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ABSTRACT 

The supercritical carbon dioxide (S-CO2) Brayton cycle 

is considered to be one of the most promising power cycles for 

the future. Its main advantages include compactness, high 

efficiency, high safety and good environmental friendliness. 

Thermal efficiency of the S-CO2 Brayton cycle can be further 

improved by adding a bottoming cycle for heat recovery. In 

this paper, a S-CO2 cycle with an Organic Rankine Cycle 

(ORC) is analyzed and optimized. It is an extension of the 

previous study (Song et al., Energy, 2017). Based on the 

previous analysis of the S-CO2 recuperative ratio and the ORC 

evaporation temperature, the S-CO2 compressor inlet 

temperature and pressure and the S-CO2 compressor pressure 

ratio influence on the combined cycle performance is 

evaluated here. The combined cycle performance can be 

remarkably promoted through this parametric optimization. It 

is found that parameters of the compressor inlet play an 

important part during this process. The proposed optimization 

method for the S-CO2-ORC combined cycle is applicable to 

similar cases. 

INTRODUCTION 

Supercritical carbon dioxide (S-CO2) is a fluid state of 

carbon dioxide whose temperature and pressure are higher 

than those of the critical point of the fluid (30.98 °C, 7.38 

MPa). CO2 is stable, non-toxic, environment-friendly, readily 

available, and has a high density and thermal conductivity 

(Feher, 1968; Angelino, 1967). In recent studies, it is 

confirmed that the S-CO2 Brayton cycle has higher efficiency 

(Turchi and Ma, 2012; Mecheri and Moullec, 2016), more 

compact structure and safety. Owing to its outstanding 

advantages, the S-CO2 Brayton cycle can be applied to 

different energy sources, such as nuclear energy (Ahn and 

Lee, 2014), fossil fuel (Mecheri and Moullec, 2016), waste 

heat (Song et al., 2018), solar energy (Turchi and Ma, 2012), 

geothermal energy (Sabau et al., 2011), and fuel cell (Baronci 

et al., 2015). 

Pressure ratio of the S-CO2 cycle is generally small, and 

the turbine outlet temperature is relatively high. There is still 

considerable heat available after the expansion process in the 

turbine. The large amount of the residual heat can be used to 

improve the cycle efficiency. The common way is to install a 

recuperator in the loop. However, large amount of thermal 

energy is still discharged into the ambient. Another method is 

to add a bottoming cycle to the topping S-CO2 cycle. The 

residual heat can be absorbed through a heat recovery unit. 

Organic Rankine Cycle (ORC) is considered to be suitable for 

low-grade heat sources and can be one choice of the bottoming 

cycle (Song et al., 2015). 

The combined cycle incorporating the topping S-CO2 

cycle and the bottoming ORC has been proposed and 

investigated by some researchers. Chacartegui et al. 

(Chacartegui et al., 2011) proposed a combined cycle that 
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comprises a topping S-CO2 cycle and the bottoming ORC and 

preliminary results showed that the cycle is promising 

technologie for solar tower plants, having the potential to 

compete in terms of efficiency and costs with other 

conventional technologies. Zhang et al. (Zhang et al., 2014) 

combined a S-CO2 recompression cycle with ORC using 

liquefied natural gas as heat sink and the results indicated that 

the integrated power system is effective to recover the waste 

heat. Song et al. (Song et al., 2017) compared the combined 

cycle configurations with a pre-cooler and without a pre-

cooler. The influence of the S-CO2 recuperative ratio and the 

ORC evaporation temperature on the combined cycle 

performance was study. However, the S-CO2 compressor inlet 

temperature and pressure and the S-CO2 compressor pressure 

ratio cycle are fixed and their influence is not considered. 

Actually, if these parameters are included among the 

optimization variables and a further improvement of the 

combined cycle performance is obtained. 

In this paper, a more thorough optimization method of the 

S-CO2-ORC combined cycle is proposed. The influence of the 

S-CO2 compressor inlet temperature and pressure and the S-

CO2 compressor pressure ratio is analyzed while the 

corresponding recuperative ratio and ORC evaporation 

temperature are always optimized. Thus, the parameters of the 

topping S-CO2 cycle and the bottoming ORC are optimized 

simultaneously to get the optimal thermal efficiency of the 

combined cycle. 

 

CYCLE CONFIGURATION 

Regenerative S-CO2 cycle 

The schematic diagram of a typical regenerative S-CO2 

cycle is shown in Figure 1. It contains a compressor, a turbine, 

a heat exchanger that absorbs heat, a recuperator and a 

precooler. The working fluid is first compressed in the 

compressor and then recovers heat through the recuperator. 

After absorbing heat from the heat source, the S-CO2 that has 

high pressure and high temperature expands in the turbine 

which is connected to the generator. The hot stream of the 

working fluid transfers the residual heat to the cold side in the 

recuperator. Finally the S-CO2 is cooled in the precooler and 

return to the compressor. 

 

Figure 1 Schematic diagrams of a regenerative S-
CO2 cycle 

S-CO2-ORC combined cycle 

The S-CO2-ORC combined cycle consists of a topping S-

CO2 cycle and a bottoming ORC as shown in Figure 2. The 

heat recovery unit is installed between the heat regenerator 

and precooler of the topping cycle. After expansion process in 

the turbine, the S-CO2 transfers part of heat in the heat 

regenerator, and provides the heat for the bottoming cycle in 

the heat recovery unit. The heat recovery unit acts as the 

preheater and evaporator of ORC. After leaving from the 

pump, the ORC working medium absorbs the heat in the heat 

exchanger and expands in the turbine, and finally returns back 

to the pump after cooling down in the condenser. 

 

Figure 2 Schematic diagrams of the S-CO2-ORC 
combined cycle 

MODELING APPROACH 

Thermodynamic model 

T-s diagram of the S-CO2-ORC combined cycle is 

presented in Figure 3. The thermal process can be described 

as followings. 

The topping S-CO2 cycle satisfies Eq. (1) – Eq. (9). 

In the compressor: 
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2sh  represents the S-CO2 isentropic enthalpy at the 

compressor outlet and 
2,comp S CO   is the compressor efficiency. 

In the recuperator: 

2 23 2 5 6( ) ( )recup S CO S COQ G h h G h h       . (2) 

The recuperative ratio is defined as follow: 

5 6

5 6 2 6( , )

h h
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. (3) 

6 2 6( , )h T P  is calculated assuming the temperature of the 

recuperator hot side outlet is 2T  and the pressure is 6P . 

In the heat exchanger with the heat source: 

2 4 3( )in S COQ G h h   . (4) 
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In the turbine: 

2 2 2, 4 5 ,( )T S CO S CO s T S COW G h h       . (5) 

5sh  represents the S-CO2 isentropic enthalpy after 

expanding in the turbine and 
2,T S CO   is the turbine efficiency. 

In the heat recovery unit: 

2 6 7( )ORC S COQ G h h   . (6) 

In the precooler: 

2 2, 7 1( )prec S CO S COQ G h h    . (7) 

Net power of the topping S-CO2 cycle is given by: 

2 2 2, , ,net S CO T S CO comp S COW W W    . (8) 

Thermal efficiency of the topping S-CO2 cycle is given 

by: 
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Figure 3 T-s diagram of the S-CO2-ORC combined 
cycle 

The bottoming ORC satisfies Eq. (10) – Eq. (15). 

In the pump: 

02 01

,

,

( )wf s

pump ORC

pump ORC

G h h
W



 
 . (10) 

02sh  represents the working fluid isentropic enthalpy at 

the pump outlet and ,pump ORC  is the pump efficiency. 

In the evaporator: 

204 02 6 7( ) ( ).ORC wf S COQ G h h G h h       (11) 

In the organic turbine: 

, 04 05 ,( )T ORC wf s T ORCW G h h     . (12) 

05sh  represents the organic vapor isentropic enthalpy after 

expanding in the turbine and 
,T ORC  is the organic turbine 

efficiency. 

In the condenser: 

, 05 01( )cond ORC ORCQ G h h   . (13) 

Net power of the bottoming ORC is given by: 

, , ,net ORC T ORC pump ORCW W W  . (14) 

Thermal efficiency of the bottoming ORC is given by: 

,

,

net ORC

net ORC
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W

Q
  . (15) 

The global efficiency of the S-CO2-ORC combined cycle 

is given by: 

2, ,net S CO net ORC

global

in

W W

Q


 
 . (16) 

Conditions and assumptions 

Some basic parameters of the S-CO2-ORC combined 

cycle are presented in Table 1 according to a S-CO2 Brayton 

system test at the Bettis Atomic Power Laboratory named the 

Integrated System Test (IST) (Clementoni and Cox, 2014). 

When R245fa is chosen to be the organic working fluid, ORC 

has higher efficiency. And R245fa is more environmental-

friendly and non-flammable. So it is selected as the organic 

working fluid of the bottoming cycle. The thermodynamic 

design and analysis are accomplished by using an in-house 

code in the FORTRAN environment (Song et al., 2017). Real 

gas properties of S-CO2 and R245fa are acquired through 

REFPROP 8.0 database developed by NIST (Lemmon et al., 

2002) as indicated in Table 2. The Span-Wagner equations of 

state are used for the calculation of S-CO2 property in the 

REFPROP 8.0 database. The model is validated as shown in 

Table 3 and the deviations are in reasonable ranges so the code 

can be used to continue further analysis. 

Table 1 Basic parameters of the S-CO2-ORC 
combined cycle system 

Parameter Value 

S-CO2 compressor inlet temperature 309.15 K 

S-CO2 turbine inlet temperature 573.15 K 

S-CO2 compressor inlet pressure 9183 kPa 

S-CO2 turbine inlet pressure 16352 kPa 

S-CO2 compressor isentropic efficiency 0.7 

S-CO2 turbine isentropic efficiency 0.8 

Mass flow rate of the topping S-CO2 cycle 5.46 kg/s 

Maximum recuperative ratio 0.9 

Pinch point temperature difference in the heat 

recovery unit 
6 K 

ORC pump isentropic efficiency 0.7 

ORC turbine isentropic efficiency 0.8 

ORC condensation temperature 298.15 K 

Table 2 Properties of the working fluids 

Working 

fluid 

Molecular 

weight 

(g/mol) 

Normal 

boiling 

point 

(K) 

Critical 

temperature 

(K) 

Critical 

pressure 

(kPa) 

CO2 44.01 216.6 304.1 7377.3 

R245fa 134.05 288.3 427.2 3651.0 

The following assumptions are also made for this study: 
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(1) Pressure losses in the heat exchangers are set to be 

100 kPa (Moisseytsev and Sienicki, 2009). 

(2) Heat loss to the ambient is negligible. 

(3) Expansion and compression processes are 

adiabatic. 

(4) Working fluid always achieves the specified 

temperature at heat exchanger outlets. 

(5) The organic working fluids attain saturated vapor at 

the turbine inlet. 

(6) All processes are in steady state. 

Table 3 Model validation 

Cycle Reference 
Efficiency 

in 

reference 

Efficiency 

predicted 
Error 

S-CO2 
(Sanchez et 

al., 2013) 
45.5% 45.9% 0.9% 

S-CO2 
(Besarati et 

al., 2014) 
49.7% 49.5% 0.4% 

R245fa 
(Clementoni 

et al., 2013) 
11% 11.3% 2.7% 

RESULTS AND DISCUSSION 

There are three categories of parameters that have impacts 

on the performance of the S-CO2-ORC combined cycle, 

including the parameters of the S-CO2 cycle, heat exchange 

and ORC. In this paper, S-CO2 cycle parameters include the 

inlet temperature, inlet pressure and pressure ratio of 

compressor. For the heat exchange parameters, the 

recuperative ratio of the S-CO2 cycle can directly influence the 

hot stream inlet temperature of the heat recovery unit ( 6T ) and 

the maximum heat that can be absorbed by ORC, so the effect 

of the recuperative ratio of the S-CO2 cycle needs to be 

studied. The investigation of ORC parameters mainly focuses 

on the effect of ORC evaporation temperature of the working 

fluid. 

 

Figure 4 Variations of the S-CO2 hot stream outlet 
temperature with ORC evaporation temperature 

Analysis of the recuperative ratio and ORC 
evaporation temperature 

For the S-CO2-ORC combined cycle, the hot stream inlet 

of the heat recovery unit is the hot stream outlet of the 

recuperator of the topping cycle. Figure 4 shows the S-CO2 

hot stream outlet temperature of the heat recovery unit with 

ORC evaporation temperature at different recuperative ratios. 

With the increment of ORC evaporation temperature, S-CO2 

hot stream outlet temperature of the heat recovery unit 

increases from 315.2 K to 335.9 K with recuperative ratio at 

0.9, from 321.5 K to 384.3 K with recuperative ratio at 0.6, 

and from 314 K to 349.9 K with recuperative ratio at 0.3. 

While the temperature increases from 313.3 K to 319.5 K and 

then decreases to 315.4 K with recuperative ratio at 0. As soon 

as the recuperative ratio of the topping cycle and the ORC 

evaporation temperature are determined, due to the existence 

of pinch temperature difference, the hot stream outlet 

temperature of the heat recovery unit ( 7T ) can be determined. 

If 7T  is higher than compressor inlet temperature ( 1T ), the S-

CO2 needs to be further cooled in the precooler. If 7T  is equal 

to 1T , the S-CO2 can directly enter compressor after passing 

through the heat recovery unit, which means precooler is not 

necessary in the topping cycle. If 7T  is lower than 1T , the 

selection of the recuperative ratio and the ORC evaporation 

temperature is unreasonable, and this situation cannot exist.  

 

Figure 5 Variations of the combined cycle 
efficiency with ORC evaporation temperature 

 

Figure 6 Specific heat capacity of the S-CO2 

Figure 5 shows the combined cycle thermal efficiency 

with ORC evaporation temperature at different recuperative 

ratios. With the increment of ORC evaporation temperature, 

the combined efficiency increases from 9.5% to 18.9% with 

with recuperative ratio at 0, increases from 10.8% to 14.4% 

with with recuperative ratio at 0.3, increases from 13.2% to 
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13.9% and then decreases to 11.2% with recuperative ratio at 

0.6, increases from 18.0% to 16.5% with recuperative ratio at 

0.9. In the former study, it has been proved that when other 

parameters are constant, especially for the fixed recuperative 

ratio, there exists the optimal ORC evaporation temperature 

which can help achieve the maximum combined cycle 

efficiency. Under the pressure of 9.183 MPa, there exists a 

peak value of the S-CO2 specific heat capacity when the 

temperature is about 314.15K as shown in Figure 6, which 

means that there is amounts of available heat within this 

temperature range. When ORC evaporation temperature is 

lower, there is more exchangeable heat, but the ORC cycle 

efficiency is lower. When ORC evaporation temperature is 

higher, there is less exchangeable heat, but the ORC cycle 

efficiency is higher. Appropriate ORC evaporation 

temperature can balance the exchangeable heat and ORC 

efficiency, so that the ORC net power can be increased and the 

combined cycle efficiency can be improved. R245fa will be 

decomposed when the temperature is higher than 400 K, so the 

highest ORC evaporation temperature in this paper is set to be 

400 K. 

This paper mainly concentrates on the effect of S-CO2 

cycle parameters and heat exchange parameters on the 

combined cycle performance. During the following analysis 

of the two kinds of parameters, ORC evaporation temperature 

has been optimized automatically to obtain the optimal 

combined cycle efficiency. 

Analysis of the S-CO2 cycle compressor inlet 
temperature 

When compressor inlet temperature changes, the 

variations of combined cycle parameters are shown in the 

following figures with recuperative ratio referring to 0, 0.3, 

0.6 and 0.9 respectively. For each point where compressor 

inlet temperature and recuperative ratio are given, the ORC 

evaporation temperature has been optimized already to obtain 

the optimal combined cycle efficiency. The compressor inlet 

pressure and pressure ratio are kept constant at the base case 

values. In this paper, a certain amount of heat is absorbed from 

the heat source by the combined cycle, so when the net power 

of the combined cycle efficiency reaches its maximum, the 

combined cycle has the highest thermal efficiency. As shown 

in Figure 7(a), when compressor inlet temperature increases 

from 304.15 K to 324.15 K, the S-CO2 cycle net power 

gradually decreases and its reduction gradually increases with 

the addition of recuperative ratio, which conforms to the Law 

of Thermodynamics. Figure 7(b) shows the variation of ORC 

optimal evaporation temperature with compressor inlet 

temperature. When recuperative ratio is 0, the ORC optimal 

evaporation temperature remains 400K at first. While when 

compressor inlet temperature is higher than 315.15K, the ORC 

optimal evaporation temperature starts to decrease. When 

recuperative ratio is 0, there is no recuperator in S-CO2 cycle, 

the S-CO2 hot stream inlet of the heat recovery unit in the 

combined cycle is the S-CO2 turbine outlet. When compressor 

inlet temperature is lower than 315.15 K, ORC cold stream 

inlet temperature of the heat recovery unit is higher than 

315.15 K to avoid the peak value region of the S-CO2 specific 

heat capacity as shown in Figure 6. And ORC evaporation 

temperature keeps at a higher value to obtain the higher ORC 

efficiency. When compressor inlet temperature is higher than 

315.15 K, ORC evaporation temperature decreases to obtain a 

higher ORC mass flow rate. 

 
(a)                       (b) 

 
(c)                       (d) 

 
(e) 

Figure 7 Variations of the combined cycle 
parameters with compressor inlet temperatures 

Figure 7(c) represents the variation of ORC efficiency 

corresponding to the ORC optimal evaporation temperature 

with compressor inlet temperature. The trend of ORC 

efficiency variation is similar to that of ORC evaporation 

temperature. Figure 7(d) indicates the variation of heat load 

recovered by ORC with compressor inlet temperature. When 

recuperative ratio is 0.9, the heat load recovered gradually 

increases at first, abruptly decreases near 314.15 K, and then 

continue to increase. This can be explained as follow: Figure 

6 represents the variation of S-CO2 specific heat capacity at 

constant pressure 9.183 MPa with temperature. The S-CO2 

specific heat capacity at constant pressure reaches its peak 

value when the temperature is about 314.15K, which means 

that for S-CO2 cycle, when the compressor inlet temperature 

is lower than 314.15K, there will be more heat available within 

the temperature range near the peak value. In order to increase 

the combined cycle efficiency, ORC evaporation temperature 

will maintain a higher value, and the low-grade energy near 

the peak value will be released to the ambient through the 

precooler. When recuperative ratio is 0.9 and the compressor 

inlet temperature is lower than 314.15K, 6T  is also relatively 

low. In this case, ORC can compensate for the adverse effects 

of the lower evaporation temperature by using a larger heat 
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load recovered. When compressor inlet temperature is higher 

than 314.15K, if a higher value of evaporation temperature is 

set, the cycle efficiency still increases and the output net 

power can also increase though less heat is absorbed. 

Figure 7(e) respectively represents the variation of ORC 

net power output. The ORC net power is related to ORC 

efficiency and heat load recovered. When recuperative ratio is 

0, if compressor outlet temperature is lower than 315.15K, 

ORC efficiency remains constant, and the net power output 

will increase with the addition of heat load recovered. If 

compressor outlet temperature is equal to 315.15K, the ORC 

net power output decreases due to the greater effect of ORC 

efficiency decrease. When recuperative ratio is 0.9, the 

efficiency and mass flow rate of ORC change abruptly near 

314.15 K, and due to the greater effect of the increase of ORC 

efficiency, the ORC net power increases. When recuperative 

ratio is 0.3 and 0.6 respectively, with the addition of 

compressor inlet temperature, both the ORC efficiency and 

heat load recovered constantly increase. ORC net power 

output also increases steadily. 

Figure 8 shows the variation of the combined cycle 

efficiency, which also represents the variation of the combined 

cycle net power output. Within the range of study, when 

recuperative ratio is 0 and compressor inlet temperature is 

315.15K, or when recuperative ratio is 0.9 and compressor 

inlet temperature is 304.15K, the combined cycle has the 

maximum output net power and the highest cycle efficiency 

20.3%. 

 

Figure 8 Variations of the combined cycle with 
compressor inlet temperature 

Analysis of the S-CO2 cycle compressor inlet 
pressure 

When compressor inlet pressure changes while 

compressor inlet temperature and pressure ratio remain 

constant, the variations of combined cycle parameters are 

shown in the following figures with recuperative ratio 

referring to 0, 0.3, 0.6 and 0.9 respectively. For each point 

where compressor inlet temperature and recuperative ratio are 

given, the ORC evaporation temperature has been optimized 

already to obtain the optimal combined cycle efficiency. 

Figure 9(a) shows the variation of the S-CO2 cycle net power 

output with compressor inlet pressure. The net power output 

is relevant to both the specific work and mass flow rate. Under 

the constant compressor inlet pressure, different recuperative 

ratio has the same specific work value, which firstly increases 

and then decreases with the addition of compressor inlet 

pressure, and reaches its maximum near the pressure 9 MPa. 

When recuperative ratio is 0, the S-CO2 mass flow rate 

decreases with the addition of compressor inlet pressure. 

When the inlet pressure is lower than 8.4 MPa, the increase of 

S-CO2 specific work dominates, so the net power increases. 

While when the inlet pressure is higher than 8.4 MPa, the 

decrease of S-CO2 mass flow rate dominates, and the specific 

work also decreases when the inlet pressure reaches 9 MPa, so 

the net power decreases. When recuperative ratio is not 0, due 

to the effect of recuperation, the S-CO2 mass flow rate firstly 

decreases and then increases. When recuperative ratio is 0.9, 

the increase of S-CO2 specific work dominates when the inlet 

pressure is lower than 9 MPa, and the increase of S-CO2 mass 

flow rate dominates when the inlet pressure is higher than 9 

MPa, so the net power increases steadily. 

 
  (a)                       (b) 

 
  (c)                        (d) 

 
(e) 

Figure 9 Variations of the combined cycle 
parameters with compressor inlet pressure 

Figure 9(b) presents the variation of ORC optimal 

evaporation temperature with compressor inlet pressure. 

When recuperative ratio is 0, the ORC optimal evaporation 

temperature firstly increases and remains constant when it 

reaches 400K. When recuperative ratio is 0.3 and 0.6 

respectively, the optimal evaporation temperature gradually 

decreases. When recuperative ratio is 0.9, the optimal 

evaporation temperature firstly decreases and then increases 
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when the pressure is higher than 8.6 MPa. Figure 9(c) 

indicates the variation of ORC efficiency corresponding to the 

ORC optimal evaporation temperature with compressor inlet 

pressure, and the tendency is similar to that in Figure 9(b). The 

heat load recovered is related to 6T , 7T  and S-CO2 mass flow 

rate. In different recuperative ratio, the hot stream inlet and 

outlet temperature difference of the heat recovery unit 

decreases with the increase of compressor inlet pressure. 

When recuperative ratio is 0, S-CO2 mass flow rate 

continually decreases with the increase of compressor inlet 

pressure, so the heat load recovered decreases constantly. 

When recuperative ratio is 0.3, S-CO2 mass flow rate firstly 

decreases and then increases. However, the increment is 

relatively small, and the heat load recovered decreases 

steadily. When recuperative ratio is 0.6, S-CO2 flow increases 

greatly and dominates, so the heat load recovered firstly 

decreases and then increases. When recuperative ratio is 0.9, 

the heat load recovered changes abruptly near 8.5 MPa. This 

is because the heat load recovered increases abruptly when the 

peak value range of S-CO2 specific heat capacity at constant 

pressure appears in the hot stream inlet and outlet temperature 

range of the heat recovery unit with compressor inlet pressure. 

ORC net power is relevant to both ORC efficiency and heat 

load recovered, as shown in Figure 9(e). 

The variation of combined cycle efficiency with 

compressor inlet pressure is shown in Figure 10. When 

recuperative ratio is 0 and compressor inlet pressure is 8 MPa, 

the combined cycle has the highest efficiency, which is about 

20.5%. 

 

Figure 10 Variations of the combined cycle with 
compressor inlet pressure 

Analysis of the S-CO2 cycle compressor pressure 
ratio 

When compressor pressure ratio changes while 

compressor inlet temperature and pressure remain constant, 

the variations of combined cycle parameters are shown in the 

following figures with recuperative ratio referring to 0, 0.3, 

0.6 and 0.9 respectively. For each point where compressor 

inlet temperature and recuperative ratio are given, the ORC 

evaporation temperature has been optimized already to obtain 

the optimal combined cycle efficiency. The net power output 

of S-CO2 cycle changes with compressor pressure ratio as 

shown in Figure 11(a).  The net power output of S-CO2 cycle 

firstly increases and then decreases, and it has a peak point. 

Figure 11(b) presents the ORC optimal evaporation 

temperature changes with compressor pressure ratio. With 

recuperative ratio at 0, the ORC optimal evaporation 

temperature decreases when pressure ratio is larger than 3.7 

because the S-CO2 turbine outlet temperature decreases. 

Because the S-CO2 hot stream outlet temperature of the 

recuperator reduces, the ORC optimal evaporation 

temperature decreases from 383.6 K to 356 K with 

recuperative ratio at 0.3. The ORC optimal evaporation 

temperature increases from 333.4 K to 338.2 K with 

recuperative ratio at 0.6 and increases from 308 K to 323.1 K 

with recuperative ratio at 0.9 because the S-CO2 hot stream 

outlet temperature of the recuperator increases. The change 

trend of the corresponding ORC efficiency is almost the same, 

as indicated in Figure 11(c). 

 
   (a)                        (b) 

 
   (c)                        (d) 

 
(e) 

Figure 11 Variations of the combined cycle 
parameters with compressor pressure ratio 

For different recuperative ratio, the heat load recovered 

gradually decreases with the increase of pressure ratio. When 

recuperative ratio is 0.9, because the peak value range of S-

CO2 specific heat capacity at constant pressure has been out of 

the hot stream inlet and outlet temperature range of heat 

recovery unit, the heat load recovered abruptly decreases near 

the point where pressure ratio is 3. The ORC net power output 

is related to both ORC efficiency and heat load recovered as 

shown in Figure 11(e). 
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Figure 12 Variations of the combined cycle with 
compressor pressure ratio 

With the increase of compressor pressure ratio, the 

combined cycle efficiency of different recuperative ratio 

firstly increases and then decreases. And peak values all exist. 

When the regenerator effectiveness is 0.9 and pressure ratio is 

2.83, the combined cycle has the highest efficiency, which is 

about 20.4%. 

Parametric optimization of the S-CO2-ORC 
combined cycle 

The efficiency of the combined cycle and of the stand-

alone S-CO2 cycle under different compressor inlet pressure 

and temperature is compared. For each point, compressor 

pressure ratio, recuperative ratio, and ORC evaporation 

temperature have already been optimized to obtain the optimal 

combined cycle efficiency. The dashed lines represent the 

variation of the stand-alone S-CO2 cycle efficiency under 

different compressor inlet pressure and temperature. For the 

stand-alone S-CO2 cycle, the compressor pressure ratio has 

been optimized, and recuperative ratio is set to be its 

maximum value 0.9. Compared with the stand-alone S-CO2 

cycle, the efficiency of the combined cycle has been 

improved. Under the condition of supercritical pressure (the 

pressure is equal to or higher than 7.4 MPa), when compressor 

inlet temperature is 304.15K, the combined cycle efficiency 

increases by 4.8%-7% compared with the stand-alone S-CO2 

cycle. When compressor inlet temperature is 309.15K, the 

combined cycle efficiency increases by 9%-63.7%. When 

compressor inlet temperature is 314.15K, the combined cycle 

efficiency increases by 15%-89.9%. It is found that adding 

ORC as the bottoming cycle is more effective to improve the 

efficiency when compressor inlet temperature is higher. At 

present, the compressor inlet conditions of many practical 

applications and test systems of the S-CO2 cycle still have a 

certain distance from the critical point to avoid dramatic 

changes in physical properties. From the optimization results 

mentioned above, the S-CO2-ORC combined cycle is a useful 

tool to improve the thermal efficiency. 

 

Figure 13 Optimization results of the S-CO2-ORC 
combined cycle 

The thermal efficiency of the Integrated System Test 

(IST) in Bettis Atomic Power Laboratory is 16.4% 

(Clementoni and Cox, 2014) while the former optimized result 

of the same cycle is 18.1% (Song et al., 2017). In this paper, 

the maximum thermal efficiency is over 20%, which means 

the optimization method have a considerable improvement. 

However, when the compressor inlet pressure is above 10 

MPa, the high efficiency is the result of a higher density and 

the net enthalpy per unit mass flow is less. While the cycle 

efficiencies are nearly identical, the reduction in net enthalpy 

per unit mass flow at the higher inlet pressure conditions 

would require more flow to produce the same output and 

larger components to have the same flow velocities and 

pressure drops. The economic expense should be taken into 

consideration during design process. 

CONCLUSION 

This paper investigates the method of improving 

performance of the S-CO2-ORC combined cycle. With respect 

to the study in (Song et al., 2017), this paper considered a 

larger design space of the system by including more 

parameters of the S-CO2 cycle among the optimization 

variables. This allowed for a further improvement in the 

performance of the combined system.  

Different cycle parameters are analyzed respectively and 

the optimization process is accomplished. The results show 

that the combined cycle performance is related to the 

recuperative ratio of the topping cycle and ORC evaporation 

temperature. Proper values of recuperative ratio and ORC 

evaporation temperature can improve the thermal efficiency. 

The topping S-CO2 cycle parameters have a remarkable effect 

on the combined cycle performance, especially the 

compressor inlet conditions. Optimization of compressor inlet 

temperature, pressure and pressure ratio can help cycle 

efficiency reach 20.3%, 20.5% and 20.4% respectively.  

Besides, it is found that adding ORC as the bottoming 

cycle is more effective to improve the efficiency when 

compressor inlet temperature is higher. The S-CO2-ORC 

combined cycle is a useful tool to improve the thermal 

efficiency and the optimization method in this paper can be 

applied in practical cases. 
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NOMENCLATURE 

h  enthalpy, kJ/kg 

T  temperature, K 
p   pressure, MPa 

W   output power, kW 

G   mass flow rate, kg/s 

Q  heat load, kW 

pc   specific heat capacity, kJ/(kg·K) 

Greek symbols 
   efficiency 

   recuperative ratio 

Subscripts 

comp   compressor of the topping S-CO2 cycle 

recup  recuperator of the topping S-CO2 cycle 

T  turbine of the topping S-CO2 cycle 

prec  precooler of the topping S-CO2 cycle 

2S CO supercritical carbon dioxide cycle 

ORC   Organic Rankine Cycle 

in  input 

net   net power output 

pump  pump of the bottoming ORC 

cond   condenser of the bottoming ORC 

wf   working fluid 

opt   optimal 

global  global thermal efficiency 

6 recuperator outlet as well as heat recovery inlet 

7 heat recovery outlet 

Acronyms 

S-CO2  supercritical carbon dioxide 

ORC  Organic Rankine Cycle 
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