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Abstract: In this work, an evaluation and quantification of the impact of using mixtures based on 
Supercritical Carbon Dioxide "s-CO2" (s-CO2/COS, s-CO2/H2S, s-CO2/NH3, s-CO2/SO2) are made as a 
working fluid in simple and complex recompression Brayton s-CO2 power cycles configurations 
that have pressure drops in their components. These cycles are coupled to a solar thermal plant with 
parabolic-trough collector (PTC) technology. The methodology used in the calculation performance 
is to establish values of the heat recuperator total conductance (UAtotal) between 5 and 25 MW/K. 
The main conclusion of this work is that the cycle's efficiency has improved due to s-CO2 mixtures 
as working fluid; this is significant compared to that obtained using the standard fluid (pure s-CO2). 
Furthermore, a techno-economic analysis is carried out that compares each configuration's costs 
using pure s-CO2 and a mixture of s-CO2/COS with a molar fraction (70/30) respectively as working 
fluid where relevant results are obtained. These results show that the best configuration in terms of 
thermal efficiency and cost is the RCC-RH for pure sCO2 with values of 41.25% and 2811 $/kWe, 
while for the mixture sCO2/COS, the RCC-2RH configuration with values of 45, 05% and 2621 $/kWe 
is optimal. Using the mixture costs 6.75% less than if it is used the standard fluid (s-CO2). 

Keywords: recompression Brayton cycle; supercritical carbon dioxide; fluid mixture; solar thermal 
plant.  

1. Introduction 
In response to the increase in electrical energy needs and climate change in the world, 

solar energy has become the fundamental pillar of the renewable energy market. In this 
field, concentrated solar power plants (CSP) have increased market share (IRENA, 2020) 
[1,2]. Currently, in order to reduce costs and improve the economic viability of solar 
thermal energy power plants (STE), researchers have focused on increasing the operating 
temperature, testing new heat transfer fluids (HTF) and cycles of power, thereby 
increasing system efficiency. 

In this sense, supercritical carbon dioxide (s-CO2) Brayton power cycles have been 
identified as a suitable candidate for next-generation CSP (CSP Gen3) applications as they 
can operate at higher temperatures achieving increased thermodynamic performance 
[3,4]. Various configurations of the s-CO2 Brayton cycle are currently under study [4–10]. 
In the work of Al-Sulaiman et al. [10], it was determined that the recompression cycle 
showed the best performance compared to other configurations: simple, pre-compression, 
and split expansion. Furthermore, several studies by Turchi et al., 2013, Wang et al., 2017 
[11], and Wang et al., 2018 [12] showed that the recompression, partial cooling, and 
intermediate cycles are the most efficient circuits and even more so when they have 
reheating. 
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In addition to the above, the need to improve efficiency and have a working fluid 
that adapts to these variable environments (high and low temperatures) in power plants 
highlights the importance of optimizing equipment designs and the inlet and operating 
conditions. This obstacle can be overcome by adding small amounts of a selected 
compound to the base fluid (s-CO2), thus producing a mixture to relocate the critical point 
in a first case to increase the critical temperature, which allows condensation in climates 
of 50 °C and 60 °C, while in the second case it is to decrease the critical temperature. For 
these reasons, it is crucial to consider using mixtures with s-CO2 as a working fluid and to 
analyze its effects on operating conditions, mainly efficiency [13,14].  

Currently, research has focused mainly on making mixtures with other gases. In this 
way, the critical point of s-CO2 can be adjusted change the lowest or highest operating 
condition of the Brayton cycle [15]. The direction and range of the critical point of 
supercritical CO2 mixture depend on the added substance and its quantity (mole fraction). 
Valencia et al. (2020), in their study on the influence of mixtures, concludes that there are 
two groups: mixtures that decrease the critical temperature (s-CO2/He, s-CO2/Kr, s-
CO2/CH4 y s-CO2/C2H6) and mixtures that increase the critical temperature (s-CO2/COS, s-
CO2/H2S, s-CO2/NH3, s-CO2/SO2, s-CO2/C5H10, s-CO2/C5H12), among others. So far, several 
studies have been conducted to discuss the feasibility and performance of the CO2-based 
supercritical mixtures power cycle [13–20]. 

 
Heat recovery is essential in the thermal efficiency of s-CO2 Brayton cycles, making 

heat exchangers of particular relevance [21]. These Brayton cycles favor the use of compact 
heat exchangers (CHE), such as the printed circuit heat exchanger. This type of exchanger 
is used in the Brayton cycles of CSP plants mainly as regenerators due to its high ratio 
between heat transfer area and volume and its suitability to work under very high 
temperature and pressure conditions.  

Numerous studies have been developed related to CFD analysis of compact heat 
exchangers. Ngo et al. [22] studied pressure drop correlations in microchannel heat 
exchangers (MCHE) with zigzag configurations and S-fins for supercritical CO2 cycle 
nuclear reactors. S.P. Kar et al. They have produced different studies, and CFD analyzes 
of printed circuit heat exchanger (PCHE) that emphasize the optimization of the design 
parameters. [23] and in a recent investigation, Kim et al. [24]. Of particular interest is the 
study by Jeong et al. [25] since different mixtures based on s-CO2 is proposed to move the 
critical point and thus improve supercritical compression. In this sense, the research line 
[13] will be used as a reference to analyze various performance parameters of the PCHE 
exchanger. 

 
The objectives of this study are various. On the one hand, to optimize the cycle design 

through an evaluation of the thermal efficiency and techno-economic analysis of the 
simple and complex recompression configurations of the Brayton s-CO2 power cycle, 
taking into account the pressure drops in the heat exchangers; furthermore, to compare 
the benefits of the s-CO2 mixtures (s-CO2/COS, s-CO2/H2S, s-CO2/NH3, s-CO2/SO2) as 
working fluid, in these configurations coupled to concentrated solar energy (CSP) with 
parabolic trough collector technology (PTC). On the other hand, the simulation and 
modeling of a PCHE type heat exchanger for its application in Brayton s-CO2 power cycles 
as well as the validation of the results of the numerical analysis of ideal gas models such 
as turbulence models using CFD in PCHE regenerators that use pure supercritical carbon 
dioxide and s-CO2-based mixtures that increase the critical temperature as a working fluid 
for comparative analysis and study its behavior. Besides, it seeks to analyze the impact on 
the heat exchange zone and, therefore, on the cycle's economic efficiency, both of pure s-
CO2 and the different mixtures studied. 

2. Materials and Methods 

2.1. Cycles layouts 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 April 2021                   doi:10.20944/preprints202104.0064.v1

https://doi.org/10.20944/preprints202104.0064.v1


 

The plant performance calculation is to set a constant heat recuperator total 
conductance (UA) [26]. An inlet temperature to the compressor of 51 °C is established, 
and also the pressure drops in the heat exchanger (PHX and RHXs), precooler (PC), and 
heat recuperators (LTR and HTR). Some configurations of the Brayton cycle were studied: 
recompression (RCC), recompression with reheating (RCC-RH) and recompression with 
two reheating (RCC-2RH) and complex configurations of the Brayton cycle were studied: 
recompression with three reheating (RCC-3RH), recompression with four reheating 
(RCC-4RH) and recompression with five reheating (RCC-5RH) [27].  

  

(a) 
(b) 

  

 

 

(c) (d) 
  

 

 

(e) (f) 

Figure 1. Recompression Brayton cycle (a), with reheating (b), with two reheating (c) with three reheating (d), with four 
reheating (e), and with five reheating (f) layout. MC: main compressor; RC: recompressor; G: generator; T: turbine; PC: 
precooler; FS: fluid split; FM: fluid mixture; LTR: low-temperature recuperator; HTR: high-temperature recuperator; PHX: 
primary heat exchanger; RHX: reheating heat exchanger; SF: solar field. 

The Software SCSP (Supercritical Concentrated Solar Power Plant) [27] that is based 
on the core of the software developed by Dyreby [26] has been used for simulating the 
cycle configurations performance at design-point (see Figure 1), operating as working 
fluid pure s-CO2 and mixtures. The fluids properties have been obtained from the 
REFPROP (Reference Fluid Properties) database developed by NIST (National Institute of 
Standards and Technology) in the USA [29]. Figure 2 shows the critical temperature 
distribution (a) and critical pressure (b) of the mixtures while varying the mole fraction of 
the added fluid. The first shows that the blends follow a nearly linear trend. Whereas the 
second specifies that the pressure lines' tendency is very different since there is a non-
linearity between the critical pressure and the added mole fraction. 
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(a) (b) 

Figure 2. Fluids Properties vs. additive's mole fraction. (a) Critical temperature, (b) Critical Pressure. 

 

 

 

 

 

 

 

 

Table 1. Input parameters for mixtures increasing the critical temperature 
 
 
 

 
The thermal efficiency of these cycles compared to their recuperator total conduct-

ance using pure s-CO2 as the working fluid without pressure drop in the components is 
shown in Figure 3. 

 Nomenclature Value Units 
Net power output W 50 MW 

Compressor inlet temperature T1 51 °C 
Compressor inlet pressure P1 optimized MPa 
Turbine inlet temperature T6 550 °C 

Turbine inlet pressure P6 25 MPa 
Compressor efficiency [13]  ηmc 0.89 - 

Turbine efficiency [13] ηt 0.93 - 
UA for the low-temperature recuperator UALT 2.5 to 12.5 MW/K 
UA for the high-temperature recuperator UAHT 2.5 to 12.5 MW/K 

Split fraction (recompressor) γ optimized - 
Pressure drop for LTR and HTR [14] ∆P/PLTR //∆P/PHTR 1.5 // 1.0 % 

Pressure drop Precooler [14] ∆P/PPC 2 % 
Pressure drop for PHX and RHX [14] ∆P/PPHX // ∆P/PRHX 1.5 // 1.5 % 
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Figure 3. Cycle efficiency vs. UAtotal. RCC Brayton cycles using pure s-CO2 without pressure drop. 

 The thermal efficiency of the recompression Brayton s-CO2 cycle Eq. (1-6) is appro-
priately defined as the net specific work divided by the net supply of heat [13]. Thermal 
efficiency can be expressed as: 

𝜂௧௛,ோ஼஼ =  
𝑊்ଵ − (1 − 𝛾) ∗ 𝑊ெ஼ − 𝛾 ∗ 𝑊ோ஼

𝑄௉ு௑

 (1) 

𝜂௧௛,ோ஼஼_ோு =  
𝑊்ଵ + 𝑊்ଶ − (1 − 𝛾) ∗ 𝑊ெ஼ − 𝛾 ∗ 𝑊ோ஼

𝑄௉ு௑ + 𝑄ோு௑ଵ

 (2) 

𝜂௧௛,ோ஼஼_ଶோு =  
𝑊்ଵ + 𝑊்ଶ + 𝑊்ଷ − (1 − 𝛾) ∗ 𝑊ெ஼ − 𝛾 ∗ 𝑊ோ஼

𝑄௉ு௑ + 𝑄ோு௑ଵ + 𝑄ோு௑ଶ

 
(3) 

𝜂௧௛,ோ஼஼_ଷு =  
𝑊்ଵ + 𝑊்ଶ + 𝑊்ଷ + 𝑊்ସ − (1 − 𝛾) ∗ 𝑊ெ஼ − 𝛾 ∗ 𝑊ோ஼

𝑄௉ு௑ + 𝑄ோு௑ଵ + 𝑄ோு௑ଶ + 𝑄ோு௑ଷ

 
(4) 

𝜂௧௛,ோ஼஼_ସு =  
𝑊்ଵ + 𝑊்ଶ + 𝑊்ଷ + 𝑊்ସ + 𝑊்ହ − (1 − 𝛾) ∗ 𝑊ெ஼ − 𝛾 ∗ 𝑊ோ஼

𝑄௉ு௑ + 𝑄ோு௑ଵ + 𝑄ோு௑ଶ + 𝑄ோு௑ଷ + 𝑄ோு௑ସ

 (5) 

𝜂௧௛,ோ஼஼_ହு =  
𝑊்ଵ + 𝑊்ଶ + 𝑊்ଷ + 𝑊்ସ + 𝑊்ହ + 𝑊்଺ − (1 − 𝛾) ∗ 𝑊ெ஼ − 𝛾 ∗ 𝑊ோ஼

𝑄௉ு௑ + 𝑄ோு௑ଵ + 𝑄ோு௑ଶ + 𝑄ோு௑ଷ + 𝑄ோு௑ସ + 𝑄ோு௑ହ

 (6) 

 
Where 𝑊் , 𝑊ெ஼ , 𝑊ோ஼  are the work done by the turbine, main compressor, and 

recompressor, respectively. 𝑄௉ு௑ and 𝑄ோு௑ represent the solar field's heat absorbed by 
the cycle through the primary heat exchanger and the reheat heat exchanger, respectively. 

2.2. System description PCHE 
For the CFD simulation, the Ansys Fluent 2019 R3 software has been used. Figure 4 

shows the modeling of two PCHE exchange channels, a cold channel and a hot channel. 
The channels have a diameter of 2 mm and a maximum length of 200 mm. Due to its good 
behavior under high-temperature conditions and pressure, the Iconel 617 alloy was chosen 
as the material of the solid domain of the exchanger whose thermophysical properties 
have been assumed constant, with the density (ρ) 8360 kg/mଷ, the isobaric specific heat 
(Cp) 0.417 kJ/kg · K, and the thermal conductivity (k) 21 W/m · K. 
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(a) (b) 

Figure 4. Geometry measurements; (a) front view, (b) side view. 

In Table 2, it can see the critical properties of the different mixtures. 
The cold fluid properties have been obtained for operating parameters of 𝑇 = 400 𝐾 

and 𝑃 = 22.5 𝑀𝑃𝑎, while for the hot fluid, they are 𝑇 = 630 𝐾 and 𝑃 = 9 𝑀𝑃𝑎. 
 

Table 2. Input parameters for mixtures increasing the critical temperature 

 
In order to validate the numerical model used, this study tried to emulate the results 

of the investigation carried out by Meshram et al. [30] on CFD simulation of CO2 super-
critical in a PCHE. The reference study cited analyzes the behavior of pure supercritical 
carbon dioxide for different configurations of the printed circuit exchanger and different 
temperature ranges. 

2.3. Mathematical modeling for PCHE 

To calculate fluid behavior in this study, use the equation characteristics Eq. (7) to Eq. 
(10). The value of i in the momentum equation represents equations in x, y, and z direc-
tions, and j is a summation index ranging from 1 to 3 [30]. 

Continuity equation: 

𝜕൫𝜌𝑢௝൯

𝜕𝑥௝
= 0 (7) 

 
Momentum equation: 

𝜌
𝜕൫𝑢௜𝑢௝൯

𝜕𝑥௝
= −

𝜕𝑝௜

𝜕𝑥௝
+  𝜇

𝜕

𝜕𝑥௝
ቆ

𝜕𝑢௜

𝜕𝑥௝
+  

𝜕𝑢௝

𝜕𝑥௜
−  

2

3
𝛿௜௝

𝜕𝑢

𝜕𝑥௞
ቇ (8) 

Energy equation: 

𝜕

𝜕𝑥௝
ൣ𝑢௝(𝜌𝐸 + 𝑝)൧ =  

𝜕

𝜕𝑥௝
൭൫𝑘௙ + 𝑘௧൯

𝜕𝑇

𝜕𝑥௝
൱ 

(9) 

 
Critical Temperature  

[K] 
Critical Pressure 

 [MPa] 
Critical Density  

[kg/𝐦𝟑] 
s-CO2 pure 304.13 7.3 467.6 

s-CO2/COS (70/30) 324.15 7.815 467.139 
s-CO2/H2S (60/40) 322.34 8.234 431.384 
s-CO2/NH3 (81/19) 323.41 8.766 455.264 
s-CO2/SO2 (90/10) 322.53 8.525 488.593 
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The energy equation for the solid domain: 

𝜕

𝜕𝑥௝
ቆ𝑘௦

𝜕𝑇

𝜕𝑥௝
ቇ = 0 (10) 

The turbulence model used in this study is the Reynolds-averaged Navier – Stokes 
(RANS) standard 𝒌 −  𝜺 model with wall function. This model is the most common due 
to its low computational cost. For this model, it is required to solve two additional equa-
tions Eq. (11) and Eq. (12): the equation for turbulent kinetic energy transport (𝑘) and the 
equation for the dissipation rate of turbulent kinetic energy (𝜀). The transport equations 
[31] of this model are shown below:  

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥௜

(𝜌𝑘𝑢௜) =  
𝜕

𝜕𝑥௝
൭൬𝜇 +

𝜇௧

𝜎௞
൰

𝜕𝑘

𝜕𝑥௝
൱ + 𝐺௞ + 𝐺௕ − 𝜌𝜀 − 𝑌ெ + 𝑆௞ 

(11) 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥௜

(𝜌𝜀𝑢௜) =  
𝜕

𝜕𝑥௝

൭൬𝜇 +
𝜇௧

𝜎ఌ

൰
𝜕𝜀

𝜕𝑥௝

൱ + 𝐶ଵఌ

𝜀

𝑘
(𝐺௞ + 𝐶ଷఌ𝐺௕) − 𝐶ଶఌ𝜌

𝜀ଶ

𝑘
+ 𝑆ఌ 

(12) 

Where 𝝁𝒕 is the turbulent viscosity, 𝑮𝒌 represents the generation of turbulence of 
kinetic energy due to velocity gradients, 𝑮𝒃 represents the generation of turbulence of 
kinetic energy due to buoyancy and 𝒀𝑴 is the contribution of fluctuating dilation to the 
total dissipation rate.  

Due to the supercritical conditions of the fluids used in this work, it is not feasible to 
use a typical real gas model. For this reason, the model used in the numerical simulation 
is the Aungier-Redlich-Kwong real gas model [32]. This model is recommended for use in 
calculations with fluids and mixtures of fluids in vapor or supercritical state. Ansys fluent 
has adopted this equation for improved accuracy, especially when we are near the critical 
point, as in this case.  

𝑃 =
𝑅𝑇

𝑉 − 𝑏 + 𝑐
−  

𝑎(𝑇)

𝑉(𝑉 + 𝑏)
 (13) 

Where the parameters involved are obtained from the following expressions [33]: 

𝑎(𝑇) =  𝑎଴𝑇௥
ି௡ (14) 

𝑐 =  
𝑅𝑇௖

𝑃௖ +
𝑎଴

𝑉௖(𝑉௖ + 𝑏)

+ 𝑏 − 𝑉௖ (15) 

𝑛 = 0.4986 + 1.735𝜔 + 0.475𝜔ଶ (16) 

𝑎଴ =
0.42747 𝑅ଶ𝑇௖

ଶ

𝑃௖

 (17) 

𝑏 =
0.08664 𝑅 𝑇௖

𝑃௖

 (18) 

Being 𝑷𝒄 (𝑃𝑎) the critical pressure, 𝑽𝒄 (𝑚ଷ 𝑘𝑔⁄ ) the critical specific volume, and 𝝎 
the acentric factor. 

 
A mesh dependency study to ensure the reliability of the results was carried out. Cell 

size was modified, emphasizing the 𝒚ା value for this purpose. Salim et al. [34], confirmed 
that for 𝒌 −  𝜺 turbulence models such as the one used in the present case, wall functions 
are the most appropriate since this turbulence model is valid for regions where turbulence 
is fully developed. The cells adjacent to the wall are therefore placed in the logarithmic 
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region (𝒚ା > 𝟑𝟐. 𝟓) to ensure the accuracy of the result. The expression that defines the 
wall function for the range of 𝒚ା characteristic of this region is the following [35]: 

𝑦ା =
𝑦𝑢ఛ

𝑣
 (19) 

𝜇் = ඨ
𝜏௪

𝜌
 

(20) 

𝑢ା =
1

𝑘
 𝑙𝑛(𝑦ା) + 𝐵 (21) 

Where 𝒚 is the absolute distance from the wall, 𝒖𝝉 represents the so-called friction 
velocity, 𝝂 is the kinematic viscosity of the fluid and 𝝉𝒘 represents the shear stress in the 
wall. The Von Karman constant being 𝒌 = 𝟎. 𝟒𝟏 and the constant 𝑩 = 𝟓. 𝟐, where 𝒖ା =

𝒖 𝒖𝝉⁄ . 

 
Figure 5. Final Mesh 

3. Results and Discussion 
This section may be divided by subheadings. It should provide a concise and precise 

description of the experimental results, their interpretation, and the empirical conclusions 
drawn. This section shows the results obtained in the different simulations and their com-
parison with the reference data of pure s-CO2. 

The plant's gross efficiency is calculated by setting the total recuperator conductance 
for only inlet temperature in the turbines (T6 – Table 1). The compressor inlet pressure and 
the recompression fraction are optimized with the mathematical algorithms SUBPLEX, 
UOBYQA, and NEWOUA [26]. 

 
The thermal efficiency of these cycles compared to their recuperator total conduct-

ance using pure s-CO2 as the working fluid with pressure drop in the components is 
shown in Figure 6.  
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Figure 6. Cycle efficiency vs. UAtotal. RCC Brayton cycles using pure s-CO2 with pressure drop. 

As shown in Figure 6, an increase in pressure drop has a detrimental effect on the 
thermal efficiency of the Brayton s-CO2 cycle by reducing the gap between reheat and no-
reheat configurations [29].  

In most cases, the optimal efficiency is obtained when the working fluid's critical 
point is close to the compressor inlet temperature (CIT). It can be observed that the mix-
tures that imply the best cycle efficiency are s-CO2/COS (70/30) and s-CO2/H2S (60/40). 
These mixtures increase the cycle efficiency between 3 and 4 points (Figs. 7a – 10a). While 
the mixtures of s-CO2/NH3 and s-CO2/SO2 with molar fractions of (81/19) and (90/10) re-
spectively increase their efficiency between 2 and 3 points (Figs. 7a – 10a). 

However, in Figures 11a and 12a it can be observed that the best cycle efficiency is s-
CO2/COS (70/30) and s-CO2/H2S (60/40). These mixtures increase the cycle efficiency be-
tween 5 and 6 points. While the mixtures of s-CO2/NH3 and s-CO2/SO2 with molar frac-
tions of (81/19) and (90/10) respectively increase their efficiency between 3 and 4 points. 
Furthermore, the results indicate that as the number of reheats increases, the gap between 
the mixture's efficiency with carbonyl sulfide and hydrogen sulfide increases. 

 

 

 

(a) (b) 

Figure 7. (a) Cycle efficiency vs. UAtotal. RCC without reheating Brayton cycle using s-CO2 mixtures. (b) LTR and HTR 
pinch point vs. UAtotal. RCC without reheating Brayton cycle using s-CO2 mixtures. 
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(a) (b) 

Figure 8. (a) Cycle efficiency vs. UAtotal. RCC with reheating Brayton cycle using s-CO2 mixtures. (b) LTR and HTR pinch 
point vs. UAtotal. RCC with reheating Brayton cycle using s-CO2 mixtures. 

 

 

(a) (b) 

Figure 9. (a) Cycle efficiency vs. UAtotal. RCC with two reheating Brayton cycle using s-CO2 mixtures. (b) LTR and HTR 
pinch point vs. UAtotal. RCC with two reheating Brayton cycle using s-CO2 mixtures. 

  

(a) (b) 

Figure 10. (a) Cycle efficiency vs. UAtotal. RCC with three reheating Brayton cycle using s-CO2 mixtures. (b) LTR and HTR 
pinch point vs. UAtotal. RCC with three reheating Brayton cycle using s-CO2 mixtures. 
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(a) (b) 

Figure 11. (a) Cycle efficiency vs. UAtotal. RCC with four reheating Brayton cycle using s-CO2 mixtures. (b) LTR and HTR 
pinch point vs. UAtotal. RCC with four reheating Brayton cycle using s-CO2 mixtures. 

  

(a) (b) 

Figure 12. (a) Cycle efficiency vs. UAtotal. RCC with five reheating Brayton cycle using s-CO2 mixtures. (b) LTR and HTR 
pinch point vs. UAtotal. RCC with five reheating Brayton cycle using s-CO2 mixtures. 

The total recuperator conductance is directly related to the increase in cycle effi-
ciency. This increase is limited by the decrease of the "pinch point," which can be defined 
as the minimum temperature difference between the hot and cold streams in each heat 
recuperator (LTR and HTR). The recuperators' characteristic operating values are consid-
ered pinch point temperatures between 5 – 10 °C; however, these temperatures can be 
reduced to a range of 2 – 5 °C in the studied configurations [27]. Figures 7b – 12b for RCC 
configurations show that the pinch point decreases by increasing the cycle's UAtotal. 

3.1. Impact of the recompression fraction on Recompression Brayton cycles using s-CO2 mixtures 
When maximizing the recompression cycle's efficiency, one of the important param-

eters that must be analyzed is the recompression fraction, which is the fraction of fluid 
that is diverted to the recompressor. Research has shown that as the compressor inlet tem-
perature decreases, the mass flow through the compressor increases [39]. However, in this 
study, the compressor inlet temperature is set at 51°C so that each cycle configuration will 
have different optimized recompression fractions. 
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(a) (b) 

Figure 13. Recompression fraction vs. UAtotal. (a) RCC Brayton cycles using pure s-CO2 (b) RCC and RCC with reheating 
Brayton cycle using s-CO2 mixtures. 

  

(a) (b) 

Figure 14. Recompression fraction vs. UAtotal. (a) RCC with two and three reheating Brayton cycles using s-CO2 mixtures 
(b) RCC with four and five reheating Brayton cycle using s-CO2 mixtures. 

Studies such as that of Dyreby et al. (2014) and Neises & Turchi. (2019) suggest that 
when the cycle operating pure supercritical CO2 as a working fluid as recuperator's total 
conductance increases, the recompression fraction increases; this also happens when the 
cycle uses mixtures based on supercritical CO2 as a working fluid. As shown in Figures 13 
and 14 each mixture has different optimal recompression fractions for each recompression 
cycle configuration. As expected, when pure supercritical CO2 and mixtures are using as 
the working fluid, as the recompression fraction increases the cycle efficiency increases. 

As shown in Figures 13 (b) and 14 (a), (b), the mixture composed of s-CO2 and am-
monia (81/19) needs to divert more mass flow to the recompressor to maximize its effi-
ciency. However, it is not the one that gets the highest thermal efficiency. In contrast, the 
mixture composed of s-CO2 and carbonyl sulfide (70/30) is the one that has the lowest 
mass flow rate the recompressor has to divert to maximize its efficiency, and it is the one 
that obtains the best thermal efficiency in the different configurations of the cycle. 

3.2. Impact on the thermal efficiency of Recompression Brayton cycles using s-CO2 mixtures 
 
To explain the narrow difference in the four cases of supercritical CO2 mixture's per-

formance, the cycle is divided into two separate cycles (see Figure 15).  
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(a) (b) 

Figure 15. Division into two parts of the recompression Brayton s-CO2 power cycle. (a) Cycle I and (b) Cycle II. 

The mass flow in CYCLE I is (1 − 𝛾) ∗ 𝑚̇௧௢௧௔௟ and through CYCLE II is 𝛾 ∗ 𝑚̇௧௢௧௔௟ 
 
The efficiency of CYCLE II is very similar in all four mixtures within a 7% of 0.3. The 

most efficient is the s-CO2/NH3, and the least the s-CO2/COS. Interestingly, the s-CO2/SO2 
mixture on cycle shows the second best efficiency, 0.301, only 1.5% lower than the s-
CO2/NH3. 

The efficiency of CYCLE I is also quite similar in all four mixtures, being the maxi-
mum again the s-CO2/NH3 with 0.513 and the minimum the s-CO2/SO2 with 0.496, a 3.3% 
difference. The s-CO2/COS mixture is the second poorest with 0.507, 1% lower than the s-
CO2/NH3. 

 
The better overall performance of the s-CO2/COS therefore seems contradictory, but 

there is a relation between the recompression factor and efficiency: 

𝜂 =  
𝑊௡௘௧

𝑄௉ு௑
=  

𝑄௉ு௑಺

𝑄௉ு௑
∗ 𝜂ூ +  

𝑄௉ு௑಺಺

𝑄௉ு௑
∗ 𝜂ூூ =  (1 − 𝛾) ∗ 𝜂ூ + (𝛾) ∗  𝜂ூூ (22) 

𝑑𝜂

𝑑𝛾
=  − 𝜂ூ +  𝜂ூூ =  −0.2 (23) 

It can be seen that if η୍ and η୍୍ were equal to 0.5 and 0.3 in all mixtures, the greater 
the recompression factor, the lower the efficiency would be. Indeed, this leads to 𝜼𝑪𝑶𝑺  >

 𝜼𝑯𝟐𝑺  >  𝜼𝑵𝑯𝟑
 >  𝜼𝑺𝑶𝟐

, following the general rule. However, the mixtures s-CO2/COS and 
s-CO2/SO2 both have 𝛾 = 0.337, and yet these two cases in particular show the highest 
difference in overall efficiency. Given that the above formula still holds (Eq. 22 and 23), 
their proper ranking results from substituting their exact values for η୍  and η୍୍  as ex-
pected. However, this behavior would require a physical explanation; there must exist a 
relation between the thermodynamic properties of the substances and the different values 
of recompression fraction. 

The thermodynamic properties depend on the actual component being mixed with 
the supercritical CO2 and the molar fraction. The 𝐶௣ is especially relevant to this topology. 
It can be observed that a poor heat exchange in LTR and HTR implies a greater heat (𝑄௉ு௑) 
required to bring the fluid to turbine inlet conditions. It is therefore essential that 𝑇ହ ends 
as high as possible after the heat exchange at HTR, in other words: as near to 𝑇଻ as possi-
ble. For the same reason, that 𝑇ଽ ends as low as possible, as close to 𝑇ଶ as possible. This 
will mean that the maximum amount of heat has been transferred from the hot flow (7-9) 
to the cold one (2-5). This depends on how close the temperature profiles of the hot and 
cold flows can be brought together in the heat exchange, which is determined by the heat 
capacities of the two flows. 

 
If one flow has a much greater heat capacity than the other, a much greater heat will 

need to be absorbed or released to have its temperature altered by one degree, so it will 
show a greater tendency to keep its temperature constant. Inevitably this will keep the 
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temperature drop between both flows apart, forcing large temperature differences at least 
at one of the ends of the heat exchanger, if not both. On the other hand, a design that could 
balance the heat capacities of both flows would allow minimising the temperature drop. 
The purpose of 𝛾 in the RCC topology is precisely to produce this effect, especially in the 
LTR heat exchange. 

 
If let us analyse the LTR heat transfer process in more detail. The average specific 

heat of the cold (2-3) and hot flows (8-9) can be calculated: 

𝑐𝑝,ଶିଷ =  
ℎଷ −  ℎଶ

𝑇ଷ −  𝑇ଶ

 (24) 

𝑐𝑝,଼ିଽ =  
ℎ଼ −  ℎଽ

𝑇 −  𝑇ଽ

 (25) 

 
A great imbalance can be observed: 

ℎଷ  −  ℎଶ

𝑇ଷ  −  𝑇ଶ

 

𝑐௣ 

𝐻𝑖𝑔ℎ 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒  
(𝐿𝑇𝑅)  

1.74 2.07 2.28 1.85 

ℎ଼  −  ℎଽ

𝑇  −  𝑇ଽ

 
𝑐௣ 

𝐿𝑜𝑤 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 
(𝐿𝑇𝑅) 

1.17 1.34 1.45 1.23 

 
A lower mass flow on the cold side would compensate the heat capacities, and thus 

after deviating 𝑟 away from the cold flow it can be seen that both flows have been bal-
anced: 

𝑐௣,௛௜௚௛ ௣௥௘௦௦௨௥௘

𝑐௣,௟௢௪ ௣௥௘௦௦௨௥௘

 (𝐿𝑇𝑅) 1.49 1.54 1.58 1.50 

𝐶௣,௛௜௚௛ ௣௥௘௦௦௨௥௘

𝐶௣,௟௢௪ ௣௥௘௦௦௨௥௘

 (𝐿𝑇𝑅) 0.99 0.99 0.98 0.99 

 
This ensures that the heat transfer is improved at the cost, however, of greater recom-

pression and therefore having a greater share of the total power being produced by the 
least efficient cycle (CYCLE II). 

 
The main conclusion is that the best performance results from the combination of two 

phenomena; on one side the actual efficiency of CYCLES I and II, on the other, the specific 
heat imbalance between the low and high pressure isobars, which determines the need 
for recompression. 

3.3. Impact of pressure drop on the thermal efficiency of the Brayton s-CO2 power cycle 
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(a) (b) 

Figure 16. Cycle efficiency vs. pressure drop. (a) RCC, RCC-RH, RCC-2RH, and RCC-3RH Brayton cycle using s-CO2 pure 
and UAtotal=15 MW/K. (b) RCC and RCC-RH Brayton cycle using mixtures s-CO2/COS and UAtotal=15 MW/K. 

  

(a) (b) 

Figure 17. Cycle efficiency vs. pressure drop. (a) RCC-2RH and RCC-3RH Brayton cycle using mixtures s-CO2/COS and 
UAtotal=15 MW/K. (b) RCC-4RH and RCC-5RH Brayton cycle using mixtures s-CO2/COS and UAtotal=15 MW/K. 

Figures 16 and 17 show that the linear behavior of the pressure drop in the primary 
heat exchanger (PHX) has a greater impact on the decrease in cycle efficiency than the 
pressure drops in each of the solar field reheating heat exchanger (RHX) of the recompres-
sion configurations studied when using pure s-CO2 and s-CO2 mixtures as working fluid. 
Also, the lines overlap because the pressure drop values are similar. 

3.3. Modeling of a PCHE 
 
Regarding the PCHE, Table 3 shows the boundary conditions used in all the simula-

tions. Since the simulation does not cover the entire exchanger and considers that the de-
vice has many more heat exchange channels, periodic conditions have been used on the 
upper and lower walls. The rest of the device has been assumed adiabatic in order to sim-
plify the analysis. 

Table 3. Boundary conditions 
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Table 4 shows the main boundary values of the s-CO2 flows and mixtures used in the 
simulation. These conditions have been collected from the Meshram et al. study [30] and 
have been reproduced in the present study: 

Table 4. Boundary numerical values 
 
 

 

 
3.3.1. Temperature 

Figure 18 shows the hot fluid temperature profile and the cold fluid of the different 
s-CO2 mixtures used. As can be seen, the s-CO2/NH3 mixture is the one that presents the 
most significant slope in the temperature profile of the hot fluid; therefore, it is the one 
that cools the most. However, the opposite occurs in the temperature profile of the cold 
fluid. The fluid with the biggest outflow temperature is s-CO2 pure. The rest of the mix-
tures have similar behaviors, having intermediate values between s-CO2 and the mixture 
s-CO2/NH3. 

  

(a) (b) 

Figure 18. Temperature profile of the different mixtures; (a) hot fluid; (b) cold fluid. 

3.3.2. Pressure loss 
A parameter of great importance to study is the pressure drop in the exchanger chan-

nels. Figure 19 shows the pressure loss profile of the hot and cold fluid for the different s-
CO2 mixtures. It is observed that the hot fluid shows a greatest pressure loss, being even 
more than double the pressure drop of the cold fluid. 

Under the different operating conditions, the s-CO2/COS mixture shows the most 
significant pressure loss, although without reaching very high values, the maximum is 3.0 
kPa. The s-CO2/SO2 mixture, although with lower values than the previous one, also 
shows a greater pressure drop than pure s-CO2. However, the mixtures s-CO2/NH3 and s-

Side walls Adiabatic 
Front walls Adiabatic 
Back walls Adiabatic 

Property Hot s-CO2 Cold s-CO2 
Temperature [K] 630 400 

Pressure [bar] 90 225 
Velocity [m/s] 4.702 0.8424 
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CO2/H2S show the least pressure loss, the maximum being 2.45 kPa in the hot fluid and 
barely 1.0 kPa in the cold fluid for the mixture ammonia case. 

  

(a) (b) 

Figure 19. Pressure drop of the different s-CO2 mixtures in the straight channels; (a) hot fluid; (b) cold fluid 

3.3.3. Turbulence 
A relevant parameter in heat exchange applications is turbulence since high turbu-

lence encourages greater heat exchange in a fluid. Figure 20 shows the comparison of the 
turbulent kinetic energy (𝒌) of the different mixtures s-CO2 throughout the control vol-
ume. As can be seen, the turbulent kinetic energy is very low in both the hot and cold 
conduits. However, the difference between the two flows is considerable; the hot flow's 
turbulence is much higher than that of the cold flow. In this case, the turbulence is unstable 
at the inlet of the exchanger, however, upon reaching the 0.05 m point it stabilizes and 
decreases from there. This comportment is because the velocity profile enters the unde-
veloped domain.  

The duct's initial section is where the velocity profile develops, being homogeneous 
in the rest of the exchanger. The mixtures s-CO2/NH3 and s-CO2/H2S show higher values 
than the rest, although this difference is not significant. 

  

(a) (b) 

Figure 20. Turbulent kinetic energy of the different mixtures in the straight channels; (a) hot fluid; (b) cold fluid. 

Another important parameter related to turbulence in the 𝒌 − 𝜺 model used is the 
dissipation of turbulent kinetic energy (𝜺). Figure 21 shows this dissipation ratio along 
with the profile of both hot and cold ducts. This parameter behaves similarly to that stud-
ied previously so that the dissipation rate of turbulent kinetic energy in hot fluid is again 
much higher than in cold fluid. Furthermore, all the mixtures show very similar behavior, 
being the s-CO2/NH3 and s-CO2/H2S mixtures, which offer a slightly higher curve. 
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(a) (b) 

Figure 21. Dissipation rate of the different mixtures' turbulent kinetic energy in the straight channels; (a) hot fluid; (b) cold 
fluid. 

3.3.4. Surface heat flux and exchange area 
Using the CFD software post-processor, the total surface heat exchanged flux was 

obtained as a fundamental parameter for this analysis, shown in Table 5. This parameter 
describes the total heat exchanged through the channel surfaces. 

Table 5. Surface heat flux of each mixture 

 
 

 

 
 
 
 

All the mixtures analyzed have a higher surface heat flux than pure s-CO2. The mix 
with the most increased heat flow is s-CO2/COS, followed by the mixture s-CO2/SO2. The 
mixtures s-CO2/H2S and s-CO2/NH3 show lower values, despite having higher heat flux 
than pure s-CO2.  

 
The average heat transfer coefficients and the Nusselt numbers shown in Table 6 have 

been obtained using Eq. (26) and Eq. (27): 

ℎത =
𝑞

𝑇஻ −  𝑇ௐ

 (26) 

𝑁𝑢 =
ℎ𝐷௛

𝑘
 (27) 

Where 𝑻𝑩 (K) is the average apparent temperature of the fluid (bulk temperature), 
𝑻𝑾 (K), the average wall temperature, and 𝑫𝒉  (m) refers to the hydraulic diameter. 

As might be expected, the mixtures that previously showed higher heat fluxes are 
those with higher heat transfer coefficients, reaching the s-CO2/COS mix a coefficient of 
1857.85 𝑊/𝑚ଶ𝐾 for the hot flux. However, in the cold flow, the s-CO2/NH3 mixture pre-
sents the highest heat transfer coefficient. Again, pure s-CO2 shows a lower mean heat 
exchange coefficient in both hot and cold fluid. 

In order to analyze the efficiency of the different mixtures, the necessary area of the 
heat exchanger must be taken into account to dissipate a fixed amount of heat of 8.9 MW, 

 Surface heat flux 
[kW/m2] 

s-CO2 pure 90.037 
s-CO2/COS (70/30) 103.66 
s-CO2/H2S (60/40) 91.25 
s-CO2/NH3 (81/19) 92.32 
s-CO2/SO2 (90/10) 98.64 
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according to the reference study [30]. The area needed in the countercurrent supercritical 
recuperator to dissipate this amount of heat is obtained with Eq. (28). 

𝑄 = 𝑈𝐴∆𝑇௟௠ (28) 

Where ∆𝑻𝒍𝒎 (K) is the mean logarithmic temperature difference, and 𝑼 (W/m2K) re-
fers to the global heat transfer coefficient. 

Table 6. Average surface heat transfer coefficient, Reynolds number, and Nusselt number of the different mixtures 

 
Table 7. presents the most relevant parameters of the analysis to compare the effi-

ciency of the different mixtures. As can be seen, all the mixtures offer better heat transfer 
performances than pure s-CO2, being the s-CO2/COS mixture, the one that presents a 
higher value of the global heat exchange coefficient. This behavior is reflected in the area 
of heat exchange necessary to dissipate the same amount of energy. In the s-CO2/COS 
mixture, an area of 12.849 𝑚ଶ is required, representing a 12.62% reduction compared to 
the area needed to dissipate the same amount using pure s-CO2. The mixture that shows 
the most minor difference with respect to pure s-CO2 is the s-CO2/H2S mixture since it only 
reduces the necessary exchange area by 0.96%. 

Table 7. Relevant parameters of each mixture 
 
 
 
 
 
 
 
 
 

3.3.5. Model Validation 
Figure 22 shows the results of the real gas model using the NITS model for the vari-

ables studied. However, validation is limited to analyzing both the temperature profile 
and the pressure drop of the straight exchanger channel for the lowest temperature range 
(400 K for s-CO2 cold and 630 K for s-CO2 hot). 

 Reynolds 
(hot) 

Reynolds 
(cold) 

Nusselt 
(hot) 

Nusselt 
(cold) 

𝒉ഥ𝒉𝒐𝒕 
[𝑾/𝒎𝟐𝑲] 

𝒉ഥ𝒄𝒐𝒍𝒅 
[𝑾/𝒎𝟐𝑲] 

s-CO2 pure 23833.96 21080.52 43.986 43.706 1660.921 1851.094 
s-CO2/COS (70/30) 27341.45 20772.70 51.536 47.386 1857.850 2149.123 
s-CO2/H2S (60/40) 22764.62 20279.72 43.216 42.870 1685.415 2038.296 
s-CO2/NH3 (81/19) 21230.44 20045.90 40.276 40.957 1698.906 2236.681 
s-CO2/SO2 (90/10) 25091.09 21555.17 48.153 46.520 1786.100 2107.749 

  ∆𝑻𝒍𝒎 
[𝑲] 

𝑼ഥ   
[ 𝑾/𝒎𝟐𝑲] 

Area  
[𝐦𝟐] 

s-CO2 pure 119.443 854.067 14.704 
s-CO2/COS (70/30) 120.491 968.866 12.849 
s-CO2/H2S (60/40) 114.586 898.874 14.563 
s-CO2/NH3 (81/19) 111.368 939.606 14.335 
s-CO2/SO2 (90/10) 118.315 940.831 13.475 
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Figure 22. Temperature variation (left ordinate) and pressure drop (right ordinate) of the straight 
channel along the length for the lowest temperature range in the Meshram et al. study [30]. 

In Figure 23, comparing the temperature profile and the pressure drop obtained in 
the simulation with the reference study results are shown. As can be seen, the values ob-
tained in the temperature profile simulation are very close to the reference values, the 
largest deviation being 2.35% in the case of hot fluid and 2% in the cold fluid. Also, in the 
case of pressure drop, the values obtained in the simulation are close to the reference val-
ues. Although the cold flow error seems high (maximum 16.3%), this is due to a low res-
olution of the simulation data. This comportment is due to the high orders of magnitude 
of the pressure (22.5 MPa). However, for the hot flow, as the pressure is lower (9 MPa), 
more accurate results have been obtained, so the error, in this case, is closer to reality; the 
maximum error is 6.7%. 

 

 

 

(a) (b) 

Figure 23. (a) Comparison between reference temperature values and the values obtained in the simulation; (b) Compari-
son between reference pressure drop values and the values obtained in the simulation. 

3.4. Cost analysis of the recompression Brayton s-CO2 power cycles 
After analyzing the impact of mixtures on cycle thermal efficiency, the various pro-

posed configurations have also been investigated from an economic perspective. The cost 
models were taken from the literature for each major component used in the different 
recompression Brayton s-CO2 power cycle configurations and fitted to the limited data 
and cost estimates available. 

The cost correlations for each power block component (turbine, compressors, recu-
perators, etc.) are taken from [36]. In this research, the final cost of each is determined with 
Eq. (29), where 𝐶 is the cost of the component (expressed in $ USD), a and b are particular 
coefficients for each component, 𝑆𝑃 is a scale parameter and 𝑓  is the factor of tempera-
ture correction. 
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𝐶 = 𝑎 ∗ 𝑆𝑃௕ ∗ 𝑓   (29) 

The component costs of Brayton s-CO2 power cycles can vary considerably depend-
ing on their operating temperature. The temperature correction factor, Eq. 25, includes 
cost correction factors considering a selection of materials and thickness based on operat-
ing pressure and temperature. Where 𝑇௣௜ is the temperature of the inflection point, which 
is set at 550 °𝐶, and marks the temperature from which its increase makes it necessary to 
use other specific materials for a higher range of temperatures. 

 

𝑓 =  ቊ
1 𝑖𝑓 𝑇௠á௫ < 𝑇௕௣

1 + 𝑐 ∗ ൫𝑇௠á௫ − 𝑇௕௣൯ + 𝑑 ∗ ൫𝑇௠á௫ − 𝑇௕௣൯
ଶ

𝑖𝑓 𝑇௠á௫ ≥ 𝑇௕௣

ቋ (30) 

 
The coefficients a, b, c, and d shown in Eq. (29) and Eq. (30) are shown in Table 8 for 

each component, together with the scale parameters, 𝑆𝑃. 

Table 8. Scale parameters and coefficients for the correlations Eq. (29) and Eq. (30) of the components. 

 

 

 

 

 

For the cost's calculation of the primary heat exchanger, the reference is used (Ty 
Neises & Turchi, 2019), where the cost of the PHX is calculated using Eq. 31, this is a func-
tion of conductance, 𝑈𝐴௉ு௑ [kW/K]. 

𝐶௉ு௑ = 3500 ∗ 𝑈𝐴௉ு௑ (31) 

The same correlations adopted in the NREL System Advisor Model (SAM) [38] have 
been used for the solar field costs with parabolic trough technology. A constant cost is 
assumed based on the thermal power required in the PHX and RHXs, for this case, for a 
temperature of 550 °C of the HTF the value is 590 $/kWth that includes: solar field with 
PTC, site improvement, land, HTF system, contingency; and engineering, procurement 
and construction (EPC) cost. 

 

Components 
Scaling  

parameters 
Coefficients 

a b c d 
Axial Turbine Wsh (MWth) 182600 0.5561 0 1.11E-04 

IG centrifugal com-
pressors 

Wsh (MWth) 1230000 0.3992 0 0 

Generators We (MWe) 108900 0.5463 0 0 
Recuperators UA (W/K) 49.45 0.7544 0.02141 0 

Cooler UA (W/K) 32.88 0.75 0 0 
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Figure 24. Comparisons of total cost net per capacity of the RCC Brayton cycles using pure s-CO2 

and mixture s-CO2/COS (70/30). 

Figure 24 compares total costs per net capacity when using pure supercritical CO2 
and the binary mixture of carbon dioxide and carbonyl sulfide in the supercritical state (a 
mixture that provides the best efficiency with mole fraction (70/30) as working fluids in 
the cycle. The results show that the cost of the simple recompression cycle with pure su-
percritical CO2 as the working fluid is around 6.92% more expensive than when using the 
CO2/COS (70/30) mixture. When the recompression cycle has the most complex configu-
ration, the cycle's cost when using pure supercritical CO2 becomes more expensive by 
about 7.41% than when using the CO2/COS mixture. This behavior is due to the fact that 
if the mixture is used in that mole fraction, its density is greater than that of pure super-
critical CO2, which reduces the conductance values (UA) and therefore, the size of the 
components is reduced. 

 

Figure 25. Cycle efficiency vs. Total cost per net capacity of the RCC Brayton cycles using pure 
s-CO2 and mixture s-CO2/COS (70/30) with pressure drop. 

Figure 25 shows the optimal efficiencies for each recompression cycle configuration 
compared to the total cost per net capacity for a UA 15,000 kW/K. The results show, as 
previously concluded that the binary CO2/COS mixture with mole fraction (70/30) respec-
tively has a positive impact increasing the cycle efficiency compared to pure supercritical 
CO2. However, as the cycle configuration becomes more complex, the efficiency decreases; 
this is because the pressure drops in the new components negatively influence the effi-
ciency.  

Therefore, the optimal configuration in the case of using pure supercritical CO2 as the 
working fluid is that of RCC-RH with efficiency values of 41.25% and a total cost of around 
2811.23 $/kWe, while when We use the binary CO2/COS mixture as working fluid. The 
configurations that present the best values in terms of efficiency and cost are the RCC-RH 
with values of 45.02% and 2594.45 $/kWe; and RCC-2RH with values of 45.05% and 
2621.23 $/kWe, respectively. 
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Figure 26. Comparisons of each component's cost by the net capacity of the RCC Brayton cycles 
with higher efficiency using pure CO2 and s-CO2/ COS (70/30) mixture. 

Figure 26 show a comparison of total costs per net capacity as the sum of the compo-
nents costs and the solar field when using pure supercritical CO2 and the binary mixture 
of carbon dioxide and carbonyl sulfide in a supercritical state (a mixture that provides the 
best efficiency with mole fraction (70/30) as working fluids in the cycle). In all cases the 
solar field costs are the most representative, followed by the primary heat exchanger costs 
and reheat heat exchangers. As mentioned at the beginning of this work, the LTR and 
HTR recuperators' conductance were optimized to maximize efficiency and the summa-
tion has fixed values between 5000 and 25000 kW/K. In this sense, the cost analysis was 
carried out for a recuperators' total conductance (UA) of 15,000 kW/K. 

4. Conclusions 
One of this study's main objectives was to evaluate the impact of mixtures that in-

crease the critical temperature on thermal efficiency when used in recompression Brayton 
s-CO2 power cycles as a working fluid. The results showed that such mixtures have a pos-
itive impact already that increase efficiency; in this way, the mixture with the best effi-
ciency in all configurations is the one made up of carbonyl sulfide followed by the mix-
tures with hydrogen sulfide, ammonia, and sulfur dioxide. 

The best performance of mixtures on Brayton s-CO2 power cycles results from the 
combination of two phenomena; on one side, the actual efficiency of CYCLES I and II 
analyzed in section 3.2; on the other, the specific heat imbalance between the low and 
high-pressure isobars, which determines the need for recompression. 

The heat capacities on the cold side balance out after diverting more mass flow to the 
recompressor. The higher the mass flow rate diverted to the recompressor, the better the 
heat capacity imbalance in the heat exchanged in LTR will be compensated for. However, 
efficiency is penalized because more work is produced in the less efficient cycle. There-
fore, the s-CO2/COS mixture by diverting less mass flow to the recompressor has less 
power in the less efficient cycle and more power in the more efficient cycle. 

 
Also, it was considered to carry out the analysis by adding pressure drops in the 

components of the recompression Brayton s-CO2 cycle, where the results showed that as 
the configuration of the cycle becomes more complex, there is a more significant penalty 
in efficiency. The component that produces the greatest negative impact is the primary 
heat exchanger. However, blends still achieve higher efficiency compared to pure super-
critical CO2. In configurations of up to three reheating's it is observed that depending on 
the mixture used, thermal efficiency increases between two and four points with respect 
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to pure s-CO2. While in configurations with four and five reheating's it can increase be-
tween three and six points. 

 
Another objective that must be highlighted is the validation of the model for PCHE 

that uses supercritical CO2 pure as heat transfer fluid, and the comparative study with the 
different mixtures has been successfully carried out. It is concluded that the increase in 
performance in the Brayton cycle of certain mixtures that raise the temperature of the crit-
ical point is directly correlated with the increase in the performance of a PCHE recupera-
tor. All the mixtures studied have shown better global heat transfer coefficients than pure 
supercritical carbon dioxide, which represents a reduction for the mixtures s-CO2/COS 
(70/30), s-𝐶𝑂ଶ/𝐻ଶ𝑆 (60/40), s-𝐶𝑂ଶ/𝑁𝐻ଷ  (81/19) and s-𝐶𝑂ଶ/𝑆𝑂ଶ (90/10) of 12.62%, 0.96%, 
2.51%, and 8.36%, respectively in the total heat exchange area.  

This inference can be extrapolated directly into considerable economic savings for 
high power ranges. These results yield highly relevant conclusions since they confirm the 
possibility of continuing Brayton cycles' improvement using PCHE exchangers as regen-
erators. It is, therefore, a step forward in the investigation of supercritical Brayton cycles, 
which in the future may represent important advances in the mitigation of greenhouse 
gas emissions. 

On the other hand, an additional analysis for different PCHE geometries would yield 
parallel research lines of particular interest. Modifications in the diameter of the channels 
or comparisons between straight channels and zigzag channels, such as those made in the 
study by Meshram et al. [30] for pure s-CO2, would provide additional information on the 
behavior of the different supercritical mixtures in relation to the temperature profile and 
the pressure drop under these geometries. 

 
Finally, a techno-economic analysis is carried out where the results show that the 

more complex configurations incur higher costs and that also due to the pressure drop 
they obtain lower efficiency. In this way, when we use supercritical CO2 pure as the work-
ing fluid, the configuration recompression with reheating is the one that gains greater 
efficiency with value the 41.25 % and in turn has the lowest cost 2811 $/kWe. While if the 
cycle uses the mixture composed of carbonyl sulfide, the configuration recompression 
with two reheating gains greater efficiency with a value the 45.05% and has a cost of 2621 
$/kWe. However, in the case of mixing, the configuration that obtains the lowest cost is 
the single reheating (RCC-RH), which also has high efficiency. Their values are 2594.5 
$/kWe and 45.02%. Using the mixture costs 7.70% less than if it is used the standard fluid 
(s-CO2) in the same configuration (RCC RH). 
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Nomenclature: 

CO2 Carbon dioxide 

COS Carbonyl sulfide 

CIP Compressor inlet pressure 

CIT Compressor inlet temperature 

CSP Concentrated solar power 
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FM Fluid mixture 

FS Flow split 

H2S Hydrogen sulfide 

HTF Heat fluid transfer 

HTR High temperature recuperator 

LTR Low temperature recuperator 

MC Main compressor 

NIST National Institute of Standards and Technology 

NH3 Ammonia 

PHX Primary heat exchanger 

PTC Parabolic trough collector 

RCC Recompression 

RCC-RH Recompression with reheating 

RCC-2RH Recompression with two reheating’s 

RCC-3RH Recompression with three reheating’s 

RCC-4RH Recompression with four reheating’s 

RCC-5RH Recompression with five reheating’s 

REFPROP Reference fluid properties 

RHX Reheating heat exchanger 

s-CO2 Supercritical carbon dioxide 

SCSP Supercritical Concentrated Solar Power Plant 

SF Solar fiel 

SO2 Sulfure Dioxide 

STE Solar thermal energy 

TIT Turbine inlet temperature 

UA Heat recuperator conductance 
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