. Schematic diagram of CSP-combined SCO2/ORC system. 
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via a shared heat exchanger, which allows the bottoming 
ORC system to recover the residual heat from the 
topping cycle system. A T-s diagram of the proposed 
combined SCO2/ORC system is shown in Fig. 2. 
 

 
Figure 2. T-s diagram of combined SCO2/ORC system. 

 
The thermal energy collected by the parabolic-trough 

collector field is removed by the HTF, which is one of the 
critical components for storing and transferring thermal 
energy [20]. Two tanks are used for thermal-energy storage 
[21,22], in order to overcome the inherent intermittency of 
the solar resource and to extend the system operating time 
when the solar irradiance alone is insufficient.  

In the topping SCO2-cycle system, CO2 is compressed by 
the compressor and flows to the recuperator which utilises 
heat recovered from the hot stream returning from the 
turbine for pre-heating. The working fluid is heated further 
by the HTF, expands in the turbine to produce power, and 
then enters the recuperator, the shared heat exchanger 
and the pre-cooler for cooling before returning to the 
compressor, thus completing the cycle. 

In the bottoming ORC system, the organic working 
fluid is first pressurised by the pump, and then heated 
by the residual heat from the topping SCO2-cycle system 
and the remaining (low-temperature) heat from the 
HTF. The second heat exchanger is needed to ensure 
that the HTF is cooled down to the specific temperature 
required by the cold tank. The ORC evaporation 
temperature is optimised by sizing the shared heat 
exchanger and adjusting the heat transferred between 
the two cycles [23]. Afterwards, the organic vapour 
expands in the turbine to produce power and then 
enters the condenser to be cooled and condensed. 

2.2 Comprehensive model 

The comprehensive model presented in this paper 
consists of the solar collector, the storage tank and the 
two power cycle sub-models. A detailed model of the 
solar field can be found in the authors’ previous work 
[24], and detailed models of both the SCO2-cycle system 
and the ORC system can be found in Ref. [25]. 

2.3 Conditions and assumptions 

The main parameters of the combined-cycle system 
are summarised in Table 1. The evaporation temperature 
of the bottoming ORC is optimised by sizing the shared 
heat exchanger to achieve the maximum net power 
output using the MATLAB’s fmincon function. 
 
Table 1. Main parameters of combined SCO2/ORC system for 
CSP applications. 

Topping SCO2-cycle system  

Minimum temperature (compressor inlet) 32 °C 
Minimum pressure (compressor inlet) 7.8 MPa 
Maximum pressure (turbine inlet) 20 MPa 
Pinch point temperature difference 6 °C 
Compressor efficiency 0.80 
Turbine efficiency 0.80 
Generator efficiency 0.95 

Bottoming ORC system  

Working fluid R245fa 
Condensation temperature  25 °C 
Pinch point temperature difference 6 °C 
Compressor efficiency 0.80 
Turbine efficiency 0.80 
Generator efficiency 0.95 

3. RESULTS AND DISCUSSION 

3.1 Parametric analysis 

A case study in Seville (latitude: 37.39°, longitude:   
-5.99°), Spain, is performed for the proposed CSP-
combined SCO2/ORC system. A collector array with a 
total area of 10,000 m2 is selected, which corresponds to 
the size of typical small-scale solar power plants [26]. The 
two energy storage tanks (hot and cold, see Fig. 1) are 
sized to allow continuous operation of the plant for up to 
5 hours. The HTF temperature at the cold tank inlet (after 
transferring heat to the SCO2/ORC systems) is varied to 
evaluate its influence on the overall system and the 
interplay between the two subsystems, while the HTF 
temperature at the hot tank inlet (after absorbing heat 
from solar collectors) is set to 400 °C by adjusting the HTF 
mass flow rate through the valve located on the loop.  
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For a specified HTF temperature at the cold tank 
inlet, a lower HTF mass flow rate corresponds to a 
smaller size of the tank, which would however restrict 
the solar energy absorption and the solar field thermal 
efficiency when the tank is filled with HTF. Consequently, 
there exists an optimal mass flow rate for the solar 
collection loop to achieve the highest thermal efficiency, 
beyond which the solar field thermal efficiency no longer 
increases with increasing HTF mass flow rate. Figure 3 
shows that the optimal HTF mass flow rate increases 
from 8.5 kg/s to 14.0 kg/s when the cold tank inlet 
temperature is raised from 100 °C to 250 °C. 
 

 
Figure 3. Variation of the solar field thermal efficiency with HTF 
mass flowrate under different conditions. 

 
In order to avoid fluctuations in the power generated 

by the system during changeable weather conditions, the 
thermal-energy storage tanks can be used to maintain the 
HTF outlet temperature within the range of 360 °C to 400 
°C, which ensures that the system operates under 
relatively stable conditions. A steady-state case with a HTF 
temperature at the hot tank outlet set to 380 °C is selected 
in order to evaluate the influence of the cold tank inlet 
temperature, which ranges from 100 °C to 250 °C, on the 
combined-cycle system performance and the coupling 
between the topping and bottoming cycles. 

Figure 4 shows that as the HTF temperature at the 
cold tank inlet increases, the net power output of the 
bottoming ORC system decreases while that of the 
topping SCO2-cycle system increases at first and then 
decreases when the temperature exceeds 200 °C. When 
the HTF temperature at the cold tank inlet is set at 150 °C 
or lower, there is considerable thermal energy remaining 
in the HTF for the ORC system to exploit after the topping 
SCO2-cycle system has extracted its heat input. This leads 

to a high power output from the ORC system. In contrast, 
when the HTF temperature at the cold tank inlet is set to 
be 200 °C or higher, the ORC system only recovers the 
residual heat from the topping-cycle system. The 
performance improvement to the SCO2-cycle system 
from the bottoming ORC system is therefore limited in 
this case, and only accounts for a 3% increase. A HTF 
temperature at the cold tank inlet of 200 °C is optimal for 
the combined-cycle system to deliver the maximum net 
power output of 1,190 kW. However, this high 
temperature is also associated with a large HTF mass 
flow rate (see Fig. 3), since the total area of the solar 
collector and the HTF temperature at hot tank inlet are 
kept constant. The tank volumes required are therefore 
also large, and it is expected that this would also lead to 
an escalation of costs. The thermo-economic trade-off is 
therefore worth taking into consideration in future work 
to assess the performance of the combined system. 
 

 
Figure 4. Net power output of the proposed CSP-combined 
SCO2/ORC system under different conditions of the HTF 
temperature at the cold tank inlet. 
 

3.2 Annual performance evaluation 

Annual performance evaluations of the CSP-combined 
SCO2/ORC system are implemented using local weather 
data comprised of hourly solar irradiance and air 
temperature data in Seville, Spain. The four afore-
mentioned cases, in terms of the HTF temperature at the 
inlet of the cold tank (100 °C, 150 °C, 200 °C and 250 °C, see 
Fig. 3 and Fig. 4) and corresponding optimal mass flowrates 
presented in Section 3.1 are selected for the assessment. 

Figure 5 shows the annual electricity output of the 
proposed combined system and a comparison to that 
generated by a stand-alone SCO2-cycle system under the 
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same condition. Performance improvements can be 
achieved by including the bottoming ORC system, 
especially under the conditions that correspond to low 
HTF inlet temperatures. This is because in the stand-alone 
SCO2-cycle system, the recuperation process is restricted 
when the HTF cold tank return temperature is low, 
whereas in the combined-cycle system, the recuperation 
of the topping SCO2 cycle is still sufficient as the residual 
heat from HTF (the low-temperature portion) can be 
recovered by the bottoming ORC system, which 
additionally raises the ORC evaporation temperature to 
achieve higher thermal efficiencies. 

The maximum performance improvement on the 
stand-alone CO2 cycle system reaches 66% at the lowest 
HTF temperature of 100 °C. As mentioned above, this low 
temperature and the corresponding small HTF mass 
flowrate is preferable from the thermal storage size and 
cost perspectives. When the HTF temperature is raised 
to 250 °C, the CSP-combined SCO2/ORC system delivers 
the maximum electricity output of 2,680 MWh, which is 
still 3% higher than that of the stand-alone SCO2-cycle 
system, though the bottoming ORC is mainly for residual 
heat recovery from the topping SCO2 cycle in this case. 
 

 
Figure 5. Annual performance evaluation of CSP-combined 
SCO2/ORC system and CSP-SCO2 cycle system. 

4. CONCLUSIONS 
Combined SCO2/ORC systems offer an attractive 

option for power generation in CSP applications. A 
comprehensive model of a CSP-combined SCO2/ORC 
system is presented in this paper and thermodynamic 
assessments are implemented based on this model. 

A lower HTF temperature at the cold tank inlet 
enables the bottoming ORC system to yield a better 
thermal performance and allows a corresponding 

smaller mass flowrate that is preferable in terms of 
allowing a smaller thermal store and reducing the 
associated costs. Although a high HTF temperature is 
optimal for the combined-cycle system from a pure 
thermodynamic perspective, a thermo-economic trade-
off needs to be taken into consideration and this is 
highlighted here as an important area for future work. 

Annual performance evaluations of the proposed 
combined-cycle CSP plant based on the real weather data 
in Seville, Spain, reveal that the system can generate a 
maximum electricity output of 2,680 MWh at a HTF 
temperature of 250 °C, which is 3% higher than that of a 
corresponding, stand-alone SCO2-cycle system. However, 
a maximum performance benefit of 66% more power is 
demonstrated at the lowest HTF temperature of 100 °C at 
the inlet of the cold tank. These results demonstrate a 
promising potential for exploiting this kind of combined-
cycle systems for CSP and other similar applications. 
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