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Abstract 

Concentrated Solar Power using supercritical CO2 (S-CO2) recompression Brayton cycles offer 

advantages of similar and even higher overall thermal efficiencies compared to power cycles 

using superheated or supercritical steam. The high efficiency and compactness of S-CO2, as 

compared with steam Rankine cycles operating at the same high temperature, make this cycle 

attractive for central receiver applications.  

In this paper a multi-objective optimisation, based on energy and exergy analyses of a CO2 

Recompression Brayton cycle, is performed. Energy, exergy and mass balance are carried out for 

each component and cycle first law efficiency and exergy destruction are calculated. In order to 

obtain optimal operating condition, two different sets, each including two objectives parameters, 

are considered individually. The pairs maximized separately were as follows:  and 

. The input variable vector used for this simulation was: 

. Optimisation is then carried out by using 

Non-dominated Sorting Genetic Algorithm-II (NSGA-II) and optimum Pareto front are obtained. 

The optimisation process was performed by using Inspyred 1.0 developed in Python 2.7. The 

results showed that an improvement in net work output causes deterioration of the cycle first law 

and overall exergy efficiency, while at the same time the total exergy destruction of the cycle is 

increased. The multi-objective optimisation of the cycle first law and exergy efficiency obtained 

results very close to those obtained by single objective optimisation of the cycle first law 

efficiency. The results showed that the overall exergy efficiency reached a maximum value at 600 

°C (21.03%) while the cycle first law efficiency increases monotonically with the highest 

temperature of the cycle, achieving a thermal efficiency of 52.8% at 850 °C.  

Nomenclature 

C Concentration ratioCO2 Carbon dioxide 

e Specific exergy [kJ/kg] 

h Specific enthalpy[kJ/kg] 

hconv Convective heat transfer coefficient [W/m 
2
 K] 

s Specific entropy [kJ/kg-K] 

EDNI Direct normal irradiance [W/m 
2
] 

𝐸̇𝑑 Exergy destroyed rate [kW] 

𝐸̇𝑙𝑜𝑠𝑠 Exergy loss rate [kW] 

𝐸̇𝑞𝑗 Exergy of heat transfer rate [kW] 

Peer Reviewed Paper



 

𝐸̇  Exergy rate [kW] 

fconv Convective heat loss multiplier 

Fview Radiative view factor from the receiver to the surroundings 

g Acceleration of gravity, 9.8  [m/s
2]

 

HTR High thermal recuperator 

ITD Initial temperature difference [°C] 

LTR Low thermal recuperator 

𝑚̇  Mass flow rate [kg/s] 

𝑄̇  Heat transfer rate [kW] 

SR Split ratio 

T Temperature [°C, K] 

Tair Dry ambient temperature [K] 

Tin,comp Compressor inlet temperature [°C] 

TR Receiver surface temperature [K] 

V Fluid velocity [m/s] 

𝑊̇𝑛𝑒𝑡,𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟  Net input power to compressors [kW] 

𝑊̇𝐶𝑉 Work rate [kW] 

𝑊̇𝑛𝑒𝑡,𝑡𝑢𝑟𝑏𝑖𝑛𝑒 Net power from turbines [kW] 

Greek Symbols  

𝛼 Receiver solar absorptance 

𝜀 Receiver thermal emittance, Heat exchanger effectiveness 

𝜂𝑒𝑥𝑒𝑟𝑔𝑦  Exergy efficiency 

𝜂𝑓𝑖𝑒𝑙𝑑  Heliostat field efficiency 

𝜂𝐼 First law efficiency 

𝜂𝑡ℎ Thermal efficiency of the solar receiver 

𝜓 Dimensionless maximum useful work available from radiation 

Subscripts  

Cv Control volume 

e exit 

i inlet 

j Source 

o Reference 

opt Optimum 

1. Introduction 

Concentrated Solar Power using (S-CO2) recompression Brayton cycles as power block has 

shown similar and even higher overall thermal efficiencies compared to Rankine cycle using 

superheated or supercritical steam.  This cycle has the potential of achieving higher efficiency 

with a compact power block as compared to steam Rankine cycles operating at the same high 

temperature. Both attributes make this cycle attractive for central receiver applications. Current 

research in S-CO2 is focused on the thermodynamic analysis and system components (turbine 

design, heat exchangers and cooling systems). Kulhánek and Dostal (Kulhanek and Dostal, 2011) 

carried out a thermodynamic analysis of S-CO2 cycle for application in nuclear energy. Turchi et 

al. (Turchi et al., 2013, 2012) performed a similar thermodynamic analysis for central receivers 

and reheat was included to increase thermal efficiency. Different cycle configurations have been 

studied: Simple Brayton Cycle, Recompression Cycle, Partial Cooling Brayton Cycle and 



 

Recompression with Main-Compression Intercooling. The results obtained by Turchi et al. 

(Turchi et al., 2013) showed that reheat increased thermal efficiency and the Recompression 

configuration achieved efficiency as high as the other configurations (Partial Cooling Brayton 

Cycle and Recompression with Main-Compression Intercooling) at high temperatures. Besarati et 

al. (Besarati et al., 2010) developed a multi-objective optimisation in a combined Brayton and 

inverse Brayton cycle by using air as working fluid. 

Thermodynamic analysis of S-CO2 Brayton cycle has focused mainly on energy analysis 

(thermal efficiency). Energy analysis only shows a general thermodynamic picture without 

locating and calculating the irreversibilities (useful work losses) of the cycle. This detailed 

analysis can be performed by an exergy analysis, since exergy analysis can be used to find critical 

components, causes and locations of thermodynamic losses (Dincer and Ratlamwala, 2013) and 

optimum operating conditions to maximize output work. Previous works showed that this power 

cycle has been optimised to maximize its thermal efficiency, but optimum operating conditions to 

optimize both first and exergy efficiency have not been studied at all for CO2 as working fluid. In 

this paper a multi-objective optimisation, based on energy and exergy analyses of a CO2 

Recompression Brayton cycle, is performed and a solar receiver is used to provide heat input to 

the cycle. Energy, exergy and mass balance are carried out for each component and first law and 

exergy losses (internals and externals) are calculated. In order to obtain optimal operating 

condition, two different sets, each including two objectives parameters, are considered 

individually. Optimisation is then carried out by using Non-dominated Sorting Genetic 

Algorithm-II (NSGA-II) and the optimum Pareto front is obtained. 

2. Power Cycle 

The Recompression S-CO2 Brayton Cycle is shown in Figure. 1. This configuration has two 

compressors and two recuperators (LTR, Low thermal recuperator and HTR, high thermal 

recuperator). This layout is used for eliminating pinch point problems in the recuperators between 

the hot and cold streams. The stream leaving the LTR (state 6) is split into two streams. The first 

stream goes to the main compressor (C1) and the second stream to the second compressor 

(recompressor), which is operating at the exit pressure and temperature of the low thermal 

recuperator (Turchi et al., 2013). The stream (state 8) leaving the main compressor  passes though 

the LTR where it receives energy from the hotter stream (state 5) and it is then mixed with the 

stream (state 10) leaving  the recompressor (C2). The mixed stream (state 11) is preheated in the 

HTR and is heated in the solar receiver. Part of the work produced by the turbines is used to drive 

both compressor (C1 and C2).  

Due to the changes of the thermal physical properties of CO2 near supercritical conditions 

(Dostál, 2004), it is necessary to discretize the heat exchangers to check if a pinch point problem 

takes place (Hoang et al., 2011). The high temperature recuperator was modelled by assuming a 

heat exchanger effectiveness and an effectiveness factor for the total hot stream (Besarati and 

Goswami, 2013) as follows: 

 (1) 

The enthalpy ℎ6(𝑇8, 𝑃6) is the enthalpy at state 6, but calculated at the minimum temperature that 

the hot stream leaving the LTR could reach (Moran and Shapiro, 2006). Another important 

parameter to be calculated is the split ratio (SR); this parameter is used to calculate the thermal 



 

performance in LTR and the power input to the main and recompressor. The split ratio (SR) is 

determined by applying an energy balance on the low thermal recuperator (LTR): 

  (2) 
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Figure 1. Supercritical CO2 Recompression Brayton Cycle Layout.  Adapted from (Turchi 

et al., 2013) 

Energy, mass and exergy balance were written in Python 2.7 (Lutz, 2006) and REFPROP 9.1 

(Lemmon et al., 2013) was used to obtain the thermodynamic properties of carbon dioxide (CO  

under supercritical conditions based on the model developed by Span and Wagner (Span and 

Wagner, 1996), which uses an empirical Helmholtz energy equation and is valid in the fluid 

region up to temperatures of 1100 K and at pressures up to 800 MPa.  

The following assumptions were used in this simulation: 

 Pressure losses in the pipes and heat exchanger are neglected 

 The components of the cycle are well insulated 

 Expansion and compression processes are adiabatic 

 The cycle operates under steady state conditions 

 Carbon dioxide always achieves the minimum and maximum temperature and pressure of 

the cycle. 

The energy model was validated with the numerical model proposed by Turchi et al.(Turchi et 

al., 2013). The parameters used in the validation are shown in Table1. As is shown in Figure 2, 

the results are in excellent agreement with the published model and, therefore, the proposed 

model was extended for exergy analysis.  

The exergy balance for each component of the supercritical CO  Recompression Brayton cycle is 

calculated as follows (Moran and Shapiro, 2006): 

 (3) 



 

Table 1 Input parameters used in the validation of the proposed model. Data taken from 

(Kulhanek and Dostal, 2011)  

Parameters Value 

Turbine Efficiency 90% 

Compressor Efficiency 89% 

Heat Exchanger Effectiveness  95% 

Turbine inlet temperature 550-850 ºC 

Cycle High Pressure 25 MPa 

Compressor inlet temperature 32 ºC 

Minimum Pinch Point Temperature 5 ºC 

 

 

Fig. 1 Validation of the supercritical CO2 recompression Brayton cycle. Turchi et al. 

(Turchi et al., 2013) 

The supercritical CO  recompression Brayton cycle is integrated with a central receiver, therefore 

the exergy input includes the exergy coming from the solar radiation to the solar receiver and the 

exergy losses of the solar field are also included in this analysis. The exergy input can be 

approximated as: 

  (4) 

where  is the thermal efficiency of the solar receiver and  is defined as the dimensionless 

maximum useful work available from radiation. For an ideal process,  is calculated with 

Petela’s formula (Petela, 2003). In this paper, the effect of the sun’s cone angle ( 0.005 rad) on 

the limiting efficiency proposed by Parrot (Parrott, 1978) is also taking into account: 

  (5) 

The thermal efficiency of the central receiver is calculated as follows (Ho and Iverson, 2014): 

 (6) 



 

The receiver heat losses were calculated by using the high temperature of the Brayton cycle as 

the receiver temperature (Stine and Harrigan, 1985). Typical parameters used for calculating 

thermal efficiency of central receivers are presented in Table 2 with prevailing conditions  at 

Alice Springs, Australia. Since central receivers generally work in desert areas, a dry condenser is 

proposed in this paper. In this case, the compressor inlet temperature can be approximated as: 

  (7) 

where ITD is the initial temperature difference (ITD) which is assumed to be 20 ºC (Kelly, 2006). 

The input parameters for the exergy analysis are also shown in Table 2. Finally, the overall 

exergy efficiency (solar receiver +cycle) is calculated as:  

  (8) 

Table 2 Input parameters for exergy analysis. Location: Alice Springs, Australia 

Parameters Value Reference 

Direct normal irradiance,  980 W/m  (U.S. Department of Energy, 2006) 
Ambient Temperature,  35.5 C 

Turbine Efficiency 93% 

(Kulhanek and Dostal, 2011) 

Compressor Efficiency 89% 

Heat Exchanger Effectiveness 95% 

Turbine inlet temperature 500‐850 ºC 

Cycle High Pressure 25 MPa 

Minimum Pinch Point Temperature 5 ºC 

Main Compressor Inlet Temperature 55.5 ºC  

Reference temperature,  25 C (Kenneth, 1994) 
Reference pressure,  101.325 kPa 

Absorptance,  0.95 

(Ho and Iverson, 2014) 

Thermal emittance,  0.85 

Radiative view factor,  1 

Convective heat loss factor,  1 

Convective heat transfer coefficient,  10 W/m2K 

Annual heliostat field efficiency,  0.6 

Concentration ratio,  900 

3. Multi-objective optimisation 

In this paper, multi-objective optimisation is based on the Pareto approach and nondominated 

sorting genetic algorithm II (NSGA-II) proposed by Deb et al. (Deb et al., 2002) is used for 

optimisation. In order to analyze the optimal operating conditions of the S-CO2 recompression 

Brayton cycle, two different sets, each including two objectives parameters, are considered 

individually. The pairs to be maximized separately are as follows:  and 

. The input variable vector used was 

. The optimisation approach is 

accomplished with a population size of 100 with crossover probability and mutation probability, 

of 0.9 and 0.1, respectively. The optimisation process was carried out by using Inspyred  (Garrett, 

2012) developed in Python. 

4. Results 

The results are shown in Figure 2-4. Initially the supercritical CO2 Brayton cycle was optimised 

by defining the net power output and overall exergy efficiency as objective functions. Figure 2 



 

showed the results obtained for this pair of objective functions. For the case of the cycle thermal 

efficiency, Figure 2(a) showed that the high temperature of the cycle has a positive effect on the 

net power output and the cycle thermal efficiency, since high temperatures lead to improve both 

parameters. Figure 2(a) also showed that improving the cycle first law efficiency causes 

deterioration on the net power output independent of the high temperature of the cycle.  

  

Figure 2 Optimum pareto front of net power output with respect to overall exergy 

efficiency. (a) Net power output vs cycle thermal efficiency (b) Net power output vs overall 

exergy efficiency 

The same result was obtained for the case of net power output and overall exergy efficiency, but 

in this case the high temperature of the cycle plays an important role. As it is shown in Figure 

2(b), at temperatures above 650 °C, the overall exergy efficiency decreases although higher net 

power output is obtained. This means that not only the net power output produces a deterioration 

on the exergy efficiency but also the high temperature of the cycle at high temperatures. As it 

shown in Figure 2, Point A and B represent the highest possible value of cycle thermal and 

overall exergy efficiency respectively, at certain high temperature. The values of the objective 

functions in these optimal points are very close to those obtained by optimizing the cycle thermal 

efficiency and the overall exergy efficiency simultaneously. These agreements confirm the 

accuracy of multi-objective optimisation. The results showed that that the optimum operating 

conditions are obtained at low pressure ratios, which means that the points A and B are obtained 

when the power cycle operates under supercritical conditions. 

Later, the cycle was optimised by using two different functions: cycle thermal efficiency and 

overall exergy efficiency. Figure 3(a) showed the effect of the high temperature of the cycle on 

the optimum cycle first law and overall exergy efficiency. In this case, the optimisation of two 

objective functions leads to a single optimal point which means that there is no conflict between 

cycle thermal efficiency and overall exergy efficiency since improving one of the efficiency leads 

to the improvement of the other. As it was mentioned above, the overall exergy efficiency 

reached a maximum value close to 650 °C, although either the optimum exergy efficiency or this 

optimum temperature is affected by the input parameters of the solar field and the thermal 

efficiency of the central receiver. Figure 3(a) also showed that the cycle first law efficiency 

increases monotonically with the highest temperature of the cycle, achieving a thermal efficiency 

(a) (b) 



 

of 52.8% at 850°C. Figure 3(b) showed the effect of the high temperature on the optimum 

pressure ratios. It is seen that as the high temperature of the cycle increase, the optimum pressure 

ratios increase as well, although this increase is less noticeable for the reheat pressure ratio. It is 

also important to mention that the high pressure of the cycle was one of the input parameters and 

its value was constrained to be less than 25 MPa, since this value is used as reference pressure in 

others simulations of S-CO2 Brayton cycles (Turchi et al., 2013; Kulhanek and Dostal, 2011). In 

this case, all the multi-objective optimisations obtained that the optimum high pressure had a 

value close to 25 MPa. 

(a) (b) 

  

Figure 3 Optimum pareto front of the cycle first law efficiency with respect to overall 

exergy efficiency. (a) Effect of high temperature of the cycle on the optimum cycle first law 

and overal exergy effciency (b) Effect of high temperaure of the cycle on ptimum pressure 

ratios 

 



 

Figure 4 Effect of high temperature of the cycle on exergy losses and net power output for 

multi-objetive optmization of cycle first law and overall exergy effciency.  

Finally, Figure 4 showed the effect of the high temperature of the cycle on the net work output 

and total exergy losses (internal and externals) for simultaneous optimisation of the cycle first 

law efficiency and overall exergy efficiency. The results showed that more net work output is 

produced as the high temperature of the cycle increases, but at the same time more exergy losses 

take place in the supercritical CO2 Brayton cycle integrated with the solar field due to the 

irreversibilities associated with the heat losses to the environment in the solar receiver and the 

exergy losses in the solar field due to shading, blocking, cosine effect and spillage. At 

temperatures above 650 °C, the rate at which the total exergy losses (Internal and externals) 

increase is much higher than the rate at which power output is generated by the power cycle, and 

therefore the overall exergy efficiency decreases. 

5. Conclusions 

Multi-objective optimisation of a S-CO2 recompression Brayton cycle integrated with a solar 

receiver was performed by using energy and exergy analysis. The following conclusions are 

proposed: 

 The optimisation of the cycle first law efficiency leads to the optimisation of the overall 

exergy efficiency as well. 

 Improvement of the cycle efficiencies (cycle first law and overall exergy efficiencies) 

causes deterioration of the net power output. 

 The overall exergy efficiency reached a maximum value around 650 °C (21.03%), but this 

optimum value depends on the input parameters of the solar field and the thermal 

performance of the central receiver. 
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