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ɳˎ˔ʰˊʽˋˍʾʶˌ 

Ɂɞɛɑɕɤ ŮɑɜŬɘ Ůɨɚɞɔɞ ɤɠ ˊɟɩŰɞ ˊɟɧůɤˊɞ ɜŬ ŮɘˊɤɗŮɑ Űɞ ɧɜɞɛŬ Űɞɡ əŬɗɖɔɖŰɐ ɛɞɡ, ə. ɆɤŰɐɟɘɞɡ 

ȾŬɟɏɚɚŬ, ɞ ɞˊɞɑɞɠ ɛŮ ŮɛˊɘůŰŮɨŰɖəŮ ɔɘŬ Űɖɜ Ůəˊɧɜɖůɖ ŬɡŰɞɨ Űɞɡ ɗɏɛŬŰɞɠ ɡˊɧ Űɖɜ ŮˊɑɓɚŮɣɖ Űɞɡ 

əŬɗɩɠ əŬɘ ɔɘŬ Űɖɜ ŬɛɏɟɘůŰɖ əŬŰŬɜɧɖůɖ Űɞɡ. 

ȽŭɘŬɑŰŮɟɖ ɛɜŮɑŬ ɗŬ ɐɗŮɚŬ ɜŬ əɎɜɤ ůŰɞɜ ɡˊɞɣɐűɘɞ ŭɘŭɎəŰɞɟŬ ɅɞɡɛˊŮŭɎəɖ ɇɟɨűɤɜŬ, ɞ ɞˊɞɑɞɠ ɛŮ 

ŬˊŮɟɘɧɟɘůŰɖ ɗɏɚɖůɖ əŬɘ ˊɟɞɗɡɛɑŬ, ɐŰŬɜ ŭɑˊɚŬ ɛɞɡ ůŮ əɎɗŮ əɩɚɡɛŬ ˊɞɡ ɛ́ ɞɟŮɑ ɜŬ 

ŭɖɛɘɞɡɟɔɐɗɖəŮ əŬŰɎ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɤɜ əŬŰɎɚɚɖɚɤɜ ɚɨůŮɤɜ. ȺɘɚɘəɟɘɜɎ ɢɤɟɑɠ Űɖɜ ɓɞɐɗŮɘŬ Űɞɡ 

əŬɘ Űɖɜ ůŰɐɟɘɝɖ Űɞɡ, ɖ ˊŮɟɎŰɤůɖ ŬɡŰɞɨ Űɞɡ ɗɏɛŬŰɞɠ ɗŬ ɏɛɞɘŬɕŮ ũɞɚɔɞɗɎɠ. 

Ƀɘ ŭɨɞ ůɡɜɎŭŮɚűɞɘ, Ɂɑəɞɠ əŬɘ ɀɘɢɎɚɖɠ, ɞɘ ɞˊɞɑɞɘ ɛŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ ɏɔɘɜŬɜ ŭɨɞ ˊɞɚɨ 

əŬɚɞɑ űɑɚɞɘ, ůɡɜŮɘůɏűŮɟŬɜ ŰŬ ɛɏɔɘůŰŬ ůŰɖ əŬŰŬɜɧɖůɖ Űɞɡ ůɢŮŭɘŬůŰɘəɞɨ əɞɛɛŬŰɘɞɨ Űɖɠ ŮɟɔŬůɑŬɠ, 

ŬɚɚɎ Ůˊɑůɖɠ ɖ ɜŰɞˊŬɛɑɜɖ ɣɡɢɞɚɞɔɑŬɠ ˊɞɡ ɛɞɡ ɏŭɘɜŬɜ ɧŰŬɜ ɐɛɞɡɜ ůŮ əɎˊɞɘɞ Ŭŭɘɏɝɞŭɞ ɐŰŬɜ Űɞ 

ɛŮɔŬɚɨŰŮɟɞ ɧˊɚɞ ůŰɖ űŬɟɏŰɟŬ ɛɞɡ. 

Ƀɘ ɔɞɜŮɑɠ ɛɞɡ, ɉɟɐůŰɞɠ əŬɘ ŪŮɞŭɩɟŬ, ŮɑɜŬɘ ŬɜŬˊɧůˊŬůŰɞ əɞɛɛɎŰɘ ůŮ ɧ,Űɘ əŬɘ ɜŬ əɎɜɤ əŬɘ ɧˊɤɠ 

ŮɑɜŬɘ ɚɞɔɘəɧ ɐŰŬɜ əŬɘ ůŮ ŬɡŰɧ Űɞ əŮűɎɚŬɘɞ Űɖɠ ɕɤɐɠ ɛɞɡ ŭɑ́ ɚŬ, ́ Ŭɟɧɚɞ ˊɞɡ ɔəɟɑɜɘŬɕŬɜ ɐ ɛˊɞɟŮɑ 

ɜŬ Űɞɡɠ ɛɘɚɞɨůŬ ɔɘŬ ˊɟɎɔɛŬŰŬ ˊɞɡ ɞɨŰŮ Űɞɡɠ ŮɜŭɘɏűŮɟŬɜ ɞɨŰŮ əŬŰŬɚɎɓŬɘɜŬɜ. ȼ Ůˊɘɛɞɜɐ əŬɘ 

ɡˊɞɛɞɜɐ, ŬɚɚɎ əŬɘ ɖ ŭɘɎˊɚŬůɖ Űɞɡ ɢŬɟŬəŰɐɟŬ ɛɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ ŬɡŰɞɨɠ, ɏɢɞɜŰŬɠ ɤɠ ɔɜɩɛɞɜŬ 

ŰŬ ɧɜŮɘɟŬ ɛɞɡ ɩůŰŮ ɜŬ ɔɑɜɤ ɖ əŬɚɨŰŮɟɖ Ůəŭɞɢɐ Űɞɡ ŮŬɡŰɞɨ ɛɞɡ. 

ɆɖɛŬɜŰɘəɧɠ Ŭɟɤɔɧɠ ůŰɖ əɞɜɘɞɟŰɞˊɞɑɖůɖ əɎɗŮ Ůɑŭɞɡɠ Ůɛˊɞŭɑɞɡ ɐŰŬɜ ɖ əɞˊɏɚŬ ɛɞɡ, ȺɚŮɡɗŮɟɑŬ, 

ɖ ɞˊɞɑŬ ɏˊŬɘɕŮ Űɞ ɟɧɚɞ Űɞɡ ůɤŰɐɟŬ, əɎɗŮ űɞɟɎ ˊɞɡ ɏɢŬɜŬ Űɞɜ ɏɚŮɔɢɞ, əŬɘ ɓɎɕɞɜŰŬɠ ɛŮ ˊɎɚɘ ůŰɘɠ 

ɟɎɔŮɠ Űɞɡ Űɟɏɜɞɡ ˊɞɡ ɞŭɖɔɞɨůŮ ůŰɞ Űɏɚɞɠ Űɖɠ ŮɟɔŬůɑŬɠ.  

ŪŬ ɐɗŮɚŬ Ůˊɑůɖɠ ɜŬ ŬɜŬűɏɟɤ Űɞɡɠ ŬŭŮɟűɘəɞɨɠ űɑɚɞɡɠ ɛɞɡ, ɆŰɎɗɖ, ȷɜŰɩɜɖ, ȷɜɎůŰŬůɖ, ȿŮɤɜɑŭŬ, 

ɇɎůɞ, ȯɔɔŮɚɞ, ɆŮɟŬűŮɑɛ əŬɘ ũɘɎɜɜɖ ɛŮ Űɞɡɠ ɞˊɞɑɞɡɠ ɏɢɞɡɛŮ ˊŮɟɎůŮɘ ˊɎɟŬ ˊɞɚɚɎ əŬɘ ɖ ůəɏɣɖ 

Űɞɡɠ ɛɞɡ ɏŭɘɜŮ ŭɨɜŬɛɖ. 

ɇŮɚŮɡŰŬɑɞɡɠ ŬɚɚɎ Ůɝɑůɞɡ ůɖɛŬɜŰɘəɞɨɠ Ŭɜɗɟɩˊɞɡɠ, ɛŮ Űɞɡɠ ɞˊɞɑɞɡɠ ŮɑɛŬɘ ŬɡŰɐ Űɖ ůŰɘɔɛɐ ˊɞɡ 

ɔɟɎűɤ Űɘɠ ŮɡɢŬɟɘůŰɑŮɠ, ŮɑɜŬɘ ɖ ŭɘɛɞɘɟɑŬ ɛɞɡ, ɗɎɚŬɛɞɠ ȸ4, 2ɖ ɛɞɑɟŬ, ˊɞɡ ɛŮ əŬɚɨˊŰɞɡɜ ůŮ əɎɗŮ 

ŮɜɏɟɔŮɘŬ ɛɞɡ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɝŮəɚɏɣɤ ɚɑɔɞ ɢɟɧɜɞ əŬɘ ɜŬ ɔɟɎɣɤ Űɖ ŭɘˊɚɤɛŬŰɘəɐ ɛɞɡ. 

çȷɁɇɃɉȼ:ȷ-ɇȺ-ȿȺȽ-ɋ-ɇȼè.  
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ʅˏ˄ˇ˕ʹ 

Ƀ ůəɞˊɧɠ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɖ ŮɝɏŰŬůɖ Ůɜɧɠ əɨəɚɞɡ Rankine ́ ɞɡ ɢɟɖůɘɛɞˊɞɘŮɑ ɤɠ 

ŮɟɔŬɕɧɛŮɜɞ ɛɏůɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ Űɞ ɞˊɞɑɞ ɓɟɑůəŮŰŬɘ ůŮ ɡˊŮɟəɟɑůɘɛɖ əŬŰɎůŰŬůɖ. ɆŰɖɜ 

ŮɘůŬɔɤɔɐ ŬɜŬűɏɟɞɜŰŬɘ ɞɘ ɞɟɘůɛɞɑ Űɖɠ ůɡɛˊŬɟŬɔɤɔɐɠ əŬɘ Űɖɠ ŰɟɘˊŬɟŬɔɤɔɐɠ əŬɘ ˊɤɠ ŮɑɜŬɘ ˊɘɗŬɜɧ 

ɜŬ  ˊŮŰɨɢɞɡɛŮ Űɟɘˊɚɐ ˊŬɟŬɔɤɔɐ ŮɜɏɟɔŮɘŬɠ ŰŬɡŰɧɢɟɞɜŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɡˊŮɟəɟɑůɘɛɞ ŭɘɞɝŮɑŭɘɞ 

Űɞɡ ɎɜɗɟŬəŬ. ɇɞ əɨɟɘɞ ɛɏɟɞɠ Űɖɠ ŬɜɎɚɡůɖɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ˊŮŭɑŬ, Űɖɜ ɗŮɟɛɞŭɡɜŬɛɘəɐ 

ŬɜɎɚɡůɖ Űɞɡ əɨəɚɞɡ ůɨɛűɤɜŬ ɛŮ Űɖɜ ŮˊɑŰŮɡɝɖ Űɞɡ ɛɏɔɘůŰɞɡ ŮɜŮɟɔŮɘŬəɞɨ əŬɘ ŮɝŮɟɔŮɘŬəɞɨ ɏɟɔɞɡ, 

əŬɘ ɞ ůɢŮŭɘŬůɛɧɠ Űɤɜ ŮɝŬɟŰɖɛɎŰɤɜ ůŮ 3D ŬˊŮɘəɧɜɘůɖ ɛɏůɤ Űɞɡ ˊɟɞɔɟɎɛɛŬŰɞɠ 

SOLIDWORKS.ȼ ɚŮˊŰɞɛŮɟɐɠ Ůˊɘɚɞɔɐ, Űɞ ɛɏɔŮɗɞɠ əŬɘ Űɞ ŰŮɚɘəɧ ůɢɏŭɘɞ Űɤɜ ůŰɞɘɢŮɑɤɜ ɛŬɠ ŭɑɜŮɘ 

Űɖɜ ŭɡɜŬŰɧŰɖŰŬ əŬŰŬůəŮɡɐɠ Ůɜɧɠ ˊɑɜŬəŬ ɡɚɘəɩɜ ɩůŰŮ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ ɛŮ ɛŮɔŬɚɨŰŮɟɖ ŬəɟɑɓŮɘŬ 

Űɞ ůɡɜɞɚɘəɧ əɧůŰɞɠ ɛɘŬɠ ŰɏŰɞɘŬɠ əŬŰŬůəŮɡɐɠ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ Űɖɜ ɗŮɟɛɞŭɡɜŬɛɘəɐ 

ŬɜɎɚɡůɖ ŮűŬɟɛɧɕɞɜŰŬɘ ůŰɖɜ əŬŰɎɚɚɖɚɖ Ůˊɘɚɞɔɐ Űɖɠ ŭɘŬůŰŬůɘɞɚɧɔɖůɖɠ əŬɘ Űɞɡ ůɢŮŭɑɞɡ Űɤɜ 

ŮɝŬɟŰɖɛɎŰɤɜ əŬɗɩɠ əŬɘ ůŰɞ ɡˊɞɚɞɔɘůɛɧ ɔɘŬ Űɖɜ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ 

ɖ ɞɘəɞɜɞɛɘəɐ ŬɜɎɚɡůɖ ˊɞɡ ŭɖɛɘɞɡɟɔɐɗɖəŮ ɏɢŮɘ ůəɞˊɧ Űɖɜ ŬɜɎŭŮɘɝɖ Űɖɠ ŬɜŰŬɔɤɜɘůŰɘəɧŰɖŰŬɠ 

ŬɡŰɐɠ Űɖɠ ŭɘɎŰŬɝɖɠ ůŰɖɜ Ůɚɚɖɜɘəɐ ŬɔɞɟɎ. ɋɠ ŬˊɞŰɏɚŮůɛŬ, ɔɘŬ ɛɘŬ Ůˊɏɜŭɡůɖ 20 ɢɟɧɜɤɜ Űɞ LCOE 

ɡˊɞɚɞɔɑůŰɖəŮ 0.063 ú/kWhel,Űɖɜ ɑŭɘŬ ůŰɘɔɛɐ ˊɞɡ ɖ Űɘɛɐ Űɖɠ ˊɩɚɖůɖɠ 1 kWh əɡɛŬɑɜŮŰŬɘ 

ŬɜɎɛŮůŬ ůŰŬ 0.021-0.088 ú/kWhe ɔɘŬ Űɞɜ ɛɐɜŬ ɆŮˊŰɏɛɓɟɘɞ Űɞɡ 2020.ȷɝɘɞůɐɛŮɘɤŰɞ ŮɑɜŬɘ ɧŰɘ ɞ 

ɢɟɧɜɞɠ Ŭˊɞˊɚɖɟɤɛɐɠ(PbP) ɐŰŬɜ 15.69 ɢɟɧɜɘŬ ɛŮ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ŮɔəŬŰɎůŰŬůɖɠ 

6570 ɩɟŮɠ/ɢɟɧɜɞ. 
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Abstract 

The reason of this research is to examine a Rankine cycle with carbon dioxide as working fluid, 

at a supercritical state for electricity production. The study starts with an introduction in the basic 

configurations for cogeneration and trigeneration and how it is possible to produce three different 

energies (electric, thermal, cooling) simultaneously, based on supercritical carbon dioxide (sCO). 

The main body of the research is divided to two fields, the thermodynamical analysis of the cycle 

towards the maximization of the net energy and exergy outputs, and the design of the system 

components for a medium scale setup along with the assembly of the layout in 3D drawing using 

SOLIDWORKS. The detailed selection, sizing and final design of the involved components 

allows the development of a detailed bill of materials required for one such setup and eventually 

estimate with high accuracy the capital costs for the development of one such system. The results 

of the thermodynamic analysis are both implemented in the selection/sizing of the components as 

well as in the estimation of the operational performance of the sCO system. In this way, a detailed 

economic analysis is conducted to evaluate the systemôs competitiveness for the Greek market. 

In fact, for a 20-year period of investment the LCOE of the system was estimated at 0.063 

ú/kWhel, while the system marginal price for the Greek market ranged between 0.021-0.088 

ú/kWhe for September 2020. Moreover, the corresponding payback period was estimated at 15.69 

years for 6570 operating hours per year. 
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Nomenclature 

A A Surface [mч] 

B  Height  [m]  

C  Cost  [$] 

D  Density  [kg/mч] 

Ex  Exergy  [kW] 

h  Enthalpy [J/kg] 

IRR  Internal rate of return - 

L  Length  [m] 

LCOE  Levelized cost of electricity  

MSC  Marginal System Cost  ώϵκƪ²Ƙϐ 

N  Rotation speed [rpm] 

NPV  Net present value ώϵϐ 

p  Pressure [bar] 

PbP  Pay-back period [years] 

Pr  Pressure ratio - 

R  Resistance - 

r  Radius  [m] 

s  Entropy [J/kg K] 

T  Temperature  [K] 

t  Thickness  [m] 

U,u  Velocity  [m/s] 

W  Power output [kW] 

X  Velocity ratio - 

Z  Number of rotor - 

    

Greek Symbols 

ʰΣʲ  Angles ώϲϐ 

ɲp  pressure drop [bar] 

 ́  Efficiency  - 

 ˒   Velocity coefficient of the rotor - 

 ̞  Velocity coefficient of the stator - 

ʍ  Degree of reaction  ώϲϐ 
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Subscripts 

BM  component  

cond  Condenser  

CT  Constants for pressure factor  

ex  Exergy  

F Ffafa Factor   

h  Hub   

HT  High temperature  

HX  Heat exchanger   

is  Isentropic   

LT  Low temperature  

M Mmainm Maintenance  

net  Net output  

P  Cost of material  

prod  Production   

R  Rotor   

S  Expense   

s  Shroud   

SIC  Specific investment cost  

st  Turbine  

Tcrit  Critical temperature   

th  Thermal  

TIT  Turbine inlet temperature  

 

 

 

 

 

 

 

 

 



 Diploma Thesis ς Ntagkras Dimitrios 

 

 

12 October 2020 

  



 Diploma Thesis ς Ntagkras Dimitrios 

 

 

13 October 2020 

1. LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Combined Heat and Power (CHP) 

Combined heat and power (CHP) is the use of a heat engine to create electricity and useful heat 
at the same time. On the other hand, the term trigeneration is used when cooling production is 
added to the other two processes. 
The goal of combined heat and power is to use the waste heat to provide an additional useful 
output, namely heat or electricity, which is more efficient than the traditional standalone 
facilities. Furthermore, CHP revitalizes the environment as it recycles the waste heat and 
reduces the pollution. In fact, CHP is a procedure that is not limited to stationary power plants; 
many automotive corporations try to enhance the efficiency of the vehicles by recapturing the 
exhaust heat to cover auxiliary electrical or cooling loads. 
As referred above, to create a trigeneration plant, it could only be realized by adding in a CHP 
unit an absorption chiller unit to convert the heat to cold. Combining a CHP or cogeneration 
plant with an absorption refrigeration system allows the utilization of seasonal excess heat for 
cooling.[1] The hot water from the cooling circuit of the plant serves as driving energy for the 
absorption chiller. The hot exhaust gas from the gas engine can also be used as an energy source 
for steam generation, which can then be utilized for a highly efficient, double-effect steam 
chiller. Up to 80% of the thermal output of the CHP plant is thereby converted to chilled water. 
In this way, the year-round capacity utilization and the overall efficiency of the cogeneration 
plant can be increased significantly. 
 

1.1.1 CHP analysis 

A fossil fuel, such as oil, coal, or natural gas, can be combusted in an engine realizing a steam 
turbine plant, a gas turbine, an internal combustion engine or a Stirling engine. This engine 
actuates an alternator (inverter-generator module) which generates eventually electrical power 
[2]. The rotation of this alternator produces heat and a coolant is used therefore to prevent its 
overheating. A heat exchanger recovers this heat to achieve the preferable heating or cooling 
effect. The main advantages and disadvantages of a CHP are listed below 

Advantages 

¶ CHP can achieve 90% efficiency or even more while, at a conventional plant, the 
corresponding combined efficiency rates 60%. 

¶ Helps to reduce the global warming by reducing emissions of CO2 and using part of 
these emissions to drive a chiller in a trigeneration system 

¶ Reduces energy costs 

https://www.clarke-energy.com/gas-engines/absorption-chillers/
https://www.clarke-energy.com/gas-engines/waste-heat-boilers/
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¶ Renewable heat incentives: the versatility of these systems allow for coupling with 
renewable sources and thus exploit also the funding schemes to improve overall 
economics 

¶ Replacing huge power plants with more CHP plants reduces the dependency on the 
centralized energy network and, in theory, major system failures and outages 

Disadvantages 

¶ The technology is currently more expensive and complex, so developing CHP plants 
typically requires higher initial investment 

¶ Maintenance costs can also be higher for CHP 

¶ Smaller-scale CHP plants produce electricity more expensively than larger-scale ones. 

Trigeneration has the same benefits with the CHP systems but can also be used to produce 
steam or hot water for in situ domestic use. Trigeneration finds commonly application in 
hospitals and nursing/care facilities, food production factories as well as in fruit and vegetable 
growing facilities[3]. The only problem, which has to be mentioned is that trigeneration systems 
limits available distance to transfer the energy due to the danger of excessive heat losses 
through the pipe network. There are a number of different configurations of CHP units, on which 
refrigeration can be produced. These include:  

¶ Absorption chillers:1) Operation using hot water 2) Operation using steam 3) Direct 
heat via combustion  

¶ Compression-type refrigeration machines:1) Direct drive power 2) electrical drive 
power. 

 
Fig. 1.1. Schematic of a trigeneration system 
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Some researchers argue that CHP is less efficient it is considered. The late Cambridge physicist 
David MacKay, for example, pointed out a theoretical flaw with the technology [4]. Heat is not 
wasted in conventional power plants in quite such an arbitrary way as we often assume: the 
"lost" heat is actually a fundamental part of making electricity as efficiently as possible in a 
conventional power plantτand optimizing the process to recover that heat can reduce the 
efficiency with which the electric power is produced. That's a problem, because electricity is a 
much more useful form of energy than heat (we can do far more things with it).  
CHP is most efficient when heat can be used on-site or very close to it. Overall efficiency is 
reduced when the heat must be transported over longer distances [5]. This requires heavily 
insulated pipes, which are expensive and inefficient; whereas electricity can be transmitted 
along a comparatively simple wire, and over much longer distances for the equivalent energy 
loss. A car engine becomes a CHP plant in winter when the rejected heat is used for space 
ƘŜŀǘƛƴƎ ƻŦ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ƛƴǘŜǊƛƻǊΦ ¢ƘŜ ŜȄŀƳǇƭŜ ƛƭƭǳǎǘǊŀǘŜǎ ǘƘŜ Ǉƻƛƴǘ ǘƘŀǘ ŘŜǇƭƻȅƳŜƴǘ ƻŦ /It 
depends on heat uses in the vicinity of the heat engine. 

 

Fig. 1.2. Difference between separate power production and cogeneration 
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1.1.2 Micro CHP 

Micro-generation relies to the same principles as larger CHP systems but these units are smaller 
in scale/size and usually they are decentralized, so as to be close to the consumption, thus, the 
efficiency will be higher [6]. 
The systems are usually powered by a small fuel cells or via a heat engine. The main purpose of 
a micro CHP is the heat production, therefore the electricity which is not used can be sold back 
to the grid. The benefits of micro CHP are similar with the CHP systems, but the most significant 
role of these units is the reduction of CO. As it is expected the smaller scale and the adaptation 
of the components technology results in a more complicated design. 
 

1.2 COі cycles 

1.2.1 S-CO2 properties 

When a CO2 stream is in a pressure and temperature above the critical point, then the fluid is in 
a state called supercritical. The main characteristic is the coexistence of a gas and a liquid. The 
ǳƴƛǉǳŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ /hіΣ ǿƘƛŎƘ ǘǳǊƴ ƛǘ ƛƴ ŀƴ ŀǘǘǊŀŎǘƛǾŜ ŀƭǘŜǊƴŀǘƛǾŜ to common refrigerants 
include: 

¶ At temperatures in the vicinity of the critical point, the enthalpy of vaporization is 
reduced. This leads to a reduction in heating capacity and poor performance of the 
system. To be more specific, a conventional heat pump should avoid operating at a 
heat rejection temperature near Tcrit. In a transcritical heat pump, heat rejection 
pressures are greater than the supercritical pressure and heat delivery temperatures 
are no longer limited by Tcrit. Because of the high working pressure to achieve the 
demanding efficiency occur some design challenges, which with other refrigerant we 
ŘƻƴΩǘ ƘŀǾŜΦ 

¶ /hі Ƙŀǎ ŀ ǊŜƭŀǘƛǾŜƭȅ ƘƛƎƘ ǾŀǇƻǊ ŘŜƴǎƛǘȅ ŀƴŘ ŎƻǊǊŜǎǇƻƴŘƛƴƎƭȅ ŀ ƘƛƎƘ ǾƻƭǳƳŜǘǊƛŎ ƘŜŀǘƛƴƎ 
ŎŀǇŀŎƛǘȅΦ ¢Ƙƛǎ ŀƭƭƻǿǎ ŀ ǎƳŀƭƭŜǊ ǾƻƭǳƳŜ ƻŦ /hі ǘƻ be cycled to achieve the same 
heating demand which allows for smaller components and a more compact system 

¶ /hі ōŜŎƻƳŜǎ ŀ ǎǳǇŜǊŎǊƛǘƛŎŀƭ ŦƭǳƛŘ ŀǘ омΦм х/ ŀƴŘ ǇǊŜǎǎǳǊŜ ƻŦ тоΦт ōŀǊΦ Lƴ ŀ 
conventional (subcritical) heat pump cycle, low critical temperature (Tcrit) is a 
disadvantage because it limits the operating temperature range [7]. 

 

1.2.2 CO2 as a refrigerant 

In an analysis from EMERSON climate technologies [8], it is confirmed that the CO2 (R744) is 
eligible to different conditions and criteria. As compared with the other conventional 
refrigerants, the cooling capacity is much bigger than the most common HFCs, HFOs and HCFCs. 
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.ŜŎŀǳǎŜ ƻŦ ƛǘǎ ŀǾŀƛƭŀōƛƭƛǘȅΣ /hі Ŏƻǎǘ ƛǎ ƭƻǿ ōǳǘ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎ Ŏƻǎǘǎ ŀǊŜ ƘƛƎƘΤ ǘƘŜ ǇǊŜǎǎǳǊŜ ƛǎ 
significant high so the materials of the components have to be resistant [9]. In addition, the 
carbon dioxide is a low toxicity substance and has the ability not to be flammable. An important 
characteristic that is created with the pressure flexibility (the use of different pressure states in 
a single layout) is the opportunity to be implemented in both simple as well as complex 
systems.[10] 
 

1.2.3 Subcritical cycle 

The cycle that is realized between the triple and the critical point is called subcritical. The triple 
point occurs at 5.18 bar and -рт ϲ/Σ ōŜƭƻǿ ǘƘƛǎ Ǉƻƛƴǘ ǘƘŜǊŜ ƛǎ ƴƻ ƭƛǉǳƛŘ ǇƘŀǎŜΦ ¢ƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ 
characteristic in subcritical cycles is that the CO2 plays the role of a refrigerant for the low 
temperature stage, thanks to its low temperature of the triple point and the corresponding 
ǎŀǘǳǊŀǘƛƻƴ ǇǊŜǎǎǳǊŜǎ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ƴŜŀǊ ŀƴŘ ōŜƭƻǿ л х/ [11].  

1.2.4 Transcritical cycle 

When parts of a cooling cycle take place above the critical pressure (but not the entire cycle), 
the cycle is called transcritical. One main characteristic is that the gas cooler exit temperature 
has to be above 31o/Σ ǿƘŜƴ /hі ƛǎ ŎƻƴǎƛŘŜǊŜŘΦ hƴŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǎǳōŎǊƛǘƛŎŀƭ ŀƴŘ 
transcritical cycle is the cooling capacity (in the transcritical phase the cooling is much less). This 
is the reason why the heat rejection in a transcritical cycle is referred as gas cooling. Therefore, 
the implementation of a system to control the high side pressure is necessary. The most 
significant advantage of this type of cycle is the opportunity of having different pressures in a 
layout resulting in a good equilibrium between efficiency and cost investments-maintenance of 
the components. 
 

Fig. 1.3. Difference between subcritical and transcritical cooling cycle using CO 

1.2.5 s-C02 brayton cycle 

Among various candidates, the s-CO2 power cycle is considered as one of the most promising 
alternatives to potentially provide high efficiency, higher stability with conventional structure 
materials, and eventually improved safety and reliability of the power conversion system. The 
s-CO2 cycle combines the benefits of a Rankine cycle and the gas turbine system. 

Advantages 

¶ One of the most important benefits of this cycle is its compact turbomachinery. 
Because of the minimum pressure, the fluid remains dense throughout the entire 
system. Therefore, the volumetric flow rate decreases as the fluid density is higher, 
resulting in 10 times smaller turbomachinery compared with the turbomachinery of 
a steam Rankine cycle. 
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¶ The thermal efficiency can be increased up to 5% point compared with the steam 
Rankine cycle 

¶ !ǎ ǘƘŜ ƳƛƴƛƳǳƳ ǇǊŜǎǎǳǊŜ ƛǎ ƘƛƎƘŜǊ ǘƘŀƴ ǘƘŜ /hі ŎǊƛǘƛŎŀƭ ǇǊŜǎǎǳǊŜ όтΦоу atŀύΣ ǘƘŜ 
purification system requirements are lower than those of the steam Rankine cycle to 
prevent air ingress. Thus, the power conversion system can be much simpler. In the 
steam cycle case, the low pressure in the condenser causes gas ingression and 
complex purification systems are required 

¶ Among various fluids, /hі ƛǎ ǊŜƭŀǘƛǾŜƭȅ ŎƘŜŀǇŜǊ ŀƴŘ ƭŜǎǎ ƘŀǊƳŦǳƭ ǿƘŜƴ ŀƴ ŀǇǇǊƻǇǊƛŀǘŜ 
ventilation system is installed. 

 

1.3 Single flow layouts 

According to recent studies, various layouts can be utilized for the s-/hі ǇƻǿŜǊ ŎȅŎƭŜ ŘŜǇŜƴŘƛƴƎ 
on the application. This is because the s-/hі ŎȅŎƭŜ ƛǎ ǎƛƳƛƭŀǊ ǘƻ ŀ ǎǘŜŀƳ wŀƴƪƛƴŜ ŎȅŎƭŜ ƛƴ ǘŜǊƳǎ ƻŦ 
layout while the s-/hі ŎȅŎƭŜ ƛǎ ǎƛƳƛƭŀǊ ǘƻ ŀ Ǝŀǎ ǘǳǊōƛƴŜ ǎȅǎǘŜƳ ŦǊƻƳ ǘƘŜ Ƴŀƛƴ ŎƻƳǇƻƴŜƴǘ ŘŜǎƛƎƴ 
point of view. 
One of the s-/hі .Ǌŀȅǘƻƴ ŎȅŎƭŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƛǎ ǘƘŀǘ ǘƘŜ ǎǇŜŎƛŦƛŎ ƘŜŀǘ ƻŦ ǘƘŜ ŎƻƭŘ ǎƛŘe flow is 
two to three times higher than that of the hot side flow in recuperators. It is especially important 
for the s-/hі ŎȅŎƭŜ ƭŀȅƻǳǘ ŘŜǎƛƎƴ ŀƴŘ ŀƭǎƻ ŜȄǇƭŀƛƴǎ ǿƘȅ ǘƘŜ ǊŜŎƻƳǇǊŜǎǎƛƴƎ ƭŀȅƻǳǘ όFig. 1.4) can 
have high efficiency. 
 

 

Fig. 1.4.  S-/hі ǊŜŎƻƳǇǊŜǎǎƛƴƎ ŎȅŎƭŜ ƭŀȅƻǳǘ 

Before starting the analysis of recompressing layout, it is significant to discuss other s-/hі ŎȅŎƭŜ 
layouts, thus, we can yield in more specific results ¢ƘŜ /hі Ŧƭƻǿ Ŏŀƴ ōŜ ǎŜǇŀǊŀǘŜŘ ŘŜǇŜƴŘƛƴƎ ƻƴ 
the application. Therefore, the cycle can be categorized depending on whether the flow is split 
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or not. Single (non-split) flow layouts can be distinguished into intercooling, reheating, 
precompression, inter-recuperation and split-expansion cycles [12]. 
 

 

Fig. 1.5. s-/hі ŎȅŎƭŜ ǎƛƴƎƭŜ-flow configurations 

The main role of intercooling and reheating configurations is to minimize or maximize the 
compression or expansion work, respectively. !ǎ ǘƘŜ ŜȄƘŀǳǎǘ /hі ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ ǘƘŜ ǘǳǊōƛƴŜ ƛǎ 
still high due to the low cycle pressure ratio, the heat can be recuperated in several ways. In 
inter-recuperation, precompression and split-expansion layouts, the application is directly 
dependent on the recuperation. 

1.3.1 Intercooling 

¢ƘŜ Ƴŀƛƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƻŦ ǘƘŜ ƛƴǘŜǊŎƻƻƭƛƴƎ ƭŀȅƻǳǘ ƛǎ ǘƘŀǘ ǘƘŜ ŎƻƳǇǊŜǎǎƻǊ άōǊŜŀƪǎέ ƛƴ ǘǿƻ ǎǘŀƎŜǎ 
and between these stages there is a second pre-cooler (the first is located before the 
compressors). The influence of the intercooling is more visible in the reduction of the 
compression work; however, in the s-/hі ŎȅŎƭŜ ǘƘŜ ŎƻƳǇǊŜǎǎƛƻƴ ǿƻǊƪ ƛǎ ǎƳŀƭƭ ŀƴȅǿŀȅΣ ǘƘǳǎ ǘƘŜ 
result is a small increase in the thermal efficiency. Another significant characteristic is that with 
the second pre-cooler, the temperature in the compressor outlet and in the recuperator drops, 
which the main problem is the proximity to the critical point. 
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1.3.2 Reheating 

In order to create a s-/hі ŎȅŎƭŜ ǿƛǘƘ Ƴŀƴȅ ŦŜŀǘǳǊŜǎ ƭƛƪŜ ǘƘŜ ƛŘŜŀƭ Ǝŀǎ .Ǌŀȅǘƻƴ ŎȅŎƭŜΣ ŀ ƘŜŀǘŜǊ ŀƴŘ 
an additional turbine (low pressure turbine mostly) can be introduced. The main difference is 
that after the first heater, the working fluid flows to the turbine, but after the turbine discharge 
enters the second heater and then flows through the second turbine before the recuperator. 

1.3.3 Inter-recuperation 

Inter-recuperation is similar to the intercooling cycle, with a second recuperator in lieu of a 
second precooler. The inter-recuperator has the function to drop the temperature so as to 
prevent the stream reaches the critical point in the recuperator and to reduce the heat waste. 
As a result, the thermal efficiency is higher and the heater performance is much better. It is 
important to be mentioned, that the recuperator is responsible for the biggest amount of the 
heat transfer. 
 

1.3.4 Precompression 

In this layout, the recuperator is divided to a high temperature recuperator and to a low 
temperature recuperator, putting between these two heat exchangers, a pre-compressor. The 
outlet of the main compressor flows through both recuperators and the working fluid returns 
to the pre-compressor and reflows through LTR and HTR. The main purpose is to allow for 
further regeneration, when the temperature difference is small so as to avoid the outlet turbine 
pressure influences the inlet main compressor pressure 
 

1.3.5 Split-expansion 

Split expansion is similar to the recuperation cycle with a turbine prior and after the heater. The 
additional turbine is used to split the expansion and to reduce the stress of the hottest 
component of the cycle(heater).  
According to [12] the intercooling and reheating layouts are adopted to minimize or maximize 
the compression or expansion work, respectively. One of the major characteristics of the s-/hі 
cycle is its low pressure ratio because the limit of minimum pressure in the system is influenced 
by the critical pressure (7.38 MPa), which is relatively high compared with the steam Rankine 
cycle (~0.07 MPa) or air Brayton cycle(~0.1 MPa). 
 

1.4 Split flow layouts 

Apart from the two parameters with the highest sensitivity, namely turbine inlet temperature 
(TIT) and the pressure ratio, the flow split ratio, as it is presented in Fig. 1.6, has a significant 
role. The best example about the split flow is the three turbine split flow layouts, which have 
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the same components but the flow merges in different points. Each layout has a unique 
correlation between cycle efficiency and the split flow ratio to maximize the net output. 
 

 

Fig. 1.6. The efficiencies of s-/hі ǎǇƭƛǘ Ŧƭƻǿ ƭŀȅƻǳǘǎ ŦƻǊ ǾŀǊƛƻǳǎ Ŧƭƻǿ ǎǇƭƛǘ ǊŀǘƛƻΦ S-/hі 

 

Fig. 1.7. s-/hі ŎȅŎƭŜ ǎǇƭƛǘ Ŧƭƻǿ ƭŀȅƻǳǘǎ 

The difference between the recompression layout and the others is the recuperation process. In 
the recompression layout, the flow is split and the high specific heat in the cold side stream is 
ƳŀǘŎƘŜŘ ǿƛǘƘ ǘƘŜ Ƙƻǘ ǎƛŘŜΩǎ ƭŀǊƎŜ Ŧƭƻǿ ǿƛǘƘ ƭƻǿŜǊ ǎǇŜŎƛŦƛŎ ƘŜŀǘ ƛƴ ǘƘŜ ƭƻǿ ǘŜƳǇŜǊŀǘǳǊŜ 
recuperator (LTR) to maximize the cycle efficiency. In the modified recompression layout, the 
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turbine expands the flow below the critical pressure to produce more work. Compressor 1 
ŎƻƳǇǊŜǎǎŜǎ /hі ƴŜŀǊ ǘƘŜ ŎǊƛǘƛŎŀƭ Ǉƻƛƴǘ ŀƴŘ ǘƘŜ ƻǘƘŜǊ ǇǊƻŎŜǎǎŜǎ ŀǊŜ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ƻǊƛƎƛƴŀƭ 
recompression layout. 
The other layouts, such as the preheating and turbine split flow 1, 2, and 3 layouts, maximize 
the temperature difference in the intermediate heat exchanger. Thus, these layouts can be 
implemented in co-generation or tri-generation plant systems because of the proportional 
temperature change in the heat source and the heat flowing into the conventional power 
system. Therefore, more power can be achieved with a lower efficiency if the absorbed heat is 
large. 
 

1.4.1 Modified recompression 

The main difference is the existence (i) of a third compressor between the second precooler and 
the HTR and (ii) the precooler before the first compressor. The operation of this layout is the 
same with the recompression cycle; the working fluid flows through the precooler before going 
to the first and second compressor. Then, the flow splits before the second precooler to go 
through the third compressor without dropping the temperature. The flow merges after the LTR 
and the third compressor (before HTR) 
 

1.4.2 Preheating 

The flow splits so as to go through the recuperator and the first preheater. Then merges after 
the increase of the temperature of the one flow (after the heater) so as to go together to the 
main heater and finally go to the state where occurs the lowest pressure of the cycle. The basic 
principle is to annihilate the temperature glide between the working fluid and the hot source so 
as to exploit greater heat transfer. 
 

1.4.3 Turbine split flow 1,2,3 

This layout has two turbines and their operation is like the split-expansion of the single flow 
layouts. The flow splits in the same state in these three layouts but the difference is where the 
flow goes after the split. In the first two layouts goes to the LTR and HTR and the third to the 
LTR and the heater. In each layout the working fluid goes to other component and the flow 
merges before the precooler in the first two configurations and before the LTR in the third. The 
distinctive feature of these architectures is the maximization of the waste heat utilization of the 
hot source and hence of the electrical net power output. 
The differences between the basic split flow recompression layout and the other layouts are 
small but not negligible. In the modified compression, the turbine expands below the critical 
pressure to produce more work. All the above layouts have as main principle the maximization 
of the temperature difference in the intermediate heat exchanger.[12] 
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Fig. 1.8. Performance comparison of s-/hі ƭŀȅƻǳǘ 

It is important to point that as the layout becomes more complex, the cycle efficiency is higher 
but also the cost of this operation increases.  

1.5 s-/hі ŀpplication  

The s-/hі cycle is coupled with many nuclear heat sources, because it can replace the steam 
Rankine cycle with a number benefits by the substitution. Depending on the utilization of the s-
/hі ŎȅŎƭŜΣ ƛǘ Ŏŀƴ ōŜ ŀƴ ŀƭǘŜǊƴŀǘƛǾŜ ŀǎ ŀ ǘƻǇǇƛƴƎ cycle for fossil fuel powered plants and a 
bottoming cycle of gas combined cycle plants. There are also promising heat sources soon to be 
coupled with the s-/hі ŎȅŎƭŜΣ ǿƘƛŎƘ ƛƴŎƭǳŘŜ ǎŜǾŜǊŀƭ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ ǎƻǳǊŎŜǎ ǎǳŎƘ ŀǎ ƘƛƎƘ 
temperature fuel cells, concentrated solar power, and geothermal power [13]. 
 

1.5.1 Nuclear application 

Extensive research has taken place about the replacement of the malevolent water reactors 
from the mild sodium-/hі Ŧŀǎǘ ǊŜŀŎǘƻǊǎΦ 5ŜǎǇƛǘŜ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜ ƴƛǘǊƻƎŜƴ .Ǌŀȅǘƻƴ ŎȅŎƭŜ Ŏŀƴ 
eliminate the chemical reaction between sodium and the nitrogen Brayton cycle can achieve 
performance competitive to the superheated steam Rankine cycle, it can only be utilized in the 
sodium-cooled fast reactor application and unfortunately outside the nuclear application no 
immediate application field can be found. In contrast, the s-/hі ǇƻǿŜǊ ŎȅŎƭŜ Ŏŀƴ ǇƻǘŜƴǘƛŀƭƭȅ ōŜ 
utilized for small and medium sized Reactors (SMR) such as SMART [14], large size conventional 
water-cooled reactors, and fusion reactor applications, as well as other energy sources such as 
coal, natural gas, and renewable energies. 
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1.5.2 Coal power application 

The s-/hі cycle is also considered to be a promising candidate for the coal-fired power plant as 
a topping cycle to improve thermal efficiency. After some researches, the results show that this 
innovative s-/hі ǘƻǇǇƛƴƎ ŎȅŎƭŜ Ŏŀƴ ǇǊƻŘǳŎŜ ǘƘŜ ǎŀƳŜ ŀƳƻǳƴǘ ƻŦ ƴŜǘ ŜƭŜŎǘǊƛŎƛǘȅ ŀǎ ŀ ƴƻƴ-/hі 
capturing steam power plant while, as expected, is reducing the COі ŜƳƛǎǎƛƻƴǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ [15]. 
 

1.5.3 Exhaust/waste heat recovery application 

The exhaust gas temperature from a gas turbine or general topping cyŎƭŜ ƛǎ ǳǎǳŀƭƭȅ Ҕ прл х/ ŀƴŘ 
the conventional steam Rankine cycle utilizes this exhaust gas to improve its thermal efficiency. 
The s-/hі .Ǌŀȅǘƻƴ ŎȅŎƭŜ Ŏŀƴ ǇƻǘŜƴǘƛŀƭƭȅ ǊŜǇƭŀŎŜ ǘƘŜ ǎǘŜŀƳ wŀƴƪƛƴŜ ŎȅŎƭŜ ǘƻ ŦǳǊǘƘŜǊ ƛƳǇǊƻǾŜ ǘƘŜ 
thermal efficiency and can be utilized to recover waste heat from a small gas turbine as well, 
which is not practically feasible with the steam Rankine cycle. Using s-/hі ǇƻǿŜǊ ŎȅŎƭŜǎ ŦƻǊ ǿŀǎǘŜ 
heat recovery, it is very important to maximize the net output power by incorporating the 
utilization efficiency of the waste heat along with the thermal efficiency of the cycle. 

 

1.6 s-/hі Rankine cycle 

Three types of Rankine cycles (simple, cascade, and split) will be discussed in this section, 
comparing the characteristics in the upper pressures of the cycle. In order to optimize their 
performance, it is very significant to maximize the net output power by combining the utilization 
efficiency of the waste heat and the thermal efficiency. To improve the thermal efficiency of the 
cycle, the turbine inlet temperature must be increased. 
Because of the convenience of the CO2 to reach the critical temperature (31.1 oC) and the critical 
pressure(7.38MPa), low and medium temperature heat sources can be exploited, which will 
reduce the temperature difference and promote the overall efficiency. 
 

1.6.1 Simple s-CO Rankine cycle 

To improve the thermal efficiency of the cycle, the turbine inlet temperature must be increased 
as much as possible using a recuperator. However, a higher turbine inlet temperature results in 
a lower utilization (heat recovery) efficiency of the exhaust gas waste heat.[16] The reason for 
this is that the working fluid is preheated by the recuperator to a higher temperature. Because 
of this trade-off between the thermal efficiency and the utilization efficiency, it is impossible for 
a simple s-/hі wŀƴƪƛƴŜ ŎȅŎƭŜ ǘƻ Ŧǳƭƭȅ ǳǘƛƭƛȊŜ ǘƘŜ ǿŀǎǘŜ ƘŜŀǘ ŦǊƻƳ ŀ Ǝŀǎ ǘǳrbine. 
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Fig. 1.9. Layout of simple S-/hі ŎȅŎƭŜ ŦƻǊ ²Iw ŦǊƻƳ ŀ Ǝŀǎ ǘǳǊōƛƴŜ 

1.6.2 Cascade supercritical CO2 Rankine cycle 

An additional s-/hі wŀƴƪƛƴŜ ŎȅŎƭŜ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ǊŜŎƻǾŜǊ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ǿŀǎǘŜ ƘŜŀǘ ŦǊƻƳ ǘƘŜ 
previous simple cycle. As mentioned before, it is impossible to fully utilize the waste heat of the 
exhaust gas of a gas turbine with a simple s-/hі ǊŀƴƪƛƴŜ ŎȅŎƭŜΦ ¢ƘŜǊŜŦƻǊŜΣ ŀ ƭƻǿ ǘŜƳǇŜǊŀǘǳǊŜ 
loop is introduced to the high temperature loop. The thermal efficiency of the cycle is lower than 
that of the simple cycle at a given turbine inlet temperature because it is the average of the 
efficiencies of the LT and HT loops. However, the heat recovery efficiency of the cycle is much 
higher than that of the simple cycle and decreases very slightly as the turbine inlet temperature 
increases. 

 
Fig. 1.10. Layout of cascade S-/hі ŎȅŎƭŜ ŦƻǊ ²Iw ŦǊƻƳ ŀ Ǝŀǎ ǘǳǊōƛƴŜ 
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Because the cascade cycle is composed of two cycles, it is important to highlight the main 
difference between the topping and the bottoming cycle. In the topping cycle, the fuel is used 
in a gas turbine and the main heat source generates high-enthalpy and electricity. The hot 
exhaust afterwards is used for partial heating, cooling or other utility. As it pointed in the study 
[16], there are some subcategories about the topping cycle plant such as Steam electric plant 
with steam extraction from a condensing turbine. On the other hand, the bottoming cycle is not 
only more expensive than the topping cycle but also not so efficient. The low-enthalpy waste 
heat is used to drive the power generation cycle via a heat exchanger, recuperator or a boiler. 
This cycle finds application in function with high temperature energy production and high 
temperature heat rejection [17]. 
 

1.6.3 Split supercritical CO2 Rankine cycle 

Another way to recover the remaining waste heat from the previous simple cycle is to use a split 
s-/hі wŀƴƪƛƴŜ ŎȅŎƭŜΦ In the previously described simple s-/hі wŀƴƪƛƴŜ ŎȅŎƭŜΣ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ 
ǘƘŜ /hі ŀŦǘŜǊ ǘƘŜ ǊŜŎǳǇŜǊŀǘƻǊ ƻƴ ǘƘŜ ƘƛƎƘ-pressure side is considerably lower than the 
ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ǘƘŜ /hі ōŜŦƻǊŜ ǘƘŜ ǊŜŎǳǇŜǊŀǘƻǊ ƻƴ ǘƘŜ ƭƻǿ-pressure side, even with a high 
ŜŦŦƛŎƛŜƴŎȅ ǊŜŎǳǇŜǊŀǘƻǊΦ ¢Ƙƛǎ ƛǎ ōŜŎŀǳǎŜ ǘƘŜ ƛǎƻōŀǊƛŎ ǎǇŜŎƛŦƛŎ ƘŜŀǘ ƻŦ ǘƘŜ /hі ƻƴ ǘƘŜ ƘƛƎƘ-pressure 
side is much higher than that on the low-pressure side. Therefore, in the split s- /hі Rankine 
cycle shown in Fig. 1.11, it is possible to utilize the remaining waste heat from the simple s- /hі 
Rankine cycle to make up the difference in the isobaric specific heat of the /hі between the 
high- and low-pressure sides for a maximum temperature of /hі after the recuperator (state 3). 

The flow that is split after the pump is preheated by the recuperator and the LT heater to the 
same temperature. 

 

Fig. 1.11. Layout of split S-/hі ŎȅŎƭŜ ŦƻǊ ²Iw ŦǊƻƳ ŀ Ǝŀǎ ǘǳǊōƛƴŜ 
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1.6.4 Poly-generation systems using s-CO 

Poly-generation has had many meanings, however, has being defined as a thermochemical 
process which simultaneously produces at least two different products and at least one product 
is chemical or fuel and one at least electricity [18]. Nowadays, poly-generation has developed 
to be a multi-input and multi-output energy system that is assumed as the most promising 
ǘŜŎƘƴƻƭƻƎȅ ǘƻ άōǊƛŘƎŜέ ǘƘŜ ƎŀǇ ōŜǘǿŜŜƴ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ƛƴŘǳǎǘǊƛŀƭ ǎŜŎǘƻǊǎΦ 
At the beginning, these systems utilized as feedstock coal, but in order to save energy and solve 
the environmental problem, started to exploit renewable energy sources such as biomass or CO2 
based systems. Below are listed the key principles of a poly-generation system: 

¶ Utilization of different types of fuels: According to the characteristics and the 
advantages of the fuels, a multi-fuel feedstock input could be used to succeed high 
energy chemical efficiency.  

¶ Step by step conversion of effective components: Instead of complex composition 
adjustment processes, step by step conversion is implemented so as to achieve the 
requirements of different chemical production processes.  

¶ Cascade utilization of both chemical and thermal energies: Heat produced in the 
chemical production can be utilized in power generation according to its energy level 
and at the same time a power subsystem can provide heat to the chemical 
production with a matching energy level  

¶ Energy utilization and pollutant control: A major problem of the systems which 
create electricity or chemical fuels is the environmental pollution. Poly-generation 
systems can bring a solution to energy production and reduction of the 
environmental problems. The pollutants can be concentrated without extra energy 
consumption accompanied with products. 

 
Fig. 1.12 Basic principles of a poly-generation system 
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In Fig. 1.12 is presented the primary function of the fresh gas preparation subsystem and the 
syngas which will not be converted can be used as fuel to power generation. more importantly, 
CO2 can be recovered with less energy penalty from synthesis subsystem and flue gas. CO2 can 
recycle from fresh gas preparation subsystem, from power generation and also can be converted 
by electricity, photocatalytic conversion and hydrogeneration reduction. 

1.6.5 Utilization of CO2 recycle in poly-generation systems 

¶ CO2 recycle as a gasifying agent at a coal-based poly-generation system 

¶ In order to increase the carbon efficiency, CO2 produced during the process as a 
gasifying agent into the gasifier can be reused, without increasing the level of C but 
keeping cycling from high to low [19]. 

¶ Because of the high temperature of the gasifier, we have the opportunity to increase 
the amount of CO so as to exploit the downstream chemical output. CO2 recycling 
into the gasifier has great potential, but the key challenge is the control of the 
recycling ratio; too much recycling mass flow yields low gasification temperature 
reducing the efficiency and the chemical output. 

¶ CO2 as feedstock in poly-generation systems 

¶ CO2 is non-toxic and economic as a feedstock. One of the most important research is 
to replace the phosgene with CO2 for synthesis of various chemicals. This conversion 
has provided huge potential on the CO2 recycle and the coal reduction. The CO2 which 
produced in chemical production and power plant can both serve as raw material to 
produce new fuels or chemicals. 

¶ CO2 recycle in multi-feedstock energy poly-generation system 

¶ CO2 produced from energy system can be converted in fuels by hydrogeneration, 
electrochemical and photochemical processes. These sources could be energy zero 
carbon footprint (solar, geothermal, wind etc.).if we could control the use of CO2 
recycle and the conversion technologies, the MFEPS will provide the opportunity to 
have higher efficiency lower investment and lower environmental impact [20]. 

 

1.6.6 Barriers for poly-generation systems with CO2 recycle 

¶ Costs of CO2 capture, purification and transportation to user site 

¶ Energy requirements of CO2 chemical conversion 

¶ Lack of industrial commitments for CO2-based chemicals; because the technologies 
of CO2 are in laboratory research and uncertainties exist. Especially energy poly-
generation systems that integrate different sources and processes lack of design and 
operational experience 
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¶ Without supporting policies, the financial investment and the technological research 
is difficult to be understood 

1.7 Scientific question 

/ƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ŀōƻǾŜΣ ƛǘ ƛǎ ŎǊǳŎƛŀƭ ǘƻ ŀƴŀƭȅȊŜ ǘƘŜ ŀƴŘ ŀǎǎŜǎǎ ǘƘŜ Ǿƛŀōƛƭƛǘȅ ƻŦ ƳŜŘƛǳƳ ǎŎŀƭŜ /hі 
systems for power generation, mainly driven by the exhaust gases of gas turbines -to match the 
tŜƳǇŜǊŀǘǳǊŜ ƭŜǾŜƭǎ ƻŦ ŀ ǎǳǇŜǊŎǊƛǘƛŎŀƭ /hі ŎȅŎƭŜΦ aƻǊŜ specifically, the main scientific questions 
to be answered on this thesis are listed below: 

¶ ²ƘƛŎƘ ŀǊŜ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ǎǳǇŜǊŎǊƛǘƛŎŀƭ /hі ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ŀƴŘ Ƙƻǿ Ŏŀƴ ōŜ ƻƴŜ 
such cycle further optimized? 

¶ How Ŏŀƴ ŀ ǎǳǇŜǊŎǊƛǘƛŎŀƭ /hі ǎȅǎǘŜƳ ōŜ ŘŜǎƛƎƴŜŘ ŀƴŘ ǿƘƛŎƘ ŀǊŜ ǘƘŜ ǎǇŜŎƛŦƛŎ 
components required for this procedure? 

¶ Which are the total costs for the development of the system and how competitive 
can it be based on the local electricity prices? 
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2. /ƻƳǇƻƴŜƴǘǎ ƻŦ ǘƘŜ ǎπ/hі wŀƴƪƛƴŜ ŎȅŎƭŜ 

2.1 Heat Exchanger 

As heat exchanger (HX) is defined the component which facilitates ae heat transfer process. It is 
composed of two streams with different temperatures. In most applications, the two streams 
are kept separate (no mixing) to achieve the heat transfer. 

2.1.1 Main characteristics of HX 

I. Fluid allocation 
One key categorization between the heat exchangers is in how the hot and the cold flow are 
flowing inside the tubes and annulus. When these flows have the same direction, the HX is called 
parallel; on the contrary is called counterflow (the hot flow and the cold flow have opposite 
direction). The temperature difference before the parallel heat exchanger is big allowing to be 
used in layouts with temperature flexible demands, as shown in Fig. 2.1. 

 

Fig. 2.1. Diagram of Temperature-length of counterflow and parallel flow HX 
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II. Compactness 
The term of area density is the appropriate fraction between HX surface and volume to calculate 
how compact a heat exchanger is. When this fraction is above 700 then the HX can be called 
compact (car radiator is close to 1000).  

 

III. Crossflow HX 
The crossflow is composed of two perpendicular streams which can be either mixed (can move 
ǘƻ ǘƘŜ ǘǊŀƴǎŦŜǊ ŘƛǊŜŎǘƛƻƴ ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ƎǊŀŘƛŜƴǘύ ƻǊ ǳƴƳƛȄŜŘόŎŀƴΩǘ ƳƻǾŜ ǘƻ ǘƘŜ 
transfer direction), as shown in Fig. 2.2. 

 

Fig. 2.2. (a) Unmixed and (b) mixed crossflow HX 

 

2.1.2 Types of HX 

Prior to the analysis of the shell and tube heat exchanger and the reasons why it is specifically 
selected, the other types of heat exchangers will be discussed. Heat exchangers can be classified 
based on three different categorizations, according to: 
 

I. Nature of heat exchanger process 

¶ Regenerative heat exchanger 

¶ Direct contact heat exchanger 

¶ Recuperator 

¶ Condenser 

¶ Boiler 

¶ Evaporator 
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¶ Radiator 
II. Flow arrangement 

¶ Parallel flow 

¶ Counter flow 

¶ Cross flow  
III. Geometry 

¶ Shell and tube heat exchanger 

¶ Plate heat exchanger 

¶ Plate and fin heat exchanger 

¶ Finned tube heat exchanger 

¶ Plate and shell heat exchanger 

¶ Tube-in-tube heat exchanger 

2.1.3 Shell and tube heat exchanger 

The most common HX with the most applications in industries (especially in industrial processes 
in scale of kWs or MWs) is the shell and tube HX. Due to its weight and large dimensions, it is 
not suitable for transport. Their most significant characteristic is that the combination of quality, 
efficiency and value is the best compared to all the above heat exchangers. It is a counterflow-
like HX and the name shows that the main components is a shell and many tubes. Depending on 
the direction of the flow in the shell, the HX is called one-shell-pass, two-shell-passes HX etc. 
Furthermore, the addition of a baffle converts the counterflow HX to a crossflow resulting to an 
enhanced efficiency. If the flow is diverted by inserting a semicircular pattern in the end of the 
tube, the heat exchanger is called two-tube-pass or U-type shell and tube heat exchanger, as 
shown in Fig. 2.3. 

 

Fig. 2.3. Semicircular pattern in a U-type shell and tube heat exchanger 
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The tube sheet is a very important sub-component of this type of HX because their 
implementation holds the tubes in position and establish the pressure boundary for the shell 
fluid. Apart from the assistance that gives the baffle to the fluid to change direction, it also helps 
keeping the tubes in alignment. This turbulent flow increases the heat transfer capacity of HX. 
In a comparison with the plate heat exchanger, the second most common HX in the industries, 
it is easier to find the advantages and disadvantages of the shell and tube heat exchanger. 

 

Table 2.1. Advantages and disadvantages of shell and tube heat exchanger 

Advantages Disadvantages 

Easy to maintain Less efficient than the plate heat 
exchanger 

Best fraction between price and 
efficiency 

Requires more space  

Higher pressures and temperatures /ŀƴΩǘ ǾŀǊȅ ŎƻƻƭƛƴƎ ŎŀǇŀŎƛǘȅ 

Lower pressure drops  

Easy to find leaks 
 

2.1.4 Gas cooler 

A gas cooler is an essential component of any refrigeration cycle. It is a heat rejection unit and 
inside it the change of phase from gas to liquid takes place. 
The most important requirement so as to harness the condensing ability, is to have an outdoor 
temperature lower than the condensation temperature. As a secondary fluid can be another 
substance or another refrigerant not necessarily the air. The required design characteristics are 
the same with the shell and tube heat exchanger. 
 

2.1.5 Turbine 

Turbine is a rotary mechanical device which extracts energy from a fluid flow so as to create 
useful work. A turbine is composed of a wheel and the blades (stator and rotor) which are 
attached to the wheel. The two main types of turbines are the impulse and the reaction turbines. 
In the impulse turbine, the pressure drop is significant. As the steam passes through the nozzles 
and the velocity is increased. when the flow goes though the rotor, the velocity is decreased but 
the pressure remains the same. This is the main principle which distinguishes impulse from a 
reaction turbine. The velocity profile through the fixed and the moving blades is the same with 
the impulse turbine (Fig. 2.4). On the other hand, the pressure drops as the stream flows from 
the entrance (stator) to the turbine until the exit (rotor) [21]. 
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The differences between these two types are many, as listed in Table 2.2, but the main 
characteristic that plays the most important role for the selection is the control of the pressure 
and velocity, which is much easier in the impulse turbine. The geometry of the moving blades is 
the main problem not only for the high cost and maintenance but also to the turbulent flow of 
the steam [22]. 

 

Fig. 2.4. Impulse and reaction turbine operation 

 

Table 2.2. Difference between reaction and impulse turbine 

Parameter Reaction turbine Impulse turbine 

Maintenance Not as easy as impulse Easy 

Efficiency High Low 

Space requirement High footprint Very less size 

Cost Higher than impulse Low 

 

In order to design a specific turbine for the Rankine cycle, Zhou and Jang [23] tried to optimize 
the s-/hі ŎȅŎƭŜ ŀƴŘ ŎƻƴŘǳŎǘ ŀ ǊŀŘƛŀƭ ƛƴŦƭƻǿ ǘǳǊōƛƴŜ ǳǎƛƴƎ /C5 ǎƛƳǳƭŀǘƛƻƴ ŀƴŘ ǘƛǇ ŎƭŜŀǊŀƴŎŜ 
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analysis. Based on this research, the design parameters of the turbine are the same as ½ƘƻǳΩǎ 
research, because the turbine is used for a similar s-/hі ŎȅŎƭŜΦ 
  

Table 2.3. Basic parameters and their values for the turbine 

Parameter  ɻ4 ɼ5 ʒ ʕ xɻ ɱ ʈ 

Range  14-17o 35-55o 0.90-0.97 0.8-0.9 0.6-0.7 0.4-0.55 0.35-0.5 

 

where xa is the velocity ratio,  
ʍ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŘŜƎǊŜŜ ƻŦ ǊŜŀŎǘƛƻƴΣ  
ɛ is the diameter ratio,  
Ŭ4 is the absolute flow angle of rotor inlet,  
ɓ5 is the outlet relative flow angle of rotor, 
 ɣ and ű are the velocity coefficient of the nozzle and the rotor, respectively. 
 

2.1.6 Rotor 

The number of rotor blades is estimated using Glassman empirical correlation [24]: 

ῶ
“

σπ
ρρπὥ ὸὥὲὥ (2.1) 

Radius and blade thickness at rotor inlet and outlet are given by: 

Ò
φπ

ς“ὔ
ό 

(2.2) 

ὶ ‘ ὶ (2.3) 

ὸ πȢπσ ὶ (2.4) 

ὸ πȢπς ὶ (2.5) 

 

The blade heights at the inlet and outlet of the rotor can be expressed as: 

ὦ
ὃ
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(2.6) 
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(2.7) 

The blade surface area is given by the equation [24]: 

ὃ ὶ ὶ Ὤ ὶ ὶ ὶ ὶ
“

ς
 (2.8) 
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The tip and hub wall areas are determined as the surfaces of revolution of the tip and hub curves 
around the turbine axis. 
The rotor outlet radius at hub and shroud can be given as 

ὶ ὶ πȟυὦ (2.9) 

ὶ ὶ πȟυὦ (2.10) 

The axial length can be then defined as: 
ὰ ρȟυὶ ὶ  (2.11) 

 

2.1.7 Stator 

It is obvious that the geometry of the nozzle is directly linked with the geometry of the rotor. 
The nozzle outlet height is assumed to be equal with the blade inlet height. 
 

ὦ ὦ (2.12) 

The chord length and the relative span of nozzle can be obtained by: 

ὸ
ὸ
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(2.13) 

 

ὰ
“Ὠ

ᾀὸ
 

(2.14) 

 

The nozzle inlet radius and the nozzle outlet radius can be given by 

ὶ ὶ ὥὰ ςὥὰὶίὭὲὥ 
(2.15) 

 

ὶ ὶ ςὦίὭὲὥ (2.16) 
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3. ¢ƘŜǊƳƻŘȅƴŀƳƛŎ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ƭŀȅƻǳǘ 

In this chapter, will be discussed the thermodynamic modeling of the selected simple s-/hі 
layout for WHR with a single recuperator, as shown in Fig. 3.1. 

 

 

 

Fig. 3.1. Schematic of the simple s-/hі ƭŀȅƻǳǘ ŦƻǊ ²Iw ǘƻ ōŜ ƛƴǾŜǎǘƛƎŀǘŜŘ 

3.1 Assumptions 

At first, below are presented the assumptions made in order to conduct the energetic analysis. 

¶ The kinetic and potential energies of the flow, as well as the heat and friction losses 
were assumed to be negligible. 

¶ Ambient temperature was set at 15oC. 

¶ The pressure drop in the heat exchangers (heater, recuperator and gas cooler) is 
considered 1 bar (ɲpheat) 

¶ The temperature in state (4) is investigated within the range of 450-750 oC [25] 

¶ With respect to the isentropic efficiencies, the following values were considered: 

¶ Pump: 0.80 

¶ Turbine: 0.90 
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¶ Turbine pressure ratio is being investigated at the range of 4 to 12 [26, 27]  

¶ The exit of the gas cooler is at supercritical state. 

¶ Lower pressure of the supercritical cycle is set at least higher than the critical 
pressure.(state 1) 

¶ The third alternating parameter is a temperature that called Ttest which is the 
diferrence between Tcrit and T1 (how much above the Tcrit is the lowest temperature 
of the cycle) 

¶ Pinch point on recuperator is equal to 10 oC 

¶ Mechanical efficiencies: 
i. Turbine:0.95 
ii. Spindle:0.98 

¶ Recuperator effectiveness: 0.95 

At this point it has to be mentioned that the fluid properties calculations were conducted using 
Coolprop library.  

3.2 Thermodynamic model of cycle 

The equations used for the pressure calculations of the cycle are listed below: 
ὴ ὴ  ῳὴ  (3.1) 

ὴ ὴ  ῳὴ  (3.2) 

ὴ ὴϽὖὶ ȟ  (3.3) 

ὴ ὴ  ῳὴ  (3.4) 

ὴ ὴ  ῳὴ  (3.5) 

 

At the initial scenario for the p1 (the low pressure of the cycle) it was selected to be equal to the 
critical one, thus p1=73.7 bar and the test temperature is also set at 0, thus equal to the critical 
ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ омΦл х/Φ 
Using the equations (3.1)-(3.5) the pressure at all states can be determined. The isentropic 
efficiency of the pump can be determined as follows: 

–
Ὤȟ Ὤ

Ὤ Ὤ
 

(3.6) 

In this way, the enthalpy of state 2 can be determined and with the already determined 
pressure, all thermodynamic properties at state 2 are estimated.  
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–
Ὤȟ Ὤ

Ὤ Ὤ
 

(3.7) 

Within the optimization solver, T4 is an independent variable, therefore guess temperatures are 
set in the solver and therefore on each execution of the code pressure and temperature of state 
4 are easily determined, along with enthalpy and entropy via Coolprop. 
In a similar way to the pump, the enthalpy at the discharge of the turbine (state 5) can be 
ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ǘƘŜ ǘǳǊōƛƴŜΩǎ ƛǎŜƴǘǊƻǇƛŎ ŜŦŦƛŎƛŜƴŎȅΥ 

 

–
Ὤ Ὤ

Ὤȟ Ὤ
 

(3.8) 

Consequently, the temperature and the entropy can be also determined by Coolprop. Given the 
predefined pinch point at the recuperator, the temperature at state 6 will be equal to: 

Ὕ Ὕ ῳὝ  (3.9) 

Once the temperature at state 6 is determined and given that the pressure is already estimated, 
enthalpy and entropy can also be determined via Coolprop. 
Finally, state 3 can be determined by applying an energy balance in the recuperator. 

ὗ ά Ὤ Ὤ ά Ὤ Ὤ  (3.10) 

Given the known pressure and enthalpy by (3.10) at state 3, the rest thermodynamic properties 
can be also determined. 

3.2.1 Performance indicators 

For the specification of the heaterΩǎ ŘǳǘȅΣ the equation derived from the energy balance is the 
following [28]: 

ὗ ά Ὤȟ Ὤȟ ά Ὤ Ὤ  (3.11) 

On the other hand, the thermal power at the turbine is given by: 

ὡ ȟ ά Ὤ Ὤ  (3.12) 

Consequently, the electrical production of the turbine is equal to: 

ὡ ȟ ὡ ȟ  – –  (3.13) 

With the mechanical efficiency to be equal to 98% and the generator efficiency to be equal to 
95%. 
The pump consumption is equal to: 
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ὡ
ά Ὤ Ὤ

–
 

(3.14) 

With the motor efficiency to be equal to 95%. 
Eventually, the net power output is equal to: 

ὡ ὡ ȟ ὡ  (3.15) 

The heat rejection at the gas cooler is equal to: 

ὗ ά Ὤ Ὤ  (3.16) 

Hence, the thermal efficiency of the cycle is equal to: 

ὲ
ὡ

ὗ
 

(3.17) 

On the other hand, the exergy efficiency is equal to: 

ὲ
ὡ

Ὁὼ
 

(3.18) 

With, 

Ὁὼ ά Ὤ Ὤ Ὕ ί ί  (3.19) 

Eventually, the results for the base case can be found below in Table 3.1. 

 

Table 3.1. Thermodynamical properties of the s-/hі ŎȅŎƭŜ 

State 1 2 3 4 5 6 

Density (kg/mύ) 534.03 727.46 213.24 146.15 47.46 133.09 

Pressure (bar) 73.8 305.2 304.2 303.2 75.8 74.8 

Temperature 
(ϊ#) 

31.0 85.7 451.7 750 563.3 95.7 

Enthalpy 
(kJ/kg) 

317.91 361.29 904.13 1284.3 1060.9 518.7 

Entropy 
(kJ/kgK) 

1.386 1.410 2.489 2.929 2.959 2.010 
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Table 3.2. Performance results of the s-/hі ŎȅŎƭŜ 

Performance indicator Value 

╠▐▄╪◄▄► (kW) 950.5 

╦◄▐ȟ◄◊►╫ (kW) 558.2 

╦▬◊□▬ (kW) 114.8 

╦▪▄◄ (kW) 405.9 

╠╬▫▪▀ (kW) 
500.3 

nth (%)  
42.71 

nex (%)  
65.18 

ExH (kW)  453.5 

3.3 Sensitivity analysis 

In the following section, a sensitivity analysis is conducted to identify the key parameters that 
influence the performance of the s-/hі ŎȅŎƭŜΦ 

3.3.1 Influence of turbine inlet temperature  

The two figures below, show the influence of two parameters (Ttest,T4) on the thermal 
efficiencyΣ ʹth. At first, it is important to mention that the further the temperature rises higher 
than the Tcrit, the smaller the thermal efficiency is calculated. The reason for this result is that 
the temperature in state 1 has significant role in the net output of the pump. On the opposite, 
as the turbine inlet temperature increases, consequently the enthalpy in state 4 becomes higher 
and hence the turbine power output as well as the efficiency tends to increase. The acceptable 
level for the thermal efficiency is when the difference from the critical temperature is near 20oC.  

The same cross-evaluation of the above parameters is noticed with the exergy efficiency (Figures 
3.4-3.5). The results are similar, as the heat has the same effect to the thermal and to the exergy 
efficiency. Again, the /hі ǎǘǊŜŀƳ at a supercritical state has to be at least 20o C above the Tcrit in 
order to achieve a requisite number of exergy.  
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Fig. 3.2. 3D plot of thermal efficiency(z),Temperature above Tcrit(x) and TIT(y) 

 

Fig. 3.3. 2D plot of thermal efficiency(x), Temperature above Tcrit(y), TIT(legend) 

 






































































































































