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ABSTRACT 

GAMIL, AHMED IDRIS IBRAHIM, Masters: June : 2021, Master of Mechanical Engineering. 

Title: INTEGRATED SUPERCRITICAL CO2 POWER CYCLE WITH CONCENTRATED 

SOLAR POWER TOWER WITH 50MW POWER CAPACITY, Supervisor: Prof. Ahmad K. 

Sleiti.  

As a part of the world’s efforts to mitigate the impact of global warming via 

carbon neutrality plan by 2050, a novel supercritical carbon dioxide (sCO2) power cycle 

is presented that is integrated with concentrated solar power (CSP) tower system and 

oxy combustor. The system capacity is 50MW and its by-product are pure drinking 

water and small amount of CO2 that can be exported for other commercial purposes. 

The integrated cycle (CONF3) is investigated in comparison to two other cycle 

configurations in which CONF1 cycle configuration solely depends on oxy combustor 

and CONF2 cycle configuration solely depends on CSP. Energy and exergy analyses 

are performed for all 3 cycle configurations and results were presented in a comparative 

study. Furthermore, the impact of the solar radiation on the cycle’s receiver outlet 

temperature, thermal and exergy efficiencies are investigated. In addition, receiver 

outlet temperature impact on fuel, exportation of CO2 and Oxygen consumption is 

presented for the selected cycle configurations. The study concluded that CONF3 cycle 

configuration has a promising potential as it has achieved 42.4% of thermal efficiency 

and 82.77% of exergy efficiency while consuming 1.645 kg/s and 6.579 kg/s of fuel 

and oxygen, respectively. In addition, 3.621 kg/s of potable water was produced by the 

integrated CONF3 cycle as a byproduct to the electricity generation, which contributes 

to resolving the world’s scarcity of potable water specially in remote areas. This novel 

concept of the integrated sCO2 and CSP system is considered as a major step towards 
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transformation to a full free carbon emission energy production.  

The present study also suggested future research directions that include 

investigating more promising integrated sCO2 and CSP systems; performing levelized 

cost of electricity and optimization analysis; and investigating more efficient air 

separation units, turbines, compressors, and heat exchangers.  

  



v 

DEDICATION 

I dedicate this novel study to my family and my thesis supervisor for their marvelous 

support, infinite patience, and continuous encouragement. I really hope that this work 

will contribute to the realization of carbon neutrality and providing power and clean 

drinking water for remote and developing parts of the world which is really in need 

mutual efforts to combat deforestation and climate change effects and accordingly 

save lives of millions. 



  

vi 

ACKNOWLEDGMENTS 

  

I would like to express my special gratitude for my supervisor and mentor Prof. Ahmad 

K. Sleiti for his unlimited support throughout the preparation of this study. Furthermore, 

I would like to acknowledge the efforts and support provided to me by Prof. Sleiti’s 

research team members for guidance with the preparation of the EES model. Finally, I 

would like to thank those who provided me with services of reviewing and editing and 

those who helped me in bringing this study to an existence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

vii 

TABLE OF CONTENTS 

DEDICATION ............................................................................................................... v 

ACKNOWLEDGMENTS ............................................................................................ vi 

LIST OF TABLES ........................................................................................................ xi 

LIST OF FIGURES ..................................................................................................... xii 

Chapter 1: Introduction .................................................................................................. 1 

1.1 Motivation ................................................................................................................ 1 

1.2 Background .............................................................................................................. 7 

1.3 Thesis Objectives and Contribution ......................................................................... 9 

1.4 Thesis Layout ......................................................................................................... 10 

Chapter 2: Literature reivew ........................................................................................ 11 

2.1 sCO2 Cycle Configurations, Energy Source and Analysis Type ........................... 11 

2.1.1 Single/Dual Recuperative Cycle (SRC) & (DRC) .......................................... 13 

2.1.2 Intercooling Cycle (ICC) ................................................................................. 15 

2.1.3 Reheating Cycle (RHC) .................................................................................. 17 

2.1.4 Partial Intercooling Cycle (PIC) ...................................................................... 19 

2.1.5 Precompression Cycle (PCC) .......................................................................... 21 

2.1.6 Split Expansion Cycle (SEC) .......................................................................... 23 

2.1.7 Preheating Cycle (PHC) .................................................................................. 23 

2.2 Integration of sCO2 power cycle with various Energy Sources ............................ 24 

2.2.1 sCO2 power Cycle integration with Nuclear Energy ...................................... 25 



  

viii 

2.2.2 sCO2 power cycle integration with solar energy............................................. 27 

2.2.3 sCO2 power Cycle integration with Geothermal Energy ................................ 31 

2.2.4 sCO2 power cycle integration with waste heat energy.................................... 34 

2.2.5 sCO2 power Cycle integration with fuel cell .................................................. 38 

2.2.6 sCO2 power Cycle integration with Direct/Indirect Coal Combustion ........... 39 

2.3 sCO2 power cycle integrated with CSP (Solar Power Tower) .............................. 40 

2.4 sCO2 power cycle integrated with CSP and oxy combustor .................................. 51 

Chapter 3: Description of Proposed sCO2 cycle configuration layouts....................... 59 

3.1 Investigated sCO2 power cycle (CONF1) ............................................................. 59 

3.1.1 The oxy combustor (States 17, 11 to 1) ..................................................... 60 

3.1.2 Turbine (States 1 to 2) ............................................................................... 61 

3.1.3 High and Low Temperature Recuperators (HTR & LTR) between states 2-

4 and 9-11 ................................................................................................................. 62 

3.1.4 Pre-Cooler (States 4 to 5), Inter-Cooler (States 7 to 8), Cooling Agents 

(States 1 to 4) and Water Separator (State 5-6) ........................................................ 62 

3.1.5 Main Compression (state 6 to 7) and Re-Compression (states 8 to 9) ...... 64 

3.1.6 Oxygen Loop (States 12 to 14 and 17) ...................................................... 64 

3.1.7 Fuel Loop (States 15 to 17) ....................................................................... 65 

3.2 Investigated sCO2 power cycle (CONF2). ....................................................... 65 

3.2.1 The CSP (state a to b) ................................................................................ 67 

3.2.2 Turbine (States 1 to 2) ............................................................................... 68 



  

ix 

3.2.3 High and Low Temperature Recuperators (HTR & LTR) between states 2-

4 and 9-11 ................................................................................................................. 68 

3.2.4 Pre-Cooler (States 4 to 5), Inter-Cooler (States 7 to 8), Cooling Agents 

(States 1 to 4)............................................................................................................ 69 

3.2.5 Main Compression (state 6 to 7) and Re-Compression (states 8 to 9) ...... 69 

3.3 Investigated sCO2 power cycle (CONF3) .............................................................. 69 

3.3.1 The oxy combustor (Between States 3+17-1) ................................................. 71 

3.3.2 Turbine (Between States 1-2) .......................................................................... 72 

3.3.3 High and Low Temperature Recuperators (HTR & LTR) between states 2-4 

and 9-11 .................................................................................................................... 72 

3.3.4 Pre-Cooling (state 4-5), Inter-Cooler (state 7-8) and Water Separation Process 

(state 5-6).................................................................................................................. 72 

3.3.5 Main Compression (states 6-7) and Re-Compression (state 8-9) ................... 73 

3.3.6 Concentrated Solar Power Receiver Tower (State a-b) .................................. 73 

3.3.7 Oxygen Loop (state 12 to 14, 17) .................................................................... 74 

3.3.8 Fuel Loop (state 15 – 17) ................................................................................ 75 

Chapter 4: Energy and exergy model........................................................................... 76 

4.1 CONF1 sCO2 Power Cycle Energy and Exergy Model ........................................ 78 

4.2 CONF2 sCO2 Power Cycle Energy and Exergy Model ........................................ 79 

4.3 CONF3 sCO2 Power Cycle Energy and Exergy Model ........................................ 80 

chapter 5: results and discussion .................................................................................. 82 



  

x 

5.1 Validation and Verification .................................................................................... 82 

5.2 Discussion .............................................................................................................. 83 

chapter 6: Conclusions, recommendations and future work ........................................ 97 

6.1 Conclusions and recommendations........................................................................ 97 

6.2 Future work ............................................................................................................ 99 

References .................................................................................................................. 100 

Appendix 1: Namenclatures ....................................................................................... 112 

 

 

 

 

 

 

 

 

 

 

 

 

  



  

xi 

LIST OF TABLES 

Table 1. sCO2 power cycle integrated with Geothermal Energy [69] ......................... 32 

Table 2. Selected sCO2 power cycle detailed analysis ................................................ 33 

Table 3. Tabulated Results for All Three Models. ....................................................... 46 

Table 4. Comparison between various sCO2 capturing techniques ............................. 51 

Table 5. CONF1 results compared to the published model by Scaccabarozzi [88] .... 82 

Table 6. CONF2 results compared to the results works published by Yang et al. [89]

...................................................................................................................................... 83 

Table 7. Comparison between sCO2 cycle configurations .......................................... 95 

 

  



  

xii 

LIST OF FIGURES 

Figure 1. Relative growth in world's population and energy's demand [2] ................... 1 

Figure 2. 2018 World's Electricity Production by Source [2] ........................................ 3 

Figure 3. Carbon neutrality scenarios and the world's current position [14] ................. 4 

Figure 4. Solar (PV) contribution, current status and its forecasted growth [14] .......... 5 

Figure 5. World solar thermal growth between the period from 2010 to 2017 [15]...... 6 

Figure 6. Solar thermal development between 2012 and 2017 in comparision to the 

forecasted growth between the period between 2018 and 2023 [16] ............................. 7 

Figure 7. Heat sources, cycle configurations, and analyses of the sCO2 power cycles in 

the literature [27].......................................................................................................... 11 

Figure 8. Single/Dual Recuperative Cycle Configuration ........................................... 14 

Figure 9. Oxy combustion cycle proposed by Sleiti and Al-Ammari [19] .................. 15 

Figure 10. Intercooling cycle configuration ................................................................. 16 

Figure 11. Reheating cycle configuration .................................................................... 18 

Figure 12. Various reheating cycles confirgurations [20] ........................................... 19 

Figure 13. Partial cooling cycle configuration ............................................................. 20 

Figure 14. Thanganadar proposed partial cooling cycle [41] ...................................... 21 

Figure 15. Precompression cycle configuration........................................................... 22 

Figure 16. Preheating cycle configuration ................................................................... 24 

Figure 17. Power range versus temperature range for selected technologies [52] ...... 25 

Figure 18. sCO2 power cycle combined with PV system [59] .................................... 28 

Figure 19. The power cycle investigated by [60] ........................................................ 29 

Figure 20. PSA plant overview and Brayton cyle in operation [67] ............................ 30 

Figure 21. sCO2 power cycle integrated with Geothermal [69] .................................. 31 



  

xiii 

Figure 22. sCO2 pre-compression, inter-cooling and reheat cycle [69] ...................... 33 

Figure 23. sCO2 geothermal reservoir [70] ................................................................. 34 

Figure 24. Investigated sCO2 power cycle [72] ........................................................... 35 

Figure 25. Comparitive results of the 3 investigated sCO2 power cycles [72] ............ 37 

Figure 26. sCO2. power cycle configurations exergy loss per cycle component [72] . 37 

Figure 27. Integrating sCO2 with SOFC [74] .............................................................. 38 

Figure 28. Recompression cycle + cathode recirculation cycle [74] ........................... 39 

Figure 29. Partial-cooling with re-heating cycle layout and its TS diagram [35] ........ 42 

Figure 30. Simple regenerative Vs. multi-heating sCO2 cycle [33] ............................ 43 

Figure 31. Turbine inlet temperature vs systems efficiency [33] ................................ 44 

Figure 32. Reciever efficiency (Left), cycle Gross efficiency (Center) and net power for 

all the three HTR effectivness [83] .............................................................................. 47 

Figure 33. Most optimum design (PC-S) for Tmax less than 600 °C [84] ..................... 48 

Figure 34. Cycle thermal efficiency vs. total recuperator conductance [13] ............... 49 

Figure 35. TS diagram of the partial cooling and recompression cycles [40] ............. 50 

Figure 36. Different CO2 extration (Capturing) scenarios [46] ................................... 51 

Figure 37. Simple sCO2 oxy combustion cycle integrated with CSP [46] .................. 53 

Figure 38. Solugas Plant's Layout [24] ........................................................................ 54 

Figure 39. Proposed cycle by Nkhonjera [87] ............................................................. 56 

Figure 40. Investigated sCO2 recompression cycle [36] ............................................. 57 

Figure 41. High/Low Temperature sCO2 cycles integrated with coal fired cycle [36]

...................................................................................................................................... 58 

Figure 42. Comparision of the CPOC efficiency considering introduction of various 

recuperators and its effect in the thermal efficiency [36]. ........................................... 58 



  

xiv 

Figure 43. CONF1 power cycle configuration ............................................................ 60 

Figure 44. Pre-cooler cooling agent (presented with the purple line between state 1-2)

...................................................................................................................................... 63 

Figure 45. Inter-Cooler in between compression stages .............................................. 64 

Figure 46. CONF2 power cycle configuration ............................................................ 67 

Figure 47. CONF3 power cycle configuration ............................................................ 71 

Figure 48. Thermal efficiency vs. maximum cycle’s pressure. ................................... 84 

Figure 49. Exergy efficiency vs. maximum cycle's pressure ....................................... 85 

Figure 50. Thermal efficiency vs. minimum cycle's temperature (°C) ........................ 86 

Figure 51. Exergy efficiency vs. minimum cycle's temperature (°C) .......................... 87 

Figure 52. Thermal efficiency vs. intermediate cycle’s pressure ................................ 88 

Figure 53. Exergy efficiency vs. intermediate cycle pressure ..................................... 90 

Figure 54. Thermal efficiency vs. solar radiation ........................................................ 91 

Figure 55. Exergy efficiency vs. solar radiation .......................................................... 92 

Figure 56. CONF3 thermal and exergy efficiency vs. CSP outlet temperature ........... 93 

Figure 57. Reciever temperature vs. solar radiation .................................................... 94 

Figure 58. CONF3 fuel and oxygen consumption and sCO2 generation flowrate ...... 95 

 

 

 

  



  

1 

CHAPTER 1: INTRODUCTION 

1.1 Motivation 

Due to the overwhelmingly growth of population around the globe, energy 

demands increases exponentially pushed further and forward by the modern life-style 

in which the vast majority of people depends on energy on a daily basis. [1]. 

Figure 1 shows a graphical representation of the world energy demand from 

1980 to 2019 and a forecasted energy demand up to 2030. As shown in Figure 1, the 

energy demand around the globe is increasing rapidly, which mandates reliable 

technical solutions to meet this increase. 

 

 

Figure 1. Relative growth in world's population and energy's demand [2] 

 

This rapid increase in energy’s demand requires the energy conversion 

technology stakeholders including governments to adapt and to transform to new 
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promising technologies. Currently, most of energy conversion technologies depend on 

fossil fuels , which have three main challenges: 

1- Availability of sufficient resources: 

This is mainly caused by the fact that hydrocarbon resources are depleting 

rapidly. 

2- Green House Effect: 

This is caused by the emission of carbon dioxide which is being released by 

the burning of fossil fuels.  

3- Instability of fossil fuel reserves regions:  

Most of known fossil fuels reserve are allocated in parts of the world which 

are politically instable. Any disturbance to the energy extractions facilities 

or the shipping routes will directly impact the supply of energy worldwide. 

Fossil fuels are mainly used around the globe by the transportation sector and 

energy (Electricity) production industry. Around 64% of the electricity produced 

worldwide is dependent on fossil fuels (Coal, Natural Gas and Oil) [2]. In the gulf 

region, this percentage is even more [3–11]. Figure 2 presents the produced energy 

worldwide categorized by source of production for the year of 2018.  
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Figure 2. 2018 World's Electricity Production by Source [2] 

 

Carbon Dioxide emissions are really a worldwide concern due to its 

contribution  to the greenhouse effect and subsequently global warming. Although there 

are ongoing researches with hope to solve the intermittency of power supply and to 

reduce the electricity generation cost of renewable’s technologies in order to 

permanently replace fossil fuels, those researches are expected to take decades to be 

materialize and to make them commercially feasible (if successful). In the meantime, 

the world will continue using fossil fuels and shall suffer from the consequence of using 

fossil fuels to generate electricity [2] which will negatively impact our lives today and 

for upcoming generations. Accordingly, the impact of the global warming is a big 

concern for the world’s governments and its citizens. As a foreseeable result of such 

impact is taking place due to the increase of the global average surface temperature 

which results in ice melting, rising of sea-water level (it is event anticipated that some 

countries will be flooded by water [12]), migration of natural habitats, scarcity of some 

vegetables and crops and which might lead to demo-graphic change and may lead to 

wars and conflicts over natural resources [13]. That’s why international organizations 
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(like the United Nations) urge countries to invest in reducing carbon emissions at 

national level and encourage research institutes to innovate or discover a technological 

breakthrough to either contribute to the reduction of carbon emission or limits its impact 

on humanity. The United Nation hosts Paris Agreement Framework (COP21) and its 

Nationally Determined Contributions (NDC) summit for countries and government to 

demonstrate their plans toward Carbon Neutrality by 2050 and their progress toward 

that goal.  

The current trend considering Sustainable Technologies for Energy Production 

Systems (STEPS) of worlds carbon emission is not really promising as the world needs 

to engage into more stricter scenarios like Sustainable Development Scenario (SDS) 

which will contribute to the carbon neutrality by 2070 and Net Zero program which 

result in carbon neutrality by 2050 [14]. Figure 3 illustrates the worlds current position 

and the potential scenarios and its impact. 

 

 

Figure 3. Carbon neutrality scenarios and the world's current position [14] 

 

Following the efforts exerted by UN and other partners to adopt precautional 

polices and procedure, some parts of the world initiated the transformation  in using 

traditional power generation technologies that depend on fossil fuels. There is an 
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obvious move to a more sustainable power generation technologies like renewable 

energy technologies. Since this thesis integrates with the solar power technology, a 

review on the solar technology’s growth are presented below as follow. Solar power 

(PhotoVoltaics) technology use has been drastically increased and, in fact, further 

increase is expected as reported by the Energy Information Agency  [14]. Figure 4 

represents the contribution of the Solar PhotoVoltaics technology in energy industry in 

the last decade, its current momentum considering (STEPS) and its forecasted growth 

considering (SDS). 

 

 

Figure 4. Solar (PV) contribution, current status and its forecasted growth [14] 

 

On the other hand, solar thermal technology has achieved remarkable progress 

in the period from 2010 to 2017. The technology has been proven to be reliable 

technology as an energy conversion technology as presented in the in Figures  5 and 6 

below. Figure 5 illustrates the growth of solar thermal between the period from 2010 to 

2017 and Figure 6 demonstrate the expected growth of this technology in comparison 

to the achieved development in the previous period.  
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Part of the motivations behind this project is to contribute in securing energy 

for developing remote communities and avail them the opportunity to get electricity 

and potable water and to asset in finding a suitable application for uses of the 

pressurized CO2 (rather than emitting it to the atmosphere) by exporting it as by-product 

which will result in a cleaner environment by drastically reducing the dependency of 

fossil fuels as the system is integrated with CSP.  

 

 

Figure 5. World solar thermal growth between the period from 2010 to 2017 [15] 
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Figure 6. Solar thermal development between 2012 and 2017 in comparision to the 

forecasted growth between the period between 2018 and 2023 [16] 

 

1.2 Background 

As the world is busy exploring alternative energy sources (such as Solid Oxide 

Fuel Cells, Renewables, Nuclear, etc) and securing efficient operation of the existing 

energy conversion technologies, the Supercritical Carbon Dioxide Power Cycle (also 

known as Allam Cycle [17]) has gained the interest of researches around the world due 

to its promising potential to contribute to efficient and cleaner energy conversion 

environment [18]. The scientific research journey in this field started by Sulzer (trans-

critical cycle) in around 1940 [19]. Few years later Angelino and Feher had 

concentrated more into sCO2 power cycles taking independent approaches as explained 

in [20]. Since then, the subject didn’t attract much interest until Dostal revived this area 

of research in 2004 by investigating hybrid sCO2 power cycles for various energy 
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conversion applications like renewable and nuclear power generation industries [21]. 

The first sCO2 power cycle combined with the oxy combustor (Allam Cycle) was 

developed by 8 Rivers Capital in La Port, Texas which was considered as an enormous 

progress toward commercialization of the such power plants (50 𝑀𝑊𝑡ℎ) [17]. The main 

advantage of such power cycles is the ability to capture the produced Carbon Dioxide 

resulting from the oxy combustion process in addition to its high efficiency. The cycle 

combustor uses the natural gas as a fuel to the combustion process. Major project’s 

stakeholders were Heatric (Recuperators Manufacturers) and Toshiba (Combustor and 

Turbine Manufacturers).  

There are various layouts studied in the literature with the purpose of improving 

the sCO2 cycle performance by altering the cycle processes flow (by adding/removing 

of changing of cycle component/layout) [22] or via the integration of sCO2 power cycle 

with other application like Nuclear applications [23], CSP-PT [24] and Parabolic 

Trough Collector [25]. Standard sCO2 cycle consists of a compressor, turbine, heater 

(combustor), cooler and recuperators (in some cases). However, in the trans-critical 

sCO2 cycle, the compressor and cooler were replaced with pump and condenser 

respectively because the lower pressure of the cycle is imposed by the condenser. 

Researchers concluded that the best way to overcome this problem is by introducing a 

pre-compression process integrated within the cycle. From cycle efficiency 

prospective, two recuperators (HTR and LTR) were used to recover some of the waste 

heat, minimize the cooling load on the cooler (before the compressor) and reduce the 

effect of cycle’s irreversibility [26]. Researches, however, show that it is theoretically 

possible to enhance the conventional Brayton cycle efficiency with the addition of one 

of the component like a preheater/reheater, multi-stage compression/expansion and 

intercooling  which will be explained in details in the Literature Review Chapters. 
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1.3 Thesis Objectives and Contribution 

One of the objectives of this project is come up with a technological solution to 

the increasing power demand that results in environmentally friendly, affordable, and 

reliable technology. This proposed novel power cycle is studied and analyzed 

thermodynamically via EES and energy/exergy analysis of the system. In addition, this 

proposed novel power cycle generates clean potable water and pressurized Carbon 

Dioxide (for other industry applications) as a by-product with the aim to contribute to 

the solving of the needs for potable water in places of water scarcity, in addition to the 

industry’s demand on Carbon Dioxide for commercial applications.  

 The novelty of this project is to generate electricity via a hybrid system between 

Oxy combustion and CSP via utilizing sCO2 to run the turbine, producing electricity 

with by-products of pure water (drinking water) and pressurized Carbon Dioxide for 

commercial use. The difference between 8 River Capital plant [17] and this proposed 

cycle is the integration of the oxy combustor and CSP to the cycle where the oxy 

combustor contribute to the production of sCO2 and water as a by-product of this cycle. 

On the other hand, the CSP works as a pre-heater to the combustion process during the 

day time, this layout will have a positive outcome of the consumption of the fuel 

(natural gas/Methane) used for the combustion process as it will be discussed in detailed 

later in this document. The concept of this thesis is that both systems will be integrated 

where the Concentrated Solar Power Tower will act as a pre-heater to the sCO2 before 

it enters the oxy combustion chamber to reduce the dependency of the thermal energy 

produced by the oxy combustor (and subsequently fuel and oxygen consumption). The 

CSP-PT is capable to work independently if it is able to generates enough heat 

(depending on the geographical location and its solar flux), however, the systems 

efficiency will be drastically decreased as presented below in CONF2 model.  
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1.4 Thesis Layout 

 This thesis is presented by firstly reviewing the literature review about the topic 

in general with special emphasis to similar system in Chapter 2. In this chapter, all CO2 

thermodynamic power cycles and its various cycle’s configuration in addition to its 

integration with various energy sources are presented the Literature Review chapter. 

More specifically, all publications relating to sCO2 power cycles integrated with CSP 

and oxy combustor have been investigated in detail and its different from the proposed 

novel sCO2 power cycle (CONF3). In chapter 3, the proposed sCO2 power cycle 

integrated with CSP and oxy-combustor cycle configuration (CONF3) is being 

presented in comparison to other similar cycles (CONF1 and CONF2). Each one of the 

three cycle’s configurations are being presented and discussed and illustrating the 

differences between across all three investigated sCO2 power cycle layout. In chapter 

4, the energy and exergy models are being presented for the all the three different sCO2 

power cycles highlighting the assumptions and equations used to generate the model. 

Chapter 5 represents the verification and validation performed in comparison to 

CONF1 and CONF2 cycles which are available in the literature to reassure the accuracy  

of the model. In addition, the energy and exergy models’ results were discussed for all 

the three models and compared to each other, the best sCO2 cycle configuration was 

recommend supported by the evidences and the results were compared to the other two 

sCO2 cycle configurations. Chapter 6 draws the conclusion to this thesis and restate the 

obtained results and the evidence behind the claim that the novel sCO2 cycle (CONF3) 

is achieving better than the other compared to 𝐬𝐂𝐎𝟐 cycles, recommendations are also 

presented in this chapter for further cycle’s enhancement and potential future work. 
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CHAPTER 2: LITERATURE REIVEW 

An overview of the literature related to this subject is presented in this chapter 

including published papers, articles, thesis documents and other research materials in 

relation to the proposed 𝐬𝐂𝐎𝟐 power cycles integrated with CSP and/or oxy combustor 

as described in the below sub-sections. 

2.1 sCO2 Cycle Configurations, Energy Source and Analysis Type 

 Recently, Sleiti and Al-Ammari [27] studied and reviewed the research on 𝐬𝐂𝐎𝟐 

power cycles available in the literature and classified the studies cycles according to 

their energy sources, cycle configurations and the analysis types carried on the subject. 

The results of this review and classification is shown in Figure 7 [27]. 

 

 

Figure 7. Heat sources, cycle configurations, and analyses of the 𝐬𝐂𝐎𝟐 power cycles 

in the literature [27] 

 

 Feher and Angelino had introduced to the scientific world the use of 𝐬𝐂𝐎𝟐 

power cycle. It a was a breakthrough which paved the way to other researches where 
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the proposed thermodynamic cycle achieved a thermal efficiency of 90% of Carnot 

efficiency under ideal conditions [23]. 

 In January 1968, Feher’s research has trigged a lot of researches in the field of 

capturing and utilizing Carbon Dioxide for the thermodynamic supercritical power 

cycle. Dostal in 2004 has carried out his PhD research paper in studying the effective 

potential using of Carbon Dioxide. In his published research by MIT library [21] the 

use of 𝐬𝐂𝐎𝟐 was recommended for the application of nuclear application for power 

generation purposes which will lead to a cheaper production of electricity and 

contribute to solving the world’s problem of carbon dioxide emissions.  

 On the other hand, Angelino’s researches [20] focused around the lower 

efficiency of Brayton cycle compared to Rankine cycle at similar Turbine Inlet 

Temperature. To overcome this challenge of irreversibility, a series of various power 

cycle layout has been investigated, and it was concluded that recompression cycle 

layout is the most efficient cycle layout whereas low carbon dioxide stream shall be 

split into parallel compressors. However, it was noted that the above cycle main 

disadvantage was the turbine exhaust temperature was restricted to the condenser 

pressure. Accordingly, a modification was introduced with the addition of one 

additional compressor to ensure the ensure the pressure flexibility and ultimately 

overcome the identified problem above. This modified cycle is known as Partial 

Condensation with Pre-Compression cycle. Another proposal by Angelino to reduce 

the turbine inlet pressure (for the purpose to simplify the turbine design) is by re-routing 

the recycled high-temperature Carbon Dioxide before it enters the combustor (or boiler, 

receiver, etc) into a moderate temperature turbine, this will ensure lower pressure and 

simpler turbine design is required. This design is known as Partial Condensation with 

Pre-Expansion Cycle. 
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 In a review paper by Francesco [20] and another research by Sleiti and Al-

Ammari  [27], various s𝐂𝐎𝟐 power cycle were analyzed based on their Energy source, 

Cycle Configuration and Analysis Type. Around 200 papers were summarized with all 

layouts presented in all those review papers, those were categorized as Single 

Recuperative Cycle (SRC), Dual Recuperative Cycle (DRC), Intercooling Cycle (ICC), 

Reheating Cycle (RHC), Partial Intercooling Cycle (PIC), Precompression (PCC) and 

Split Expansion Cycle (SEC). Each of the above cycle category will be briefly 

discussed in the following sub-chapters. 

 2.1.1 Single/Dual Recuperative Cycle (SRC) & (DRC) 

 This cycle is a simple recuperated Brayton cycle adapted at the Carbon Dioxide 

supercritical region. This cycle layout generally aims avoid general Brayton cycle 

constrains high compression work and the large area required for the heat transfer 

process. The thermodynamic properties of the Carbon Dioxide at supercritical region 

has a positive impact in the overall cycle efficiency as the work required for the 

compression process is lesser and the compressor outlet temperature is also lower and 

lower pressure which lead to a less complex recuperator process and higher efficiency. 

One of the main application for such power cycle layout is low-temperature waste heat 

recovery applications [20]. The major difference between both cycles (SRC & DRC) is 

the number of recuperative available. Generally, the Dual Recuperative Cycles (DRC) 

are more efficient compared to the Single Recuperative Cycles (SRC) because they 

allow for more hot turbine outlet heat recovery with the help of Low Temperature 

Recuperator (LTR) and High Temperature Recuperator (HTR) without pinch-point 

effect occurring at the recuperative. On the contrary, the Single Recuperative Cycle 

(SRC) usually affected by the pinch-point effect due to the large size of the recuperative 

which also adds a challenge in terms of transportation, handling and the installation of 
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the recuperative onsite. Figure 8 illustrates the basic description of Single and Dual 

Recuperative Cycle. 

 

 

Figure 8. Single/Dual Recuperative Cycle Configuration 

 

In general, standard Brayton cycle efficiency is considerably low (ranges 

between 15% - 20%), However, many researches were made to enhance the efficiencies 

of the Brayton Cycle by carrying out the compression and cooling processes at multi-

stages and the introduction of multi-recuperators drastically contribute the 

enhancement of the cycle efficiency [28] [19]. In addition, in the research carried out 

by Sleiti & Al-Ammari [19] a comparative scenarios were studied using a supercritical 

carbon dioxide without a preheater, with a preheater parallel to the Low Temperature 

Recuperators and a preheater parallel to both the Low Temperature and the High 

Temperature Recuperators. It was concluded that  the addition of the preheater parallel 

to both recuperators will enhance the efficiency of the cycle which reaches up to 53%. 

The research paper proposed to utilize a nearby high temperature waste heat source as 

a preheater which leads to even higher efficiency of the Brayton Cycle. Figure 9 
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represents the proposed cycle by Sleiti which increased the efficiency of Brayton cycle 

up to 53%. 

 

 

Figure 9. Oxy combustion cycle proposed by Sleiti and Al-Ammari [19] 

 

It is worth mentioning that there are other techniques proposed in the scientific 

literature to improve the efficiency of Brayton Cycle like the research carried out by 

Invernizzi [29] to investigate the potential use of various gas mixtures ranges from 

hydrocarbons, Perfluoro compounds, Halogen Compound and mixtures with Carbon 

Dioxide (as a primary component), it was noted that a mixture of Carbon Dioxide will 

drastically influence the performance of the cycle depending on the thermal stability of 

the secondary component thermal stability. Accordingly, the Carbon Dioxide mixture 

with a secondary component is mainly dependent on the thermal stability of the 

secondary component. 

2.1.2 Intercooling Cycle (ICC) 

This power cycle layout is basically a simple recuperated cycle with multi-

compression phases separated by intercoolers in between them. Hot day, Brayton s𝐂𝐎𝟐 
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GT, Intercooling II and Allam Cycles are classified as sub-category of this type of 

power cycle. Although Allam cycle uses Oxy-fired fuel, Natural Gas, Syngas or any 

other source of use waste heat, it still shares all the main component of this cycle and 

that is the reason why Allam cycle is classifies as a regeneration with Intercooled 

compression. Figure 10 below illustrates the basic component of the Intercooling Cycle 

with the introduction of a pre-cooler and intercooler 

 

 

Figure 10. Intercooling cycle configuration 

 

The main purpose of the addition of the pre-cooler and inter-cooler is it reduces 

the compression power by the cooling the 𝐬𝐂𝐎𝟐 prior compression which will lead into 

lesser compression work required. 

Ma [30] has carried out a thermodynamic study of the intercooling cycle, it was 

concluded that the integration of the Intercooled Compression does have a positive 

impact to the overall cycle efficiency (2.65% cycle efficiency improvement) and 

optimized compressor operation. The impact would be more apparent in higher cycle’s 

temperature, low temperature, and low pressure. Another analysis was carried out by 
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Osorio [31] to review the integration of the CSP with the 𝐬𝐂𝐎𝟐 power cycle (ICC 

layout) and its effect on such power cycles (1.2 MW). It was noted that about 0.7% 

improvement was noted in the overall process efficiency and a 12.6%, 14.3%, 16.2% 

and 15.6% average efficiency enhancement using the paper proposed layout (ICC). 

It is worth noting that [32] had carried out an assessment for the cycle off-design 

behavior in nuclear application in which the research concluded that it is recommended 

to have some sort of independent control of the compressor (pressure ratio) is necessary 

to avoid operation instability by significant drop in both IHX power and cycle 

efficiency when the heat sink temperature increases. 

2.1.3 Reheating Cycle (RHC) 

This cycle layout emphasizes on the two-stage heating process as a preparation 

for the expansion process. The heating source can be the same [20] or independent 

heating source [22] in comparison to the main heating source. In the cases of the same 

heating source can be used/reused from the same heating source [33] or via using 

recuperators to benefit from the turbine hot outlet [19]. This cycle layout can be 

integrated with single or dual expansion (in sequence or in parallel) process depending 

on various factors of the design (power requirements, TIT achieved, system dependency 

and other decisive design factors). Figure 11 illustrates the standard reheating cycle. 
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Figure 11. Reheating cycle configuration 

 

It is worth noting that the Reheating Cycle may come into different 

Configurations and setup depending on the cycle and available equipment like turbines, 

recuperators, and the available heat source. Francesco [20] has elaborated more into the 

different Reheating Cycle configurations combined with recuperative and intercooling 

cycles as shown in the Figure 12. 
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Figure 12. Various reheating cycles confirgurations [20] 

 

The application of such cycle configurations usually in hybrid systems where 

one heat is not consistent as in renewable energy integration [34] [24] [19] [35], waste 

heat utilization [36] [37](although not consistent sometimes) and nuclear applications 

[38] [39] [22] [18]. 

2.1.4 Partial Intercooling Cycle (PIC) 

This cycle layout came as a continuation of Feher’s research [23] whereas the 

lower pressure s𝐂𝐎𝟐 goes into split flow at the compression phase of the cycle. The 

concept behind this layout is to split the flow before the compression process. 

Commonly this type of power cycles are equipped with dual recuperators (Low and 

high temperature recuperators) in which the one compressor outlet flow directly to the 

High Temperature s𝐂𝐎𝟐 line and the other compressor outlet flows toward the Low 

Temperature Recuperator (LHR) as illustrated in the Figure 13. Usually this type of 

power cycles depends on parallel dual compressors, one of the compressors is generally 

associated with a dedicated cooler to enhance the compression efficiency [34].  
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Figure 13. Partial cooling cycle configuration 

 

The advantages of this type of power cycles is that is reduces the pinch point 

occurring at the Low Temperature Recuperator because of the reduction of the heat 

capacity resulted from the split flow toward the LTR. The thermal load is reduced due 

to reduced capacity resulted from the split flow where not all the flow goes through the 

cooler (prior compression stage), this drastically reduce the complexity of the 

compressor parts and its cost accordingly. Another advantage was noted by [40] that 

partial cooling cycle has the highest temperature difference in between the Low 

Temperature Recuperator and the turbine inlet temperature without compromising the 

compression efficiency. It was concluded by Thanganadar research [41] that the Partial 

Cooling cycle delivered the best performance in integrating the system with 

Concentrated Solar Power. 
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Figure 14. Thanganadar proposed partial cooling cycle [41] 

 

2.1.5 Precompression Cycle (PCC) 

Precompression cycle basic concept is the 𝐬𝐂𝐎𝟐 goes through a multi-

compression phases which is usually needed to meet a desire working pressure. 

Sometimes one compressor will not be enough or the size the compressor required to 

meet the desired pressure will be extremely large in size and very difficult to transport, 

install and maintain, accordingly the precompression cycle layout is introduced to 

overcome this challenge. The main difference between this cycle layout and the 

Intercooling Cycle (Recompression Cycle) is that in the Intercooling Cycle 

(Recompression Cycle) the second (Auxiliary) compressor is integrated within the 

cycle after the main compressor linked with an intercooler in between, however, in the 

Precompression Cycle, the pre-compressor in integrated within the cycle in between 
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the recuperators and classically associated with a dedicated intercooler [35] as 

illustrated in Figure 15. 

 

 

Figure 15. Precompression cycle configuration 

 

In Wang’s systematic comparison [35] between various 𝐬𝐂𝐎𝟐 cycles 

configuration, it was confirmed that precompression cycle yields larger specific work 

in comparison to the recompression cycle. Another advantage of the precompression 

cycle layout is it reduces pinch-point taking place at the recuperative [42]. On key 

feature of the Precompression Cycle is relatively high main compressor inlet pressure 

coming via the Low Temperature Recuperator (LTR) with the help of the Pre-

compressor component. One of the noted disadvantage of this cycle is the required 

equipment large size because there is no split flow and all the equipment handles all the 

mass flow rate available in the cycle [20]. The most common application of this cycle 

layout within the literature is in nuclear application [43] [38] and waste heat application 

[44]. 
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2.1.6 Split Expansion Cycle (SEC) 

This type of power cycle layout focuses on the splitting the flow after the 

addition of heat (via combustor, heater, waste heat, etc.) in two parallel streams toward 

a main and auxiliary turbine. The main steam passes the main turbine will complete a 

standard Brayton cycle where the stream will pass via an auxiliary turbine toward an 

ejector which will regulate the stream back toward the heater and back the turbines. The 

introduction of the ejector has been discussed thoroughly in Vasquez paper [45] where 

he proved its addition will significantly increases the thermal efficiency of the cycle. It 

worth noting that this type of cycle layouts was found in the literature integrated with 

single or multiple recuperators and combined with split-flow compression cycle (inter 

cooled and regular compression). The advantage behind the split-flow before 

compression (specially the intercooled) is to reduce the compression workload and 

eventually contribute to increased efficiency of the cycle. 

2.1.7 Preheating Cycle (PHC) 

This cycle emphasizes on preheating the 𝐬𝐂𝐎𝟐 as a preparation for further 

heating process (via combustion or renewable source) for the purpose of minimizing 

the thermal load (and its associated cost) on the main heater by utilizing an alternative 

heating source which is usually cheaper but maybe instable, inconsistence, not reliable 

like renewable energies (without thermal storage) [19][46][47], waste heat 

[20][48][44], Geothermal [49][47][50], etc. A lot of researches are being conducted in 

this cycle configuration because of its cost competitiveness, reliability, and wider range 

of applications.  Figure 16 illustrates a general preheating cycle configuration. 
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Figure 16. Preheating cycle configuration 

 

After passes via the preheaters, the heated 𝐬𝐂𝐎𝟐 proceed further with the 

expansion in the turbine and follow the ordinary 𝐬𝐂𝐎𝟐 cycle process. This cycle 

configuration will be elaborated more in the coming sections as the investigated cycle 

configuration uses the CSP as pre-heater where the oxy combustor acts as the main 

heater. The main advantage of this cycle configuration is depends on dual heat sources 

in which if both sources are operational, the thermal load on main the heater is 

minimized to reduce its operating expenditures (like fuel consumption) and increase the 

efficiency of the cycle, on the other hand, during any interruption of the preheating 

source, the main heater will instantly kicks in to substitute the heat requirement. 

2.2 Integration of sCO2 power cycle with various Energy Sources 

As the world is exploring alternative energy sources other than energy based on 

fossil fuels like renewable energy (solar and wind energies has achieved significant 

improvements in the past decades), the technology is still not mature enough due to the 

inconsistency of power supply where the development of energy storage technologies 

is not coping up with the development. Accordingly there is an acknowledgement from 
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the industrial community that a hybrid multi energy profile is best solution for now to 

overcome concerns over various energy sources limitation [51]. In this chapter, a 

review on the 𝐬𝐂𝐎𝟐 power cycle with various renewable energy sources which includes 

Nuclear Energy, Solar Energy, Geothermal Energy, Waste Heat, Fuel Cell, 

Direct/Indirect Coal Combustion and Direct Oxy Fuel Combustion. Figure 17 is a 

graphical representation about the 𝐬𝐂𝐎𝟐 power cycle energy sources, its temperature 

range and potential power generation. 

 

 

Figure 17. Power range versus temperature range for selected technologies [52] 

 

2.2.1 sCO2 power Cycle integration with Nuclear Energy 

Initially the 𝐬𝐂𝐎𝟐 was developed for nuclear applications [53] where the 𝐬𝐂𝐎𝟐 

is the working fluid and nuclear reactor is the heat source due it positive potential of 

thermal efficiency, low volume to power ratio, erosion free turbines and cavity free 

pumps [23]. Dostal [21] has carried a detailed study in utilizing the 𝐬𝐂𝐎𝟐 in the nuclear 

application for the power industry and he concluded that the use of the 𝐬𝐂𝐎𝟐 will 
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enhance the cycle thermal efficiency which reaches the range of 45.3% - 50% 

depending on the reactor operating temperature that ranges between 550°C and 650°C 

which was a very promising results at the time which was considered as the revival of 

the nuclear 𝐬𝐂𝐎𝟐 research industry. Hoffman [54] was one the pioneers to develop a 

150 KW 𝐬𝐂𝐎𝟐 power cycle plant model in combination with helium cooled nuclear 

energy as an energy source. The authors justify the preference of 𝐬𝐂𝐎𝟐 as a working 

fluid because of its good physical properties at the critical point, thermal stability, low 

corrosion levels, safe and its available abundance worldwide. The design plant 

operating temperature is 732°C and the pump inlet temperature is 66°C. The alternator 

shaft speed was configured at 40,000 rpm. The designed turbine inlet pressure is 11.4 

Mpa and the turbine pressure ratio was set to 2.  

Although the proposed cycle seemed operative and dependable, it needed 

continuous supply of very cold water (10°C - 15°C) to help condensing the 𝐬𝐂𝐎𝟐 which 

was a major challenge to this proposed cycle. The authors believed although there were 

sufficient researches done in the 𝐬𝐂𝐎𝟐 power cycles, it needed to be further expanded 

to reach to a level of maturity for further commercialization and some design 

improvement in the turbine sealants and bearings to avoid leakages during the 

expansion process. Ming [18] studied the use of 𝐬𝐂𝐎𝟐 in nuclear applications, analyzed 

the applications of various 𝐬𝐂𝐎𝟐 power cycle configuration and its advantages. It was 

noted that one of the 𝐬𝐂𝐎𝟐 feature in such applications is the highly energy conversion 

and optimizable compressor work (using quasi-critical temperature). Driscoll [21] has 

concluded that the 𝐬𝐂𝐎𝟐 power cycle becomes more efficient in comparison to the 

Ranking Cycle when the turbine inlet temperature exceeds the 550°C.  

Ahn [55] has investigated various 𝐬𝐂𝐎𝟐 cycles and it was concluded that the 

intercooling (recompression) cycle configuration achieve the highest efficiency for the 
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nuclear application. This conclusion was re-confirmed in another research [37], 

furthermore, it was highlighted that the relatively compact size the 𝐬𝐂𝐎𝟐 power cycle 

is one of  the major advantages of this cycle in comparison to the standard Ranking 

Cycle. 

White [51] has reviewed the 𝐬𝐂𝐎𝟐 power cycle various cycle configurations, 

components and applications. Regarding the Nuclear power, it was concluded that 

although the current 𝐬𝐂𝐎𝟐 power cycle is proven to be a reliable and efficient power 

cycle specifically with the newly designed nuclear reactors that includes the integration 

of the 𝐬𝐂𝐎𝟐, further development in this research area is progressing in considerably 

slow pace trying to overcome the challenges of high cost and safety concerns regarding 

the plants operation and the nuclear waste.  

2.2.2 sCO2 power cycle integration with solar energy 

Significant researches were carried out in the field of 𝐬𝐂𝐎𝟐 power cycle 

integrated with Solar powers for the use of power generation. This combination 

sometimes is presented integrated with a more consistent heat source which work in 

sequence (or in parallel) to the solar energy to overcome the solar power inconsistency. 

Such primary heat sources with integration potential with Solar Energy usually are 

heaters, combustors, coals furnace, nuclear power etc. The integration with the 

Combustor (specifically oxy combustor) is being discussed in-depth below in a separate 

chapter as this is directly related to the proposed cycles. On the other hand, Solar Power 

in general are sub-categorized into Photovoltaic (PV) and Concentrated Solar Power 

(CSP) [56]. Usually Concentrated Solar Power (CSP) are related to bigger system 

capacity requirement, higher investment cost, higher efficiency and based of the Direct 

Normal Irradiance (DNI) [57][58]. There are various CSP techniques to capture the 

Solar heat which are as Parabolic Dish, Parabolic Trough, Linear Fresnel and Solar 
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Power Tower [1]. The Solar Power has gained a lot of interest to its high potential in 

combination with 𝐬𝐂𝐎𝟐 and its high efficiency specially in Arid climate [11]. As the 

thesis proposed cycle is power tower cycle, a dedicated chapter is allocated for the 𝐬𝐂𝐎𝟐 

integrated with Solar Power Tower. An overview of all the scientific published works 

about the 𝐬𝐂𝐎𝟐 power cycle integrated with CSP cycle (Excluding Power Tower as it 

will be discussed separately) will be presented in this section. 

Bennett [59] investigated the application of 𝐬𝐂𝐎𝟐 power cycle integrated with 

Photovoltaic panels for the purpose of balancing power load. Figure 18 represents is a 

schematic of the model discussed above. 

 

 

Figure 18. 𝐬𝐂𝐎𝟐 power cycle combined with PV system [59] 

 

A mathematical model was developed manage the demand load the power from 

the 3 sources of electricity (PV panels directly, Batteries and Natural Gas power plants) 

according to previously set algorithm. Levelized Cost of Electricity (LCOE) was 

calculated and found that it is at least 0.005$/kWh less expensive compared to the open 

cycle turbine. The proposed system was proven to be functional, cost efficient and 

solving the intermittency of the power generated from the Photovoltaics.  
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Khan [60] has researched the performance of the 𝐬𝐂𝐎𝟐 integrated with Solar 

Dish for the power generation purposes using the nanofluid as heating medium. The 

𝐬𝐂𝐎𝟐 power cycle investigated is the re-compression combined with reheating cycle. 

The effect the ambient temperature, wind velocity, mass flow rate, receiver 

temperature, pressure ratios, nano-partials and other factors were considered as a part 

of this research. It was concluded that 𝑨𝒍𝟐𝑶𝟑 (thermaloil nano-fluid) is the most 

suitable medium for this application where is reach a first law efficiency of 33.73%. 

Figure 19 represents the cycle diagram. 

 

 

Figure 19. The power cycle investigated by [60] 

 

Another CSP technology that is a very promising is the Linear Fresnel 

technology, there are power plants that is currently in operation [61][62] and some are 

under construction [63] and others are under design and study [64] [65] [66] which 

confirms the great potential of this technology specially in the region of Middle East, 

North Africa and Southern Europe.  

Muñoz-Antón [67] published a paper elaborating more about the integration of 

the 𝐂𝐎𝟐 with Linear Fresnel CSP technology with the potential of using a gas cooled 
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linear receiver in reference to the Plataforma Solar de Almeria (PSA) plant. The paper 

presented a very interesting results in terms of thermal efficiency of the system, 

however, further study needs to be elaborated in terms of modification associated cost. 

 

 

Figure 20. PSA plant overview and Brayton cyle in operation [67] 

 

 It is worth noting that a recent research [68] investigated the performance of 

using a pure 𝐬𝐂𝐎𝟐 in comparison to the 𝐬𝐂𝐎𝟐 combined with He, Kr, 𝐇𝟐𝐒, 𝐂𝐇𝟒,  𝐂𝟐𝐇𝟔, 

𝐂𝟑𝐇𝟖, 𝐂𝟒𝐇𝟖, 𝐂𝟒𝐇𝟏𝟎, 𝐂𝟓𝐇𝟏𝟎, 𝐂𝟓𝐇𝟏𝟐, 𝐂𝟔𝐇𝟔 in a plant operation of 50 MW. The binary 

mixtures were classified into two groups based on: mixture ability to reduce the critical 

temperature (Group A: 𝐬𝐂𝐎𝟐/He, 𝐬𝐂𝐎𝟐/Kr, 𝐬𝐂𝐎𝟐/𝐂𝐇𝟒, and 𝐬𝐂𝐎𝟐/𝐂𝟐𝐇𝟔) and its ability 

to increase the critical temperature (Group B: 𝐬𝐂𝐎𝟐/𝐇𝟐𝐒, 𝐬𝐂𝐎𝟐/𝐂𝟑𝐇𝟖, 𝐬𝐂𝐎𝟐/𝐂𝟒𝐇𝟏𝟎, 

𝐬𝐂𝐎𝟐/𝐂𝟓𝐇𝟏𝟎, 𝐬𝐂𝐎𝟐/𝐂𝟓𝐇𝟏𝟐, 𝐬𝐂𝐎𝟐/𝐂𝟒𝐇𝟖 and 𝐬𝐂𝐎𝟐/𝐂𝟔𝐇𝟔). It was resulted that mixture 

group A contributes to the enhancement of the plant efficiency with around 3-4% in 
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comparison to the pure 𝐬𝐂𝐎𝟐 power cycle. The best mixtures found were 𝐬𝐂𝐎𝟐/He 

(90%/10%), 𝒔𝑪𝑶𝟐/Kr (68% / 32%). This research extends another research which 

might contribute the further development of 𝐬𝐂𝐎𝟐 power cycle integrated with solar 

energy. 

2.2.3 sCO2 power Cycle integration with Geothermal Energy 

Wang [69] carried out an extensive investigation about the use of 𝐬𝐂𝐎𝟐 power 

cycles integrated with geothermal energy. He investigated various 𝐬𝐂𝐎𝟐 power cycle’s 

configuration utilizing the geothermal energy via a thermodynamic model referring 

baseline parameters available in the literature like the geothermal heat, pressure drops 

due to separator. Figure 21 illustrates the use of the geothermal energy and the 

mechanism of heat transfer.  

 

 

Figure 21. 𝐬𝐂𝐎𝟐 power cycle integrated with Geothermal [69] 

 

The assessment was carried out in various 𝐬𝐂𝐎𝟐 configuration cycle and 

promising results were found as presented in the Table 1 below which concludes that 

the pre-compression, inter-cooling and reheat are obviously the most suitable option 



  

32 

for such application and further processing. 

Table 1. 𝐬𝐂𝐎𝟐 power cycle integrated with Geothermal Energy [69] 

𝐬𝐂𝐎𝟐 Cycle 

Configuration 

Net 

Power 

[MWe] 

𝒎′𝑪𝑶𝟐 

[kg/s] 

Thermal 

Efficiency 

[%] 

Exergy 

Efficiency 

[%]  

Specific 

Power 

[kWe/kg.s]  

Simply 𝐬𝐂𝐎𝟐 2.785 87.58 13.92 – 9.52  40.71 – 53.47 31.49 

Recuperative 2.584 90.26 8.92 – 14.64 38.14 – 53.75 28.63 

Pre-compression 

and Inter-Cooling 

3.194 90.44 11.02 – 13.28 47.15 – 56.32 35.32 

Reheating 5.970 90.00 10.30 – 19.28 N.A. 66.34 

Pre-compression, 

Inter-cooling and 

Reheat 

6.904 90.00 11.91 – 18.76 N.A. 76.71 

 

Figure 22 represents the system schematic about the selected Pre-

Compression, Inter-cooling and Reheat cycle. The 𝐬𝐂𝐎𝟐 Pre-Compression, Inter-

cooling and Reheat cycle was further investigated as presented in the Table 2. 
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Figure 22. 𝐬𝐂𝐎𝟐 pre-compression, inter-cooling and reheat cycle [69] 

 

Table 2. Selected 𝐬𝐂𝐎𝟐 power cycle detailed analysis 

Case with Optimization Net 

Power 

[MWe] 

𝒎‘𝑪𝑶𝟐 

[kg/s] 

Thermal 

Efficiency 

[%] 

Exergy 

Efficiency 

[%] 

Specific 

Power 

[kWe/kg.s] 

Direct Expansion 4.226 90 14.58 62.37 46.95 

Pre-Compression and 

Inter-cooling 

3.194 90.44 11.02 47.15 35.32 

Transcritical 𝐬𝐂𝐎𝟐 Cycle 3.922 88.34 13.53 57.89 44.38 

 

In [70], the use of geothermal reservoirs was investigated for the power 

generation using 𝐂𝐎𝟐. The concept behind this technology is to utilize the geothermal 

properties were the recycled (and captured) 𝐂𝐎𝟐 gets compressed to the underground 

reservoir in which it gets heated and utilized (with the help of water separator) to heat 

a an organic fluids to turn the turbine and generator power. The potential of using 

geothermal power to heat the 𝐂𝐎𝟐 has been investigated with the help of a dynamic 

thermodynamic model. It was noted that the extracted 𝐬𝐂𝐎𝟐 temperature was 195°C. 

Although this is not direct application of the 𝐬𝐂𝐎𝟐, it is related to the application and 

further studies can be developed depending on those findings to directly utilize the 

𝐬𝐂𝐎𝟐 for the power generation will be major breakthrough [70]. 
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Figure 23. 𝐬𝐂𝐎𝟐 geothermal reservoir [70] 

 

Qiao [47] studied a novel hydrocyclone separator as a continuation to the work 

done by Wang [70]. A double-inlet conical hydro-cyclone was numerically investigated 

using Reynolds Stress Model (RSM) and Discrete Particle Model (DPM) to analysis 

the flow behavior (inlet, velocity, droplet size and water mass fraction and split ratio). 

The research concluded that the proposed separator is functional and contribute to 

enhancement of the cycle efficiency.  

2.2.4 sCO2 power cycle integration with waste heat energy 

Utilizing nearby waste heat is the optimum scenario where the targeted heat is 

considered waste and thus free to be used. However, in real life applications, sometimes 

the physical location of high power demand doesn’t have nearby waste heat resource, 

characteristic of waste heat source and managing power demands in line with the 

available waste [71]. Under this section, a review of the 𝐬𝐂𝐎𝟐 combined with Waste 

Heat Recovery applications. Manente [72] has investigated the 𝐬𝐂𝐎𝟐 application 

integrated with waste heat recovery application aiming maximizing the total heat 
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recovery efficiency in addition to the thermal efficiency and power outlet. A 

comparison study was carried between the traditional 𝐬𝐂𝐎𝟐 power cycle layouts (Single 

Recuperative Cycle) and compared to the novel 𝐬𝐂𝐎𝟐 power cycles (Single flow with 

split dual expansion and double flow split with dual expansion) was proposed as a part 

of this work as shown in Figure 24. The main difference between those further studied 

𝐬𝐂𝐎𝟐 cycles for the heat recovery applications and ordinary 𝐬𝐂𝐎𝟐 power cycle is that 

the compressed 𝐬𝐂𝐎𝟐 gets compressed directly to the turbine (or heater/recuperator) 

which make a better use if the heat used contributing to a better cycle thermal efficiency. 

 

 

(a) Single flow with split dual expansion 𝐬𝐂𝐎𝟐 power cycle. 

 

(b) Double flow split with dual expansion 𝐬𝐂𝐎𝟐 power cycle. 

Figure 24. Investigated 𝐬𝐂𝐎𝟐 power cycle [72] 

 

 The 𝐬𝐂𝐎𝟐 power cycle investigation was carried out on the four cycles 

considering a waste heat temperature ranges between 400°C to 800°C where it was 

proven that the double flow split with dual expansion achieve the higher efficiency 
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and is the most suitable 𝐬𝐂𝐎𝟐 waste heat recovery application. The Exergy model 

done of the three models confirmed the same results where the least exergy losses was 

noted in the dual flow split with dual expansion cycle layout with its recuperators 

accounts of the most recorded exergy loss of 2227.6 kW as shown in Figure 25. 

Figure 26 presents the illustrates the exergy loss (in kW) at main cycle component 

across all three investigated cycle configurations. 
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Figure 25. Comparitive results of the 3 investigated 𝐬𝐂𝐎𝟐 power cycles [72] 

 

 

Figure 26. 𝐬𝐂𝐎𝟐. power cycle configurations exergy loss per cycle component [72] 

 

 It is worth noting that another analysis [73] as a continuation to [72] research 

was done comparing the single flow split with dual expansion cycle configuration in 

comparison to the partial heating and dual recuperated cycle configurations and it was 

confirmed that the single flow split with dual expansion found to be more efficient in 

comparison to the other standard 𝐬𝐂𝐎𝟐 power cycle. Elson [50] has published another 

interesting research in the area of 𝐬𝐂𝐎𝟐 for a waste heat power cycle application 

where the 𝐬𝐂𝐎𝟐 power cycle advantages were highlighted against the standard 
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Ranking Cycle with being low cost, non-toxic, non-flammable working fluid (𝐬𝐂𝐎𝟐), 

smaller size component foot prints and size (due its high fluid density) and the ability 

to place the exhaust heat exchanger directly with the waste heat source due to 

technical challenges like inflammability, thermal stability and the physical properties 

of the 𝐬𝐂𝐎𝟐. 

2.2.5 sCO2 power Cycle integration with fuel cell 

 Very interesting paper [74] elaborated more into integrating a 𝐬𝐂𝐎𝟐power 

cycle with a SOFC. This hybrid system works by using fuel (Methane) to heat the 

SOFC to generate electrical power and abundance of heat that gets transferred to the 

𝐬𝐂𝐎𝟐 Brayton cycle in order to turn the turbine and generate more of electrical power. 

The excessive heat of this process gets recirculated back to the reformer to contribute 

to lesser fuel consumption by a reheating process. 

 

Figure 27. Integrating 𝐬𝐂𝐎𝟐 with SOFC [74] 

 

Various cycle combinations (15 cycles combinations) were studied 

(Recompression, Cathode recirculation, heat recovery steam, etc) and it was resulted 

that the Recompression cycle + Cathode Recirculation is most efficient cycle with the 

thermodynamic analysis (energy/exergy analysis) of this hybrid system has shown an 

LVH efficiency of 66.58%. Figure 28 represents the proposed system schematic. 
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Figure 28. Recompression cycle + cathode recirculation cycle [74] 

 

 Another paper [75] investigated the integration of the 𝐬𝐂𝐎𝟐 with SOFC in which 

an external heat source is used to heat the SOFC in which it produces electricity and 

the excessive heat is used via a recuperator to heat the 𝐬𝐂𝐎𝟐 power cycle. It concluded 

that the combination between both systems resulted in a higher cycle’s efficiency. It 

was also concluded that maximum power output also largely depends on the heat 

transfer coefficient between SOFC and Brayton cycle heat engine.   

2.2.6 sCO2 power Cycle integration with Direct/Indirect Coal Combustion 

 Although using coal for the energy production is not a sustainable option for 

power generation, however, it is the most cheaper technology for electricity generation 

and accordingly the majority of the electricity is being produced using coal despite 

international efforts to limit the carbon dioxide emission to the atmosphere. 
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Accordingly, this section elaborates more in utilizing 𝐬𝐂𝐎𝟐 power cycle for the 

electricity production using coal fired heat. Liu [76] has presented the effectiveness of 

such combinations in various power plants capacities (ranges from 50 – 1000 MW). It 

was concluded that such model would be applicable for plant size of 1000 MW to allow 

enough 𝐬𝐂𝐎𝟐 to heat which achieve a thermal efficiency of 50.46%. 

2.3 sCO2 power cycle integrated with CSP (Solar Power Tower) 

As the renewables (in general) experienced major development in the recent 

years with the help of the technological advancement, which led to growing interest 

and further researches were done related to power generation industries. White [51] 

highlighted that the CSP installation around the world has increased 5 times the capacity 

back in 2010 and LCOE has decreased from 0.346 $/kWh to 0.182 $/kWh [77]. 

Although the CSP LCOE has noticeably decreased with around 50% of its price 10 

years ago, it is still not financially attractive in comparison to other renewable 

technologies like Photovoltaic panel for example in which its LCOE is only 0.068 

$/kWh. Researcher are working to reduce the CSP LCOE for further commercialization 

by targeting the major cost element of this system (Solar Collectors) which accounts 

for almost 40% of the system [78]. In addition, the use of 𝐬𝐂𝐎𝟐 as a working fluid 

contribute the system cost reduction since equipment size gets reduced, smaller plants 

foot prints and lower operation and maintenance costs which contributes to lower 

LCOE [79]. 

Neises [80] has published a paper exploring the 𝐬𝐂𝐎𝟐 power cycle options to 

reduce the LCOE when integrated with solar power tower operating at 650°C using 

molten salt thermal storage. It was noted that the partial intercooling cycle configuration 

has the lowest LCOE driven by relatively cheaper thermal storage due to the larger 

temperature difference, lower thermal loss and lesser HTF pump electricity 
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consumption due smaller HTF mass flow rate. 

Allison [81] investigated the 𝐬𝐂𝐎𝟐 power cycle integrated with CSP in a 

commercial scale via Sunshot program and it achieved an high potential results with a 

LCOE of 0.06 $/kWh, thermal efficiency of 50%, plant capacity 1 MW powered by a 

turbine inlet temperature is 750°C and pressure is 250 bar [82]. 

An investigation research was carried out by Wang [35] on the effect of various 

Brayton Cycle’s layout (simple recuperation cycle, recompression cycle, pre-

compression cycle, inter-cooling cycle and partial-cooling cycle) in combination with 

Concentrated Solar Power. The team proposed using a combination between Molten 

Salt (60 wt% of 𝑵𝒂𝑵𝑶𝟑 and 40wt% of 𝑲𝑵𝑶𝟑) loop and Carbon Dioxide as a medium 

of transferring the heat as shown in Figure 29. 
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Figure 29. Partial-cooling with re-heating cycle layout and its TS diagram [35] 

 

All 5 different layouts were analyzed thermodynamically, and it was concluded 

that the inter-cooling and partial cooling with re-heating cycle are the most efficient 

layout across other cycle’s studied. It was noted that the partial cooling cycle achieves 

the highest efficiency in the range of specific works between 160 kw/kg to 190 kw/kg 

in which the efficiencies ranges between 27% to 32%.In addition, it was also noted that 

the inter-cooling cycle yields the maximum efficiency with the specific work ranges 

between 140 kw/kg to 170 kw/kg in which the efficiency ranges between 29% to 31%. 

[35]. 

Another research was carried out [33] to investigate the application of 

Supercritical Carbon Dioxide integrated with CSP with two different scenarios which 

are as follow: 

- Standard Power Tower CSP plant with simple regenerative 𝐬𝐂𝐎𝟐 cycle. 

This is one of the simplest applications of CSP and 𝐬𝐂𝐎𝟐  cycle, it basically 

relays on the absorbed heat via the Heliostats at the Solar Tower and transmitted 

to the working gas (𝐬𝐂𝐎𝟐) via the PHE to increase its temperature as a 

preparation for the expansion process at the turbine.  
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- Multi-heating  

This proposed layout is slightly different from the simple layout above with the 

addition of an auxiliary absorber and heat exchanger to contribute in the pre-

heating process and ultimately enhance the efficiency of the system. Figure 30 

illustrates the graphical representation about the cycle.  

 

 

(a) Simple regenerative 𝐬𝐂𝐎𝟐 cycle 

 

 

 

 

 

(b) Multi-heating 𝐬𝐂𝐎𝟐 cycle 

 

(c) TS diagram where the simple regenerative s𝐂𝐎𝟐 cycle presented in 

black and blue, the multi-heating s𝐂𝐎𝟐 cycle is presented in black and red. 

Figure 30. Simple regenerative Vs. multi-heating 𝐬𝐂𝐎𝟐 cycle [33] 
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In this paper a molten salt has been used for the power tower cycle and the 𝐬𝐂𝐎𝟐  

was used for the compressions/expansion cycle. Coating used for the power tower was 

Pyromark for the primary heat exchanger part and Cermet for the auxiliary part. As a 

part of this research paper, the relationship between the Tmax, Heat flux and the 

receiver efficiencies were studied. It was noted that the higher the temperature, the 

receiver efficiency decreases, the author claims that this information has been verified 

using SAM and EES and accordingly the auxiliary heat exchanger part was dedicated 

to the low temperature. [33] 

It was concluded that the multi-heating cycle is more efficient in comparison to 

the standard CSP tower specially when it comes to the Turbine Inlet Temperature and 

the Compressor Inlet Temperature as shown in the graph represented in Figure 31. 

 

 

Figure 31. Turbine inlet temperature vs systems efficiency [33] 

 

 Binotti [83] has published a research on the assessment of 𝐬𝐂𝐎𝟐 cycle integrated 

with Concentrated Solar Power [83]. Based on his assessment, it was confirmed that 

the Power Tower is most promising Concentrated Solar Power technology in terms of 
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efficiency and potential to reduce the Levelized Cost Of Electricity (LCOE) due the 

high potential concentration ratio (between 500 to 2000). It was noted that around 430 

MW of electricity is currently being generated in the US and Spain using CSP - Power 

Tower Technology while another 430 MW capacity of power plants are currently under 

construction in China, US, Chile and South Africa and other 1500 MW capacity of 

power plants are under planning phase. [83]. 

  In this research paper, it was noted that the two main challenges with 

integrating 𝐬𝐂𝐎𝟐 cycle with CSP (PT) are the heat exchanger design and material 

selections and the high pressure at the receive. To overcome the challenges above, the 

heat exchanger design was considering the implementation of protective barrier with 

stable oxides (like chrome, nickel, alumina) specially at the 𝐬𝐂𝐎𝟐 cycle to enhance the 

resistance to the high temperature corrosion. The high-pressure cycle challenge was 

attended by using indirect configuration using a suitable fluid (HTF) which gives a 

better control of the fluid dynamics at the severe transient conditions. 

 Binotti [83] has studied three alternative 𝐬𝐂𝐎𝟐 integrated with CSP (PT) plants 

layout and analyzed each layouts advantages, dis-advantages and efficiencies of each 

scenario. These alternative system’s layouts were analyzed by Marco and his team and 

they are a Recompression Cycle (RR), Partial Cooling Cycle (PI) and Recompression 

Main Compressor Intercooling (RMCI) layouts. The below thermodynamic model was 

used for the purpose of this study in which it was referenced to Gem solar plant 

(Operating Temp. 290°C – 565°C) available details which seems in acceptable range 

and matching the available information within literature. Equation (1) represents the 

thermodynamic model followed by Binotti and his team [83]. 
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𝒎𝑯𝑻𝑭 , 𝒄𝑷,𝑯𝑻𝑭 , 𝑻𝑯𝑻𝑭 (𝒊𝒏) +  𝑸𝒂𝒃𝒔,𝒕 =  𝒎𝑯𝑻𝑭 , 𝒄𝑷,𝑯𝑻𝑭 , 𝑻𝑯𝑻𝑭 (𝒐𝒖𝒕) + 𝑸𝒄𝒍,𝒕 (𝑻𝒘) +

 𝑸𝒓𝒂𝒅,𝒕 (𝑻𝒘)          (1) 

It was calculated in [83] that the maximum net electrical power is being 

generated via the RMCI model with a TIT of 750°C is found to be equal to 24.7 MW. 

Table 3 represents the operational data of all 3 investigated models (PC, RR and RMCI) 

at their maximum efficiency as presented in paper [83]. 

 

Table 3. Tabulated Results for All Three Models. 

Parameter Investigated PC RR RMCI 

Optimum TIT (°C) 780 740 750 

Minimum cycle pressure (bar) at optimum TIT 5.23 9.37 7.06 

RPR at Optimum TIT 0.356 - 0.548 

Available Solar Power (MW) 282.8 282.8 282.8 

Thermal Power at the Receiver (MW) 193.1 193.1 193.1 

Thermal Power to the HTF (MW) 146.2 147.6 147.7 

Receiver Thermal Losses (MW) 46.9 45.5 45.4 

Thermal Power to Power Block, SM=1 (MW) 52.2 52.7 52.8 

Power Block Gross Power Output, SM=1 (MW) 25.42 24.73 25.62 

Auxiliaries Consumptions, SM=1 (MW) 0.74 0.92 0.83 

Net Power Output, SM= 1 (MW) 24.68 23.81 24.78 

 

 Sensitivity analysis was performed to identify the critical assumptions made 

within this model and its impact to the results and it was resulted that the High 

Temperature Regenerator (HTR) effectiveness and the effect of an increase of the 

receiver efficiency. It was noted that a noticeable impact is reflected when HTR 

effectiveness is changed to ƸHTR equals 98% and ƸHTR 90% at the other scenario 

(originally it was assumed to be at 95%). The reflect of the effectiveness to the overall 

systems generated power and efficiencies is represented in Figure 32. 
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Figure 32. Reciever efficiency (Left), cycle Gross efficiency (Center) and net power 

for all the three HTR effectivness [83] 

 

In a research paper published by Ma [84], the superstructure design of the 𝐬𝐂𝐎𝟐 

cycles was carried out. Various system combinations were found in the literature at 

both the hot and cold sides of the cycle (Hot Side: from the CSP/Thermal Energy 

Storage side toward the turbine. Cold Side: from the Recuperator and back to it via the 

compressor). Those combinations were presented and the systems efficiencies and the 

temperature difference against the pressure ratios calculations were demonstrated. The 

conducted study resulted that the presented four cycle combinations below are the most 

optimized and efficient power cycle [84] as follow: 

1- MCIC-S: Main Compressor Inter-Cooler – Simple.  

2- PC-S: Pre-Cooling – Simple.  

3- MCIC-IS: Main Compressor Inter-Cooler – In Series. 

4- PC- IS: Pre-Cooling – In Series. 

 Sensitivity analysis was carried out as a part of this research investigation the 

effect of Maximum Pressure and the calculated Levelized Cost Of Electricity per kWh 

combined with four different operating temperatures as follow: 

Case 1: 𝑻𝒎𝒂𝒙 = 550°C    𝑻𝒎𝒊𝒏 = 35°C 
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Case 2: 𝐓𝐦𝐚𝐱 = 550°C    𝐓𝐦𝐢𝐧 = 55°C 

Case 3: 𝐓𝐦𝐚𝐱 = 700°C    𝐓𝐦𝐢𝐧 = 35°C 

Case 4: 𝐓𝐦𝐚𝐱 = 700°C    𝐓𝐦𝐢𝐧 = 55°C 

 As a conclusion to this research, it was founded that the most optimal system’s 

design for an operating condition of a Maximum Temperature not exceeding 600°C is 

the PC-S system as shown in Figure 33. 

 

 

 

Figure 33. Most optimum design (PC-S) for Tmax less than 600 °C [84] 
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 On the other hand, it was found that for high operating Temperature (𝐓𝐦𝐚𝐱 = 

700 °C) PC-S and MCIC-S system’s combinations are the most optimum system’s 

combinations depending on the actual minimum temperature. Niese and Turchi [40] 

have conducted a comparison study to evaluate various Carbon Dioxide power cycle 

configurations with an emphasis on CSP cycle that generate a total power output of 35 

MW. They have emphasized on the advantages in using the s𝐂𝐎𝟐 cycle by utilizing the 

high density near the critical point to minimize the compressor works and yield a 

potentially higher cycle efficiency compared to steam cycles. Also, other advantages 

were referred to in terms of the size and volume, thermal mass, and less complexity in 

comparison to the Rankine Cycle. The three studied cycle configurations are Simple 

Cycle, Recompression Cycle and Partial Cooling Cycle. 

 As a part of thermodynamic modeling of the different cycles, the recuperators 

effectiveness was used to calculate the thermal efficiencies of each cycle and optimize 

it against the total recuperators conductance as shown in Figure 34. 

 

 

Figure 34. Cycle thermal efficiency vs. total recuperator conductance [13] 
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 From the Figure 34 above it can be observed that the simple cycle efficiency is 

not increasing by increase of the recuperator’s conductance. On the other hand, the 

higher the recuperators conductance the higher the efficiency gets specially when it 

exceeds 15 MW/K. Above results was confirmed and further design parameter was 

further elaborated in the paper published by Louis [85]. Figure 35 illustrates the T-S 

diagram of the recompression and partial cooling cycles  which explains the 

thermodynamic behavior in each cycle. 

 

 

Figure 35. TS diagram of the partial cooling and recompression cycles [40] 

 

As a conclusion, although the Partial Cooling and Recompression cycle 

configurations have performed equally under CSP relevant conditions when an 

effectiveness model was specified. However, when specifying a conductance model, it 

was resulted that the Partial Cooling cycle configuration slightly outperformed the 

recompression cycle configuration. It was noted that it is better to use the conductance 

model rather than effectiveness model considering the physical heat exchanger size.  A 

key benefit of the Partial Cooling cycle configuration is the high temperature difference 

within the primary heat exchanger which allow for more efficient implementation of 
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thermal storage in CSP applications.  

2.4 sCO2 power cycle integrated with CSP and oxy combustor 

A paper was published by Son [46] investigated various options to extract 𝐂𝐎𝟐 

in 3 different scenarios from Pre-combustion, Post-combustion and oxy combustion 

scenarios as shown in Figure 36.  

 

 

Figure 36. Different 𝐂𝐎𝟐 extration (Capturing) scenarios [46] 

 

Table 4 presents a comparison between various paper’s investigated scenarios with its 

key advantages and disadvantages. 

 

Table 4. Comparison between various 𝐬𝐂𝐎𝟐 capturing techniques 

CO2 Extraction  Advantages  Disadvantages 

Post-Combustion • Proven CCS technologies for 

small scale plants 

• Mostly preferred for existing 

plants. 

• Large Parasitic Load. 

• Electricity production 

cost would increase by 

32% [86] 

Pre-Combustion • Relatively less load and cheaper 

compared to Post-Combustion. 

• Lower Efficiency [86] 

 

Oxy Combustion • Potential to capture CO2 at high 

concentrations. 

 

• The use Oxygen at the 

ASU comes at energy 

cost of over 7%. 
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The author had also emphasized on the combination of 𝐬𝐂𝐎𝟐, CSP and Oxy 

combustion. The simple recuperated cycle was used where the carbon capturing process 

takes place after the compression process . The paper has noted two major advantages 

in integrating CSP with 𝐬𝐂𝐎𝟐 and Oxy combustion [46] are as follow: 

1- Overall gained efficiency 

a. 25% - 30% of the total heat is supplied via the CSP  

b. Achievable 55% - 60% performance efficiency [46]. 

2- Solving the solar intermittency challenge without contributing to production 

of 𝐂𝐎𝟐 to the atmosphere and thus eliminates the need of thermal storage. 

As it was noted that a common problem with CSP systems is the heat loss due 

radiation. The heat loss increases by the increase of the receiver temperature. In other 

words, the more efforts we try to increase the receiver temperature, the heat loss due to 

radiation increases too and this led the researches to the conclusion that CSP is 

incapable to significantly increase the turbine inlet temperature beyond a certain 

temperature and accordingly the overall system efficiency. A chart explaining the 

relationship between the TIT and the efficiency of the system (Ideal Solar-to-work 

energy conversion efficiency) was also presented which illustrates the CSP limitation 

to drastically increase the TIT. There are few assumptions were made concerning the 

investigated model, the top assumptions made are summarized below as follow: 

1. Turbine Inlet Temperature and Cooler Outlet Temperature are assumed to 

be given values and defined as a boundary condition. 

2. Solar receiver temperature is assumed to be equal to the solar heat exchanger 

outlet temperature and the pinch temperature. 

The integrated system of CSP and oxy combustor represented in this thesis has 

couple of major advantages in comparison to the systems presented in [46]. Firstly, the 
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efficiency of the recuperators efficiency increases with the proposed integration in 

comparison to the independent systems (CSP and oxy combustion systems) with the 

addition of the oxy combustor between the CSP and the turbine. In the other hand, the 

addition of the CSP reduces the fuel consumption required by the oxy combustion 

process due the heat provided by the CSP. The second systems advantage is proposed 

integrated system solves the intermittency problem of the CSP without the need of 

energy storage system and the carbon emission free electricity production.  

 

 

(a) 

 

(b) 

Figure 37. Simple s𝐂𝐎𝟐 oxy combustion cycle integrated with CSP [46] 



  

54 

The authors investigated a model that studied Shouhang Dunhuang Plant in 

China comparing the power production using combustion alone vs the integrated 

system with CSP. Figure 37 (a) illustrates the cycle’s layout. Figure 37 (b) presents the 

advantage of integrating the CSP with the oxy combustor and it reductions of fuel 

dependency needed for the combustion process as presented in blue and yellow color. 

Considering the most conservative calculations, the integrated power system will save 

around 16% of the independent combustion system. However, it ranges between 16% 

and up to 38% of the fuel consumption. This was found to be one the most relevant 

paper to my intended research, however, no energy/exergy analysis has been provided 

as a part of this research as it focused mainly on the CSP potential and its efficiency 

without carrying out energy/exergy analysis of the integrated system, however, in this 

thesis a complete energy exergy model is presented of the integrated system.  

Another interesting paper published by Abengoa Solar and German Aerospace 

Center (DLR) institute of Solar Research [24] in which the operation of the Solugas 

plant is presented. It was noted that the pressurized air (medium) was heated via the 

receiver and 69 heliostats up to 800°C. The plant layout is presented in Figure 38. 

 

 

Figure 38. Solugas Plant's Layout [24] 
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This power plants generates about 50 MW with the help of modified gas turbine 

manufactured by Solar Turbines Incorporated. The paper highlighted that the plants 

operates consistently despite transitory clouds when operating at 600°C. it was noted 

that the receiver outlet temperature ranges in between 400°C - 800°C, mass flow rate 

ranges in between 3.5 – 5.75 kg/s, system pressure ranges in between 3.6 to 8.8 barg 

and turbine load is 4.5 MWe. It was mentioned that the plant was already prepared for 

integrating volumetric receiver to further help rising the operating temperature to 

1000°C. This plant used a fuel combustor for the purposes of gaining thermal heat and 

not an oxy combustor as presented in this research, so the contribution of this paper is 

the integration of an oxy combustor in a place of this ordinary gas combustor of this 

cycle. Nkhonjera [87] has published a paper about the integration of oxy combustor, 

s𝐂𝐎𝟐 Biomass and CSP for power conversion applications. This proposed system uses 

the generated syngas from the biomass for the combustion process in which the author 

believe is cleaner than the Natural Gas (due to lower carbon content and its emission). 

The working fluid used for the power cycle is s𝐂𝐎𝟐and for the syngas generation cycle 

is 𝐂𝐎𝟐. This proposed cycle produces by products of pure water at both cycles (Power 

and syngas cycle) as a result of the oxy combustion and Gasification processes, In 

addition, 𝐂𝐎𝟐 will be also produced as a result of the oxy combustion process. Figure 

39 illustrates the proposed cycle by the author. 
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Figure 39. Proposed cycle by Nkhonjera [87] 

 

The authors proposed the integration of CSP within their proposed cycle as a 

source of heat to be supplied to the Gasifier which results in the generation of the 

Syngas will have a positive impact on the cycle efficiency. 

Another paper published by McClung [36] where two 𝐬𝐂𝐎𝟐  integrated with 

oxy combustor power cycle concepts were investigated (CPOC & 𝐬𝐂𝐎𝟐 recompression 

cycle). Both models were investigated via Aspen Plus were both cycle configurations 

were compared in terms of their thermal and the overall cycle efficiency. It was 

concluded that the recompression cycle achieved higher thermal efficiency 47% (at 

650°C operating temperature and 290 atm) whereas the CPOC cycle achieved only 38% 

in the similar operating condition. 
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Figure 40. Investigated 𝐬𝐂𝐎𝟐 recompression cycle [36] 

 

 Furthermore, the authors investigated the operation of integrating this cycle 

with the coal fired combustor integrated with high and low 𝐬𝐂𝐎𝟐 power cycles which 

resulted in 1% reduced efficiency and slightly higher cost in comparison to the 

independent cycle due to equipment losses. This paper concluded that the introduction 

of recuperators has a very positive impact to the cycle efficiency (specially for the 

CPOC cycle) where the revised a line diagram was prepared highlighting the impact of 

the recuperator as a part of the layout in the thermal efficiency of the cycle as shown in 

Figure 41 below. 
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Figure 41. High/Low Temperature 𝐬𝐂𝐎𝟐 cycles integrated with coal fired cycle [36] 

 

 

Figure 42. Comparision of the CPOC efficiency considering introduction of various 

recuperators and its effect in the thermal efficiency [36]. 
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CHAPTER 3: DESCRIPTION OF PROPOSED SCO2 CYCLE CONFIGURATION 

LAYOUTS  

In this chapter, a proposed 𝐬𝐂𝐎𝟐 cycle layout integrated with CSP and oxy 

combustor is studied and compared to other two cycles. All the cycle’s configurations 

investigated and analyzed further are as follow: 

1. Configuration 1 (CONF1): This cycle depends solely on the oxy combustor 

to run the turbine. 

2. Configuration 2 (CONF2): This cycle depends solely on the CSP to run the 

turbine. 

3. Configuration 3 (CONF3): This cycle depends on the integration of oxy 

combustor and CSP used to turn the turbine. 

All the three different cycle will be discussed independently in the below 

sections describing how each cycle works and its components. 

3.1 Investigated sCO2 power cycle (CONF1) 

This investigated cycle depends solely on the oxy combustor to generate the 

needed thermal power with the help of fuel (Methane) and pure Oxygen to power the 

turbine. Figure 43 illustrates the investigated 𝐬𝐂𝐎𝟐 power cycle configuration 

(CONF1).  
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Figure 43. CONF1 power cycle configuration 

 

The above cycle schematic describes the cycle’s process flow and the cycle 

configuration. Each cycle’s component will be discussed in the following headings as 

follow: 

3.1.1 The oxy combustor (States 17, 11 to 1) 

In this state, the oxy combustor is responsible for combusting the mixed oxygen 

and fuel coming from state 17 and the high temperature recycled Carbon Dioxide 

coming from the HTR (state 11). This combustion is fueled by the Methane (supplied 

via the fuel loop state 16) and ignited with the help of the pure Oxygen (supplied via 
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the oxygen loop state 14), the combustion of the fuel and oxygen mixture contribute 

results in increasing Carbon Dioxide temperature as a preparation for the upcoming 

expansion process.  

As both the recycled and the generated 𝐬𝐂𝐎𝟐 depends on the oxy combustion 

processed, the combustion rate governs the quantities of the 𝐬𝐂𝐎𝟐 within the cycle. 

This cycle configuration (CONF1) solely depends on the combustion process to 

generate enough thermal power to rotate the turbine blades and generate electricity and 

unlike the other investigated cycle configurations (CONF2 and CONF3) and 

accordingly it will consume more fuel and oxygen which makes the operation of this 

cycle a slightly more expensive to operate which leads to a higher LCOE. This is 

presented in detail in the following chapter (Chapter 4: Energy and Exergy Analysis). 

As a result of the chemical reaction took place in the oxy combustion, newly 

generated 𝐂𝐎𝟐 process which will be resulted from the Oxy/fuel burning in addition to 

Water Vapor in which those will be extracted later on the cycle for commercial 

purposes. This chemical reaction is presented in chemical formula as in the balanced 

Equation (2). As the oxy combustor receive high temperature recycled 𝐂𝐎𝟐 presented 

as 𝐂𝐎𝟐 in Equation (2) and produces additional 𝐂𝐎𝟐 resulted from the combustion 

process (presented as 𝟐𝐂𝐎𝟐) both gets combustion in the oxy combustor with the help 

of the fuel and the oxygen and enters the turbine after the combustion process with the 

highest temperature and pressure to turn the turbine blades for the purpose of power 

generation. 

3.1.2 Turbine (States 1 to 2) 

In between state 1 and 2, the combusted 𝐬𝐂𝐎𝟐 (𝐎𝐯𝐞𝐫𝐚𝐥𝐥) and water vapor mixture 

enters the turbine at a high temperature 619°C for the purpose of rotating the turbine 

blades and generate electricity via the generator attached to it. After the expansion 
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process, the hot air exists the turbine at roughly 470°C toward the High-Temperature 

Recuperators (HTR) and Low Temperature Recuperators (LTR) respectively.  

3.1.3 High and Low Temperature Recuperators (HTR & LTR) between states 2-4 

and 9-11 

In between states 2 to 4 in the forward flow and states 9 to 11 in the reverse 

flow. The purpose of those recuperators is utilize the high-temperature exhaust 𝐬𝐂𝐎𝟐 

out of the turbine (which is 470°C) to pre-heat the recycled 𝐬𝐂𝐎𝟐 (𝐑𝐞𝐜𝐲𝐜𝐥𝐞𝐝) after the 

water vapor is removed at stage 5-6(at a temperature 32°C) and 𝐬𝐂𝐎𝟐 (𝐆𝐞𝐧𝐞𝐫𝐚𝐭𝐞𝐝) is 

exported at stage 7 (at temperature of 80°C). The 𝐬𝐂𝐎𝟐 (𝐑𝐞𝐜𝐲𝐜𝐥𝐞𝐝) enters state 9 (LTR) 

at 80°C and leaves the HTR in state 11 at a temperature of 420°C. So, the thermal gain 

at those recuperators is 340°C which contribute the preparation of the 𝐬𝐂𝐎𝟐 for the 

combustion process at the oxy combustor. 

The removal of the water vapor and the exportation of 𝐬𝐂𝐎𝟐 reduces the thermal 

load on the oxy combustor which subsequently reduces the fuel and oxygen 

dependency, on the other hand, it contribute to cooling the exhausted 𝐬𝐂𝐎𝟐 (𝐎𝐯𝐞𝐫𝐚𝐥𝐥) and 

prepare it for the compression stage ana accordingly this reduce the work delivered by 

the compressor. formulas 9-20 are used to calculate thermal heat gain/loss of the 

recuperators in addition to recuperator’s effectiveness. 

3.1.4 Pre-Cooler (States 4 to 5), Inter-Cooler (States 7 to 8), Cooling Agents (States 

1 to 4) and Water Separator (State 5-6) 

At this part of the cycle, the 𝐬𝐂𝐎𝟐 and Water Vapor mixture get cooled to 

facilitate the water extraction process as a part of the preparation for the 𝐬𝐂𝐎𝟐 

extraction and further compression process. The pre-cooler cools the 𝐬𝐂𝐎𝟐 (𝐎𝐯𝐞𝐫𝐚𝐥𝐥) 

(including water vapor)  to a relatively cool temperature to allows liquification of the 

water and so the water separation process (state 5-6). The cooling takes place with the 
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help of an external cooling agent presented in purple line (state 1-2) as shown in Figure 

44. 

When this mixture enters the water separation column with a temperature near 

the room temperature (32°C), the mixture condensate at the column and water vapor 

condensate at the bottom of the separation column (with the help of baffle plates) which 

form a clean potable water. Although this extracted potable water is a by-product of 

this combustion process, this produced potable water is a big advantage to this cycle 

configuration which contribute to the efforts of the providing clean potable water to the 

surrounding communities. The extracted water can be estimated (using Equations (21) 

and (22)) with reference to the fuel mass flow rate. In other words, for every 1 kgs of 

Methane burned at oxy combustor, around 4 kgs of Oxygen is required to facilitate the 

burning which will results in 2.75 kgs of 𝐂𝐎𝟐 and around 2.25 kgs of water vapor 

(𝑯𝟐𝑶).  

 

 

Figure 44. Pre-cooler cooling agent (presented with the purple line between state 1-2) 

 

At state 6, all the water content within the mixture is extracted and only the 

𝐬𝐂𝐎𝟐 is remaining within the mixture proceeding the main compressor. It is worth 

mentioning that the water vapor content within the mixture after this step is minimal 

(estimated to be around 1%) and that’s why it is neglected and considered to be 100% 

𝐬𝐂𝐎𝟐 for the sake of thermodynamic calculations [19]. At state 7 (After the 𝐬𝐂𝐎𝟐 was 
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compressed and 𝐬𝐂𝐎𝟐 (𝐆𝐞𝐧𝐞𝐫𝐚𝐭𝐞𝐝) was exported) get cooled again in the intercooler after 

it was compressed via the main compressor (state 6-7) which contribute the reduction 

of the compression load (and its electrical consumption) at the recompression cycle 

state 8 to 9. 

 

 

Figure 45. Inter-Cooler in between compression stages 

 

3.1.5 Main Compression (state 6 to 7) and Re-Compression (states 8 to 9) 

The compression process takes place in those states with the two compression 

phases (Main Compressor and the Re-Compressor). At the main compression phase, 

the 𝐬𝐂𝐎𝟐 (𝐎𝐯𝐞𝐫𝐚𝐥𝐥) gets compressed to 135 bar. This pressure facilitates the export of the 

𝐬𝐂𝐎𝟐 (𝐎𝐯𝐞𝐫𝐚𝐥𝐥) that takes place directly after the compression process. A market survey 

was carried out and it confirmed that pressure in between 75-150 bar is within 

acceptable pressure range for storing and exporting the Carbon Dioxide for further 

commercial applications. At the recompression phase (state 8 to 9), the 𝐬𝐂𝐎𝟐 (𝐑𝐞𝐜𝐲𝐜𝐥𝐞𝐝) 

gets recompressed to around 250 bar (after the generated part of 𝐬𝐂𝐎𝟐 is exported and 

the remaining 𝐬𝐂𝐎𝟐 gets cooled in the intercooler) as a preparation for combustion 

process.  

3.1.6 Oxygen Loop (States 12 to 14 and 17) 

At this part of the cycle, the atmospheric air gets into the Air Separation Unit 
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(ASU) where the pure Oxygen get separated and produced (in between state 12 to 13). 

The generated Oxygen from the ASU gets compressed and injected into the combustor 

using the oxygen compressor in between state 13 to 14. By applying the energy/exergy 

model (Chapter 4), it was noted that this cycle configuration will need an Oxygen 

flowrate of 13.64 Kg/s. Accordingly, the compressor size was defined, and its electrical 

power was determined and added to the cycle’s electrical consumption. As this cycle 

solely depends in the oxy combustor to generated the needed heat to turn the turbine 

blades, accordingly a constant flow of the oxygen will be required and this is not 

variable load that might change during the day as in CONF3 cycle configuration.  

3.1.7 Fuel Loop (States 15 to 17) 

At state 15 the Natural Gas (Methane) gets injected into the power cycle and 

compressed by the Fuel Compressor (state 15-16) to the desired mass flowrate. 

Accordingly, the compressor size and its fuel consumption are highlighted and added 

to the cycle’s electrical consumption. The compression process is an essential step to 

prepare the fuel for the combustion process. At state 17, the compressed fuel and 

Oxygen gets mixed gets injected to the oxy combustor for further combustion process. 

The quantity of the fuel consumed differs based on the combustor’s outlet temperature 

and recuperators efficiencies, however in general, the fuel consumption of this cycle is 

expected to be equals to rate 3.411 kg/s since this cycle solely depends on the oxy 

combustor to generate the needed thermal power and there is no alternative thermal 

power or thermal storage like CONF3 cycle configuration. It worth noting that the 

amount of generated 𝐂𝐎𝟐 depends on the amount of fuel burned in the combustor which 

is governed by Equation (21) as presented in Chapter 4. 

3.2 Investigated sCO2 power cycle (CONF2). 

 The second scenario represented is a 𝐬𝐂𝐎𝟐 cycle that depends solely on CSP 
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to generate the required heat via its heliostat and its receiver to power the turbine. As 

the CSP is not an objective of thesis, a literature review was conducted on the average 

receiver temperatures in the available CPS installation worldwide ranges between 

800°C - 1000°C. Accordingly an average receiver temperature was considered to be 

901°C. the receiver temperature contributes the heating of the 𝐬𝐂𝐎𝟐 to prepare it for 

further expansion in turbine. As this cycle doesn’t have the oxy combustor as a 

component, it doesn’t have an Oxygen and Fuel loops and the cycle doesn’t generate 

𝐂𝐎𝟐 and potable water (as in the CONF1 power cycle), accordingly this power cycle is 

cheaper to operate and have the cheapest LCOE, however, it has major challenge with 

the generated power consistency as it depends on the solar radiations which might not 

consistent during the day (because of rain, clouds as an example) and no power 

generation will take place during the night. This fluctuation and inconsistency of the 

generated power is a major disadvantage with this cycle (and other similar renewables 

applications). Figure 46 represents the CONF2 cycle configuration layout. 
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Figure 46. CONF2 power cycle configuration 

 

3.2.1 The CSP (state a to b) 

The CSP is the main driver of this power cycle. The Heliostat reflects the solar 

radiations toward the power tower, in which it focuses the radiation to the solar receive 

which heats the 𝐬𝐂𝐎𝟐 coming from state a toward state b. The receiver temperature is 

considered to be 901°C (Receiver Temperature) and accordingly the T1 is considered 

to be 705°C where it rotates turbine for power generation purposes (state 1 to 2). As 

this 𝐬𝐂𝐎𝟐 power cycle configuration depends solely on the CSP as the heat source and 

there is no thermal storage covering, this cycle operating hours will be limited to during 
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the daytime. It is worth mentioning that this cycle configuration doesn’t have oxy 

combustion integrated with this cycle configuration scenario (like CONF1 and 

CONF3), there is no 𝐬𝐂𝐎𝟐 is being exported and no water is being extracted from the 

cycle due the absent of combusting of fuel and oxygen. 

3.2.2 Turbine (States 1 to 2) 

In between state 1 and 2, the heated 𝐂𝐎𝟐 (𝐎𝐯𝐞𝐫𝐚𝐥𝐥) enters the turbine at a high 

temperature and pressure (at temperature of 658 °C and pressure of 250 bar) to rotate 

turbine blades which generates power via rotating the generator. After the expansion 

process, the expanded air exists the turbine toward the High-Temperature Recuperators 

(HTR) and Low Temperature Recuperators (LTR) respectively for the purpose of 

recovering this heat to warm the compressed air before entering the power tower 

receiver. Equations used to calculate the work of the turbine are same used in Equations 

(5), (6), (7) and (8). 

3.2.3 High and Low Temperature Recuperators (HTR & LTR) between states 2-4 

and 9-11 

In between states 2 to 4 in the forward flow and states 9 to 11 in the reverse 

flow. The purpose of those recuperators is utilize the high-temperature exhaust 𝐬𝐂𝐎𝟐 

out of the turbine to pre-heat the recycled 𝐬𝐂𝐎𝟐 before it enters the Solar Power Tower 

Receiver which makes it easier for the receiver to heat the 𝐬𝐂𝐎𝟐 to the desired Turbine 

Inlet Temperature of 705 °C. Equations used to calculate the thermal gain/loss at each 

recuperator is similar to Equations (9), (10), (11) and (12) with the condition that   

𝒎𝒄𝒐𝟐 (𝑶𝒗𝒆𝒓𝒂𝒍𝒍) =  𝒎𝑪𝒐𝟐 (𝑹𝒆𝒄𝒚𝒄𝒍𝒆𝒅)  because there is no 𝐬𝐂𝐎𝟐 is being generated in this 

cycle and no 𝐬𝐂𝐎𝟐 is being exported as well. It is a closed loop 𝐬𝐂𝐎𝟐. The effectiveness 

of those recuperators (Ƹ𝒉𝒕𝒓 & Ƹ𝒍𝒕𝒓) is very essential to the overall efficiency of the power 

cycle which can be calculated using the Equations (13), (14), (15), (16), (17), (18), (19) 
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and (20) with the condition that 𝒎𝒄𝒐𝟐 (𝑶𝒗𝒆𝒓𝒂𝒍𝒍) =  𝒎𝑪𝒐𝟐 (𝑹𝒆𝒄𝒚𝒄𝒍𝒆𝒅) for the same reason 

mentioned above.  

3.2.4 Pre-Cooler (States 4 to 5), Inter-Cooler (States 7 to 8), Cooling Agents (States 

1 to 4) 

At this part of the cycle, the 𝐬𝐂𝐎𝟐 gets cooled to facilitate for the compressions 

processes at the main compressor (state 6 to 7) more efficiently. The pre-cooler cools 

the 𝐬𝐂𝐎𝟐 (including water vapor) to a relatively cool temperature with the help of an 

external cooling agent presented in purple line (state 1-2). At state 7,  𝐬𝐂𝐎𝟐  gets cooled 

again in the intercooler after it was compressed via the main compressor (state 6-7). 

This process of intercooling contributes to the reduction of the recompression load (and 

its electrical consumption) at the re-compressor state 8 to 9. Kindly refer to Figure 44 

for reference from the power cycle. 

3.2.5 Main Compression (state 6 to 7) and Re-Compression (states 8 to 9) 

The compression process takes place at those states with the two compressors 

(Main Compressor and the Re-Compressor). At the main compression phase, the 𝐬𝐂𝐎𝟐  

gets compressed to 135 bar. At the recompression phase (state 8 to 9), the 𝐬𝐂𝐎𝟐 gets 

recompressed to around 250 bar as a preparation for recuperative process and further 

heating in the solar receiver. The work of the Main Compressor and Re-compressor is 

calculated using Equations (24) and (25). 

3.3 Investigated sCO2 power cycle (CONF3) 

This cycle configuration (CONF3) depends on the integrated system between 

the oxy combustor and the CSP. The CSP receiver works as preheater to in which reach 

to a temperature of 1073°C (𝐓𝐛= 950°C) while leaving the receiver and entering the 

combustor, so the thermal load decreases on the oxy combustor as it will heat the 𝐬𝐂𝐎𝟐 

that is already at already high temperature. This cycle has the most reliable 
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configuration among the previously investigated configurations (CONF1 and CONF2) 

because of the combination between the oxy combustor and the CSP where the system 

doesn’t consume relatively high fuel (as it will be presented in the following chapter) 

like the cycle configuration in CONF1 and the power inconsistency that comes with 

CONF2 cycle configuration because of cycle depends solely in CSP. The CSP will act 

as a pre-heater to the oxy combustion process for the purpose of reducing the thermal 

load on the oxy combustor and its fuel consumption. Below Figure illustrates the 

CONF3 cycle configuration. 
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Figure 47. CONF3 power cycle configuration 

 

3.3.1 The oxy combustor (Between States 3+17-1) 

 In this state, the oxy combustor is responsible for combusting the mixed Oxygen 

and fuel with the recycled 𝐬𝐂𝐎𝟐 coming heated by the CSP receiver coming from the 

state 3. The oxy combusting process generated 𝐬𝐂𝐎𝟐  that gets added and extracted 

(after the expansion process) for further commercial applications. Furthermore, this oxy 

combusting process also generate clean potable water that is condensed via the water 

separator and extracted also for further commercial applications. Equations (2), (3) and 

(4) are governing the relationship between the combustion process and its generation 
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of the by-products. Equation (1) is used to calculate the thermal gain at the combustor. 

3.3.2 Turbine (Between States 1-2) 

 In between state 1 and 2, the high temperature 𝐬𝐂𝐎𝟐 and water vapor mixture 

enters the turbine at a very high temperature (TIT= 1125 °C) for the purpose of rotating 

the turbine blades and generate electricity. After the expansion process, the hot air exists 

the turbine toward the High-Temperature Recuperators (HTR) and Low Temperature 

Recuperators (LTR) respectively. The rotation of the turbine blades generates 

electricity via the attached generator. The work of the turbine is calculated via 

Equations (5), (6) and (7) and efficiency of the turbine is calculated via Equation (8) 

above. 

3.3.3 High and Low Temperature Recuperators (HTR & LTR) between states 2-4 and 

9-11 

 In between states 2 to 4 in the forward flow and states 9 to 11 in the reverse 

flow. The purpose of those recuperators is utilize the high-temperature exhaust out of 

the turbine (𝐓𝟐= 890°C) to pre-heat the recycled 𝐬𝐂𝐎𝟐 before it enters the Solar 

Receiver (from 𝐓𝟗 at 80°C to 𝐓𝟏𝟏 at 840°C), on the other hand, it contribute to cooling 

the exhaust 𝐬𝐂𝐎𝟐 and prepare it for the cooling stage, water extraction process and the 

compression stage. Equations (9), (10), (11) and (12) are used to determine the heat 

gain/loss among those recuperators. The effectiveness of those recuperators was 

calculated via Equations (13), (14), (15), (16), (17), (18), (19) and (20) as presented in 

the chapter 4. 

3.3.4 Pre-Cooling (state 4-5), Inter-Cooler (state 7-8) and Water Separation Process 

(state 5-6) 

At this part of the cycle, the 𝐬𝐂𝐎𝟐 and water vapor mixture gets cooled to 

facilitate the water extraction process and further compression process. The pre-cooler 
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cools the mixture temperature to around 32°C and accordingly ease the water extraction 

process in state 5-6. The cooling takes place with the help of an external cooling agent 

presented in purple line (state 1-2) as shown in Figure 44. The equations to quantify the 

produced water from this cycle and the fuel/oxygen consumed for the cycle were 

calculated via Equations (21), (22) and (23). At state 6, all the water content within the 

mixture is already extracted and only the 𝐬𝐂𝐎𝟐 is remaining within the mixture 

proceeding the main compressor. 𝐬𝐂𝐎𝟐 at state 7 (After exportation at a pressure of 135 

bar) gets re-cooled after the main compressor (state 6-7) in the Inter-Cooler which 

increases the cycle efficiency by reducing the operating temperature of the 𝐬𝐂𝐎𝟐 to 

32°C before the recompression cycle via an external cooling agent presented in purple 

line (state 3-4) as shown above in Figure 45. 

3.3.5 Main Compression (states 6-7) and Re-Compression (state 8-9) 

 At the main compressor (state 6-7), the cooled 𝐬𝐂𝐎𝟐 gets compressed to 135 

bar which facilitate the exportation of the 𝐬𝐂𝐎𝟐 for further commercial applications. 

On the contrary, the re-compressor compresses the 𝐬𝐂𝐎𝟐 to high pressure 250 bar to 

prepare the 𝐬𝐂𝐎𝟐 for further heating, combusting, and expanding process. It was proven 

that this “inter-cooling” cycle layout allow the flexibility to partially pressure the 𝐬𝐂𝐎𝟐 

and exported in a relatively low pressure and then continue pressurizing the 𝐬𝐂𝐎𝟐 to 

maintain the required pressure by the cycle, furthermore, it was noted from the literature 

review in similar cycles that the intercooling cycle achieves higher cycle efficiency in 

comparison to other cycle’s layout. Equations (6), (24) and (25) above were used to 

calculate the compressors works. 

3.3.6 Concentrated Solar Power Receiver Tower (State a-b) 

As this cycle works in integrated mode between CSP and oxy combustor, the 

𝐬𝐂𝐎𝟐 gets to the CSP-PT after the LTR and HTR in which the CSP-PT works as a pre-
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heater to the oxy combustor. Although no CSP thermodynamic model is not considered 

as a part of this thesis deliverables, a reference is made already published papers of 

existing power plants like Solugas power plant allocated near Seville as an example. 

This power plants uses 69 heliostat units with a reflective area of 121 𝒎𝟐 with a receiver 

height of 65m, the cycle is equipped with a gas turbine that operates via natural gas in 

which the receiver tower acts as a pre-heater to reduce the fuel dependency [24]. It was 

noted that the receiver heats the working gas to in between 650°C - 800°C and after the 

combustion the operating temperature reaches to 1150°C  in an average working day 

[24]. Another example is in Elbeih dissertation [11] were various tower designs were 

reviewed and it was confirmed that receivers can absorb temperatures up to 1500°C 

with the help of Siliconized Silicon Carbide (SiSiC). In light of the above and for the 

purpose of this thesis energy and exergy analysis (chapter 4), the receiver outlet 

temperature (𝐓𝐛) is considered to be equals to 950°C entering the oxy combustor for 

further combusting process. 

3.3.7 Oxygen Loop (state 12 to 14, 17) 

At this part of the cycle, the atmospheric air gets into the Air Separation Unit 

(ASU) where the pure Oxygen get separated and produced (in between state 12 to 13). 

The generated Oxygen from the ASU gets compressed and injected into the combustor 

using the oxygen compressor in between state 13 to 14. As this cycle configuration 

depends on the combination of the oxy combustor and CSP where the CSP acts a pre-

heater, the combustion rate (and accordingly the oxygen consumption) varies according 

to the gained thermal power in the receiver. By applying the energy and exergy analysis 

(chapter 4), it was noted that this cycle oxygen consumption is 6.579 Kg/s (considering 

receiver outlet temperature of 950°C) and 13.64 kg/s  during the night operation (where 

there is no thermal power gained by the receiver which makes it same as CONF1 during 



  

75 

the night operation). After the generated pure Oxygen gets compressed by the Oxygen 

Compressor to 250 bar, it gets mixed with the compressed Methane (at state 17) as a 

preparation for the combustion process at the oxy combustor. The Air Separation 

process is a very energy intensive process which accounts for around 44% of the overall 

power plants energy consumption [86]. The Air Separation Process is hot research topic 

and any progress in this field will have a positive impact to such power plant efficiency. 

3.3.8 Fuel Loop (state 15 – 17) 

 At state 15 the Natural Gas (Methane) gets injected into the power cycle and 

compressed by the Fuel Compressor (state 15-16) to the desired mass flowrate 1.645 

kg/s to the combustor at the optimum operating condition whereas the 𝐬𝐂𝐎𝟐 enters 

combustor at 950°C heated by the CSP receiver. However, as this cycle layout depends 

in the integration of the oxy combustor and CSP, in the absent of CSP receiver thermal 

heat (during the night for example) the fuel consumption is calculated to be equals to 

3.411 kg/s (similar to CONF1 cycle configuration) as the system will solely depends 

on the oxy combustor to generate the required thermal load to run the turbine. At state 

17, the compressed fuel and Oxygen gets mixed gets injected to the oxy combustor for 

further combustion process. It worth noting that the amount of generated 𝐂𝐎𝟐 depends 

on the amount of fuel burned in the combustor which is governed by Equation (21) 

below. 
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CHAPTER 4: ENERGY AND EXERGY MODEL 

In this chapter, the energy and exergy model will be presented of all the three 

cycles highlighting the assumption and the input parameters used for this study. The 

model has been developed with the help of Engineering Equations Solver (EES) in 

which each model has been solved separately and results were studied and presented in 

a comparison table as presented in Table 7. There are general assumptions for all the 

three assumptions as the system capacity is 50 MW. CIT was considered 32°C and the 

Oxygen and Fuel inlet temperature is 250°C. The generator efficiency is set at 97%, 

turbine efficiency is at 93% and compressors (main and re-compressor) are set at 93%. 

The cycle highest pressure is considered is considered at 250 bar and its lower pressure 

is considered at 73.5 bar.  

hereby are the formulas used to calculate produced heat from the combustion 

process (𝑸𝑶𝑪) as presented below in Equations (2) and (3).  

𝑸𝑶𝑪 = [𝒎𝑪𝑶𝟐 (𝑹𝒆𝒄𝒚𝒄𝒌𝒆𝒅) (𝒉𝟏 − 𝒉𝟑)] + [𝒎𝒇 𝑳𝑯𝑽𝒇]      (2) 

𝑪𝑯𝟒 +  𝑪𝑶𝟐 (𝑹𝒆𝒄𝒚𝒄𝒍𝒆𝒅) +  𝟐𝑶𝟐                        𝟐𝑪𝑶𝟐 + 𝟐𝑯𝟐𝑶     (3) 

Equation (3) represents the relationship between the recycled and generated 

𝐂𝐎𝟐 in which both (along with water vapors) are expanded in the turbine as explained 

in the following sub-section. Equation (4) highlights that the generated 𝐂𝐎𝟐 gets 

exported at state 7 (after the main compression) for further commercial applications. 

𝑪𝑶𝟐 (𝑹𝒆𝒄𝒚𝒄𝒍𝒆𝒅) +  𝑪𝑶𝟐 (𝑮𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅)  = 𝟐𝑪𝑶𝟐 (𝑶𝒗𝒆𝒓𝒂𝒍𝒍)              (4.1) 

𝑪𝑶𝟐 (𝑮𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅) =  𝑪𝑶𝟐 (𝑬𝒙𝒑𝒐𝒓𝒕𝒆𝒅)                 (4.2) 

The work of the turbine is calculated using Equations (5) and (7) as shown 

below: 

𝑾𝒕 =  
𝑾𝒆

𝒏𝒈
+  𝑾𝑪          (5) 
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𝑾𝑪 =  𝑾𝑴𝒂𝒊𝒏 𝑪𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓 +  𝑾𝑹𝒆𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓      (6) 

𝑾𝒕 =  𝒏𝒕[𝒎𝑪𝑶𝟐(𝒉𝟏 − 𝒉𝟐)]         (7) 

Where 𝑾𝒆 represents the total targeted electrical power, which is 50 MW in this 

thesis, 𝑾𝒄 presents the work consumed by the compressors and 𝒏𝒕 is the isentropic 

efficiency of the turbine. The isentropic efficiency of the turbine (𝒏𝒕) is calculated using 

the below equation. 

𝒏𝒕 =  
( 𝒉𝟏 − 𝒉𝟐𝒂 )

( 𝒉𝟏 − 𝒉𝟐𝒔 )
           (8) 

The characteristic equations used to determine the heat gain/loss (𝑸𝒉𝒕𝒓 & 𝑸𝒍𝒕𝒓) 

for the High Temperature Recuperator (HTR) and Low Temperature Recuperator 

(LTR) respectively are as follow: 

𝑸𝒉𝒕𝒓 =  𝒎𝒄𝒐𝟐 (𝑶𝒗𝒆𝒓𝒂𝒍𝒍) 𝒙 𝑪𝑷𝒉𝒕𝒓,𝒉 (𝑻𝟐 −  𝑻𝟑)                   (9) 

𝑸𝒉𝒕𝒓 =  𝒎𝑪𝒐𝟐 (𝑹𝒆𝒄𝒚𝒄𝒍𝒆𝒅) 𝒙 𝑪𝑷𝒉𝒕𝒓,𝒄 (𝑻𝟏𝟏 −  𝑻𝟏𝟎)               (10) 

𝑸𝒍𝒕𝒓 =  𝒎𝒄𝒐𝟐 (𝑶𝒗𝒆𝒓𝒂𝒍𝒍) 𝒙 𝑪𝑷𝒉𝒕𝒓,𝒉 (𝑻𝟑 −  𝑻𝟒)                 (11) 

𝑸𝒍𝒕𝒓 =  𝒎𝑪𝒐𝟐 (𝑹𝒆𝒄𝒚𝒄𝒍𝒆𝒅) 𝒙 𝑪𝑷𝒉𝒕𝒓,𝒄 (𝑻𝟏𝟎 − 𝑻𝟏𝟏)                (12) 

 The specific heat (CP) is a constant value depending on the recuperator’s  

design and materials which might varies from the hot and the cold side. Those 

recuperators plays an important role to recovering the expanded high-temperature 

Carbon Dioxide heat as a pre-heat to the recycled Carbon Dioxide and raise its 

temperature as a preparation to the combustion phase. The recuperators (HTR & 

LTR) thermal effectiveness (Ƹ𝒉𝒕𝒓 & Ƹ𝒍𝒕𝒓) are calculated using the below equations 

with reference to the minimum value of Heat Capacity Rate (𝑪𝒎𝒊𝒏) as follow: 

Ƹ𝒉𝒕𝒓 =  
𝑸𝒉𝒕𝒓

𝑪𝒎𝒊𝒏,𝒉𝒕𝒓 (𝑻𝟐−𝑻𝟏𝟎)
                     (13) 

𝑪𝒎𝒊𝒏,𝒉𝒕𝒓 = 𝑴𝒊𝒏 (𝑪𝒉𝒕𝒓,𝒉 , 𝑪𝒉𝒕𝒓,𝒄)                  (14) 

𝑪𝒉𝒕𝒓,𝒉 =  𝒎𝑪𝑶𝟐 ∗ (𝑶𝒗𝒆𝒓𝒂𝒍𝒍) 𝒙 𝑪𝑷𝒉𝒕𝒓,𝒉                   (15) 
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𝑪𝒉𝒕𝒓,𝒄 =  𝒎𝑪𝑶𝟐∗(𝑹𝒆𝒄𝒚𝒄𝒍𝒆𝒅) 𝒙 𝑪𝑷𝒉𝒕𝒓,𝒄                    (16) 

Ƹ𝒍𝒕𝒓 =  
𝑸𝒍𝒕𝒓

𝑪𝒎𝒊𝒏,𝒍𝒕𝒓 (𝑻𝟑−𝑻𝟕)
                     (17) 

𝑪𝒎𝒊𝒏,𝒍𝒕𝒓 = 𝑴𝒊𝒏 (𝑪𝒍𝒕𝒓,𝒉 , 𝑪𝒍𝒕𝒓,𝒄)                  (18) 

𝑪𝒍𝒕𝒓,𝒉 =  𝒎𝑪𝑶𝟐 (𝑶𝒗𝒆𝒓𝒂𝒍𝒍) 𝒙 𝑪𝑷𝒍𝒕𝒓,𝒉                        (19) 

𝑪𝒍𝒕𝒓,𝒄 =  𝒎𝑪𝑶𝟐 (𝑹𝒆𝒄𝒚𝒄𝒍𝒆𝒅) 𝒙 𝑪𝑷𝒍𝒕𝒓,𝒄                  (20) 

Since this produced potable water and newly produced 𝐂𝐎𝟐 is related amount 

of fuel being burned at the oxy combustor, the following formulas is used to calculate 

the mass flow as follow: 

𝒎𝑪𝑶𝟐 (𝑮𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅) = 𝟐. 𝟕𝟓 𝒎𝒇𝒖𝒆𝒍                   (21) 

𝒎𝒘𝒂𝒕𝒆𝒓 𝒗𝒂𝒑𝒐𝒓 = 𝟐. 𝟐𝟓 𝒎𝒇𝒖𝒆𝒍                    (22) 

𝒎𝑶𝒙𝒚𝒈𝒆𝒏 (𝑶𝟐) = 𝟒 𝒎𝒇𝒖𝒆𝒍                    (23) 

The work of the Main Compressor and Re-compressor is calculated using the 

below equation: 

𝑾𝑴𝒂𝒊𝒏 𝑪𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓 =  
𝒎𝟔 (𝒉𝟕− 𝒉𝟔)

𝒏 𝒎𝒂𝒊𝒏 𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓
                  (24) 

𝑾𝑹𝒆𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓 =  
𝒎𝟕 (𝒉𝟗− 𝒉𝟖) 

𝒏𝑹𝒆𝒄𝒐𝒎𝒑𝒓𝒆𝒔𝒔𝒐𝒓
                  (25) 

4.1 CONF1 sCO2 Power Cycle Energy and Exergy Model 

This cycle solely depends on the oxy combustor to meet its thermal 

requirements of heating the 𝐬𝐂𝐎𝟐 to its critical region. Its energy and exergy model of 

this cycle (Figure 36) was developed and solved with the help of EES. There are some 

inputs fed to the model to facilitate the simulation as the Turbine Inlet Temperature was 

estimated to be 619°C and the Turbine Inlet Pressure at 250 bar. The work of the turbine 

was calculated using Equation (7) and (8) was used to calculate the turbine isentropic 

efficiency. The system’s power capacity was calculated via Equation (5) to ensure the 

achievement of the power capacity of 50 MW. 
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CIT  was considered to be equals to 32°C. the work of the compressors were 

calculated via Equations (6), (24) and (25). As this cycle solely depends on the oxy 

combustor, the recycled 𝐬𝐂𝐎𝟐 flowrate is considered to be 550 kg/s and fuel (Methane) 

flow rate of 3.146 kg/s which are slightly higher than CONF2 and CONF3 models as it 

will be presented. Equations (2), (3) and (4) were used to govern the relationship 

between the recycled and generated 𝐬𝐂𝐎𝟐. The mass flowrates of fuel, 𝐬𝐂𝐎𝟐 (𝐆𝐞𝐧𝐞𝐫𝐚𝐭𝐞𝐝), 

oxygen, and water vapors were calculated via Equations (21), (22) and (23). HTR and 

LTR recuperators heat capacity and thermal effectiveness were calculated via 

Equations (13), (14), (15), (16), (17), (18), (19) and (20). The heat transfer in between 

the recuperators were calculated using the set  of Equations (9), (10), (11) and (12). 

4.2 CONF2 sCO2 Power Cycle Energy and Exergy Model 

 This cycle is operated via the thermal heat collected by CSP in order to heat 

the 𝐂𝐎𝟐 to beyond its supercritical state (Supercritical 𝐬𝐂𝐎𝟐). As the CSP is not the 

main focus of this thesis, no detailed CSP design model will be presented in this 

chapter, however, the CSP will be considered as a source of heating that heats the 

𝐬𝐂𝐎𝟐 as a preparation to turbine the turbine. The work generated by the turbine is 

calculated using Equation (7) whereas the turbine isentropic efficiency is calculated 

using Equation (8). The system’s power capacity is calculated using Equation (5) to 

ensure the generated net power is 50 MW.  

CSP-PT general model input parameters are ambient temperature of 35°C, 

another assumption made is the Receiver Outlet Temperature equals the Turbine Inlet 

Temperature which is considered to be 705°C the heat 𝐬𝐂𝐎𝟐 in order to run the 

turbine. Heliostat efficiency of 73%, heliostat area of 610 𝒌𝒎𝟐 and receiver effectives 

of 85% were recorded. SAM and Solar Polit were used for to validate the CSP 

parameters. Equations (6), (24) and (25) were used to calculate the compressors works 
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the relationship between the work of both compressors. Equations (13), (14), (15), 

(16), (17), (18), (19) and (20) are used to calculate the HTR and LTR thermal 

effectiveness heat capacity with the use the 𝐬𝐂𝐎𝟐 mass flow rate. Equations (9), (10), 

(11) and (12) were used to calculate the thermal heat transfer within the recuperators. 

4.3 CONF3 sCO2 Power Cycle Energy and Exergy Model 

 This is the hybrid model where the 𝐬𝐂𝐎𝟐 power cycle depends on the 

CSP and the oxy combustor where the CSP works as preheater to the combustor. The 

introduction of the CSP in this cycle contribute to drastically reduce the cycle 

consumption of Oxygen and Fuel in Comparison to CONF1 model as it will be shown. 

On the other hand, this integrated model (with the presence of the oxy combustor) will 

solve the CONF2 𝐬𝐂𝐎𝟐 power cycle inconsistency problem due to it dependency on 

solar power without thermal storage in addition to enhancing the cycle efficiency. 

CONF3 inputs parameters defied the receiver outlet temperature is 950°C in which it 

leaves the oxy combustor after heating at a temperature of 1100°C (TIT). Equation (1) 

was used to calculate the heat delivered by the oxy combustor. 

Equations (2), (3) and (4) were used to govern the relationship between the 

recycled and generated 𝐬𝐂𝐎𝟐, using this model, the recycled 𝐬𝐂𝐎𝟐 flowrate was found 

to be equals to 437 kg/s.  

Equation (7) were used to calculate the work generated by the turbine where the 

isentropic efficiency of the turbine was calculated using Equation (8). On the other 

hand, Equation (5) is used to calculate the net generated power of the system 

considering the generator efficiency which was used to verify the achievement of 

50MW of power capacity. The heat transfer within the HTR and LTR was calculated 

using Equations (9), (10), (11) and (12) whereas their thermal effectiveness was 

calculated using Equations (13), (14), (15), (16), (17), (18), (19) and (20). The work of 
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both compressors was calculated using Equations (24) and (25) and Equation (6) is used 

to govern the relationship in between the work consumed by both compressors which 

is finally captured in Equation (5).  

Equations (21), (22) and (23) are to calculate mass flowrate of 𝐬𝐂𝐎𝟐 (𝐆𝐞𝐧𝐞𝐫𝐚𝐭𝐞𝐝), 

water vapor and oxygen (respectively) in terms of fuel flowrate which is found to be 

equal to  

 2.54 kg/s. This proves that this cycle consumes less fuels in comparison to the CONF1 

cycle configuration as shown in the comparison presented in chapter 5 below. 
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CHAPTER 5: RESULTS AND DISCUSSION 

In this chapter, the  of the energy and exergy analysis is presented and compared 

between with other investigated cycle configuration in addition verification and 

verification of the result obtained as categorized in the below sections.  

5.1 Validation and Verification 

Model verification and validation are performed by comparing the results of 

models of CONF 1 and 2 with similar power cycles available in literature. Since the 

model of the first configuration (CONF1) is close to Allam cycle, the major operating 

conditions were adjusted to be the same as [88] with same electrical output power. The 

calculated results were compared to those reported in [88] as shown in Table 5. A 

maximum error was found of -3.8% in the turbine outlet temperature. This is attributed 

to the slight difference in the composition of the exhaust flow from the combustor 

between the present study and Scaccabarozzi et al. [88] . At the same time, the error in 

the electric efficiency is only about 1%. Table 5 below illustrates the difference between 

the results obtained from CONF1 and the results published by the author [88]. 

 

Table 5. CONF1 results compared to the published model by Scaccabarozzi [88] 

Items Ref. [88] CONF1 Error (%) 

Thermal energy of the fuel, LHV (MWth) 768.31 775.20 -0.89 

Turbine output power,  W ̇_HPT (MW) 622.42 637.20 -2.37 

Recycle flow compression, (MW) 111.15 112.86 -1.54 

NG compressor consumption, (MW) 4.18 4.32 -3.35 

Turbine outlet temperature, T2 (°C) 741.20 769.60 -3.8 

Recycle flow final temperature, T11 (°C) 721.20 734.80 -1.89 

Total recycle flow rate (with oxygen), 𝒎̇𝟏 (kg/s) 1353.90 1353.50 0.03 

Thermal efficiency of the cycle, (%) 54.58 54.09 0.90 

ASU penalty, (MW) 85.54 83.86 1.90 

Turbine inlet flow rate, 𝒎̇𝟏,   𝑪𝒐𝟐 (kg/s) 1271.00 1268.00 0.24 
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Model of CONF2 is compared to the investigated by Yang et al. [89] for the 

same operating conditions as shown in Table 6. The maximum error of 1.09% in the 

temperature at the turbine inlet is due to the differences in the thermodynamic properties 

of the heat transfer fluids. However, the temperatures at the receiver outlet of both fluids 

are close. This is explained by that they received power from the receiver surface (𝑸𝒓𝒆𝒄, 

𝐬𝐂𝐎𝟐) is almost the same. 

 

Table 6. CONF2 results compared to the results works published by Yang et al. [89] 

Items Ref. [89]  CONF2 Error (%) 

Turbine inlet pressure, 𝑷𝟏 (bar) 230 230 Input  

Compressor inlet pressure, 𝑷𝟔 (°C) 73.50 73.50 Input  

Compressor inlet temperature, 𝑻𝟔 (°C) 32.00 32.00 Input  

Turbine isentropic efficiency, 𝜼𝒕 (%) 93 93 Input  

Compressor isentropic efficiency, 𝜼𝒄 (%) 89 89 Input  

Receiver thermal power, 𝑸𝒓𝒆𝒄, 𝒔𝑪𝑶𝟐
  (MWth) 330.00 327.17 0.85 

Thermal efficiency of the cycle,  40.40 40.75 -0.86 

Turbine inlet temperature, 𝑻𝟏 (°C) 550.00 556.00 1.09 

 

5.2 Discussion   

The results presented below includes the results of the energy and exergy and 

discussion driven from the analysis results of all the 3 three models. Those results are 

plotted in graphically format for easier presentation and comparison across important 

variations as it presented in coming plots. Furthermore, the impact of the integrated 

CSP system has been assessed and  its impact on the fuel and oxygen consumption 

powering the combustion process has been presented. In addition, all states main 

components and its power requirement (like pumps and compressors works as an 

example) are presented in this section.  

It was resulted that higher the maximum pressure in the 𝐬𝐂𝐎𝟐 power cycle 

(Turbine Inlet Pressure - TIP), the higher the thermal efficiency of the cycle with a 

maximum of 46% of thermal efficiency when the TIP is 300 bar considering CONF3 
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𝐬𝐂𝐎𝟐 power cycle. It was also noted that CONF2 and CONF3 power cycles have almost 

the same thermal efficiency (37%) with the Turbine Inlet Pressure is 200 bar and as the 

pressure increases the CONF3 power cycle thermal cycles increases as it reaches a 

maximum of 46% at 300 bar. Figure 49 below presents the relationship between the 

thermal efficiency and the maximum pressure across all the three investigated 𝐬𝐂𝐎𝟐 

cycle’s configuration. 

 

 

Figure 48. Thermal efficiency vs. maximum cycle’s pressure. 

 

 The effect of the cycle’s maximum pressure in the exergy efficiency of the cycle 

has been investigated. It was resulted that CONF3 cycle has the highest exergy 

efficiency in comparison to other investigated cycle configurations with an efficiency 

of 83.3% at a maximum pressure of 200 bar. It was noted that the exergy efficiency 

decreases by the increment of the cycle maximum pressure. This is due to the energy 
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losses that increases by the increment of high pressure. However, it is worth mentioning 

that the negative slope in the CONF1 and CONF3 cycle configurations is minimum, 

whereas in CONF2 cycle configuration exergy efficiency is badly affected by the 

increase of the maximum cycle’s pressure. In other words, to maintain the exergy 

efficiency at its maximum, the cycle’s highest pressure shall be reduced to the minimum 

although this will affect the thermal efficiency of the cycle, accordingly a 

compromising maximum cycle’s pressure to be defined to consider the cycle’s 

maximum thermal and exergy efficiencies. Figure 49 reflects the relationship between 

the cycle’s maximum pressure (TIP) and its exergy efficiency. 

 

 

Figure 49. Exergy efficiency vs. maximum cycle's pressure 

 

The effect of the minimum cycle’s temperature on the thermal and exergy 

efficiencies has been investigated across all three investigated 𝐬𝐂𝐎𝟐 power cycle 

configurations. It was found that the thermal efficiency decreases when the cycle’s 

minimum temperature increases and this confirms the positive impact of the 
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intercooling cycle configurations as the 𝐬𝐂𝐎𝟐 gets compressed with the lowest cycle’s 

temperature which results in minimizing the load on the compressor. Furthermore, it 

was resulted that introduction of the oxy combustor (in CONF3 and CONF1) helped 

the power cycles to slightly reduce the effect of the minimum cycle’s temperature on 

in the thermal as presented in Figure 50. 

 

 

Figure 50. Thermal efficiency vs. minimum cycle's temperature (°C) 

 

Figure 51 represents the relationship between the minimum cycle’s temperature 

and the cycle’s exergy efficiency. It was resulted that the cooler cycle’s temperature 

achieves the highest cycle’s efficiency. CONF3 cycle configuration was found to 

achieve the highest exergy efficiency in the same minimum cycle’s temperature in 

comparison to CONF1 and CONF2 cycle configurations. CONF3 achieved exergy 

efficiency of 83.24% at temperature of 32°C (before the Main Compressor). 
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Figures 50 and 51 represents the relationship between the cycle’s minimum 

temperature and its affect to the thermal and exergy efficiencies of the cycles and 

accordingly the systems shall be designed in an optimum minimum temperature 

considering the thermal and exergy efficiencies, cooling loads, compressors optimum 

compression temperature, waster separator design and exported 𝐬𝐂𝐎𝟐. 

 

 

Figure 51. Exergy efficiency vs. minimum cycle's temperature (°C) 

 

 As it was found in the literature review that the recuperators play an important 

role to the efficiency of 𝐬𝐂𝐎𝟐 power cycles, an investigation in the intermediate 

pressure (HTR and LTR) and its impact on the thermal and exergy efficiencies of the 

cycles, it was noted that the higher the intermediate pressure, the thermal efficiency of 

the cycle is positively impacted. The highest impact was  observed  at CONF1 and 

CONF2 cycle configuration in the which the increment of the intermediate pressure 

from 85 to 110 bar will results in increase of the thermal efficiency of CONF1 and 
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CONF2 from 34% to almost 39% (an increase of 5%). On the other hand, the higher 

the intermediate cycle pressure have a minimum impact to the cycle’s thermal 

efficiency. To keep it in prospective, the increase of the intermediate pressure from 85 

to 110 bar, the thermal efficiency of the cycle increases from 41.7% to 42.7% 

(enhancement of   ̴ 1%). Figure 53 presents the relationship between the intermediate 

cycle pressure and  thermal efficiency across the range between 85 to 110 bar. 

 

 

Figure 52. Thermal efficiency vs. intermediate cycle’s pressure 

 

 On the other hand, an analysis was conducted on the effect of the intermediate 

cycle’s pressure and its impact on the exergy efficiency of each cycle configuration. 

In general, it was noted in CONF1 and CONF3 𝐬𝐂𝐎𝟐 cycle configurations that the 

higher the intermediate cycle pressure, the higher is the exergy efficiency is achieved, 

however it is negative relationship when it comes to CONF2 𝐬𝐂𝐎𝟐 cycle 

configuration (Figure 53). 
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In CONF1 𝐬𝐂𝐎𝟐 cycle configuration, the pressurization of the intermediate 

cycle pressure from 85 to 96 bar didn’t have any impact on the cycle efficiency 

(constant exergy efficiency at 77.1% ), however, a drastic increase was noticed in the 

exergy efficiency when the intermediate cycle pressure increases beyond the 96 bar to 

99 bar in which the exergy efficiency increases from 77.1% to 78.3% and then stays 

constant regardless of the increases of the intermediate cycle pressure up to 110 bar.  

In CONF2 𝐬𝐂𝐎𝟐 cycle configuration, it was noted that the exergy efficiency 

continuously decreases when the intermediate cycle pressure increases (negative 

slope). It was recorded that when the cycle’s intermediate pressure is at 85 bar, the 

recorded exergy efficiency is almost 78.8%. However, by the increases of the 

intermediate cycle pressure it was noted that the exergy efficiency decreases until it 

reaches 77.7% when the intermediate pressure is considered at 110 bar. This cycle has 

similar relationship to the one presented in Figure 49 which represents the relationship 

between the exergy efficiency and maximum cycle pressure.  

In CONF3 𝐬𝐂𝐎𝟐 cycle configuration, a slight constant increase was noticed in 

the exergy efficiency of the cycle by the increment of the cycle’s intermediate 

pressure. At an intermediate cycle’s pressure, the exergy efficiency found equals to 

81.8%. However, it was noticed that by the increase of the cycle’s intermediate 

pressure, it the cycle’s exergy efficiency increases too which reaches to an efficiency 

of 82.3% at 110 bar of cycle’s intermediate pressure. Figure 53 illustrates the 

relationship between the intermediate pressure and the cycle’s exergy efficiency. 
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Figure 53. Exergy efficiency vs. intermediate cycle pressure 
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its impact on the thermal and exergy efficiency of the 𝐬𝐂𝐎𝟐 power cycles.  

 It was observed that the increase of the solar radiation contributes to the increase 

thermal efficiency of the CONF2 and CONF3 𝐬𝐂𝐎𝟐 cycle configurations (Figure 55). 

In other words, it is a positive relationship between the solar radiation and thermal 

efficiency of the cycle. This is an expected behavior as the solar radiation adds thermal 

load to the investigated cycle which will contribute to the enhancement of the cycle’s 

efficiency. As CONF3 is integrated with an oxy combustor, its thermal efficiency is 

slightly higher than CONF2 cycle which at 400 W/𝒎𝟐 of solar radiation, CONF2 
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40.25% of thermal efficiency and CONF3 achieves 48.75% of thermal efficiency at a 

solar radiation of 800 W/𝒎𝟐. On the other hand, the relationship between the solar 

radiation and its effect on the exergy efficiency of 𝐬𝐂𝐎𝟐 power cycle configurations. It 

noted that the exergy efficiency decreases by the increases of the solar radiation at the 

CSP system. it was noted that when the solar radiation is at 400 W/𝒎𝟐 (at the 

minimum), the exergy efficiency of CONF2 is at 83.31% and CONF3 is at 84.3%. 

However, when the solar radiation increases to 800 W/𝒎𝟐, the exergy efficiency was 

noticed to be negatively impacted where the exergy efficiency of CONF2 is 78.65% 

and CONF3 is 83.39%. Figure 55 illustrates the relationship between the cycle’s exergy 

efficiency and solar radiation. 

 

 

 

Figure 54. Thermal efficiency vs. solar radiation 
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Figure 55. Exergy efficiency vs. solar radiation 

 

Note: CONF1 is excluded from this comparison analysis (Figures 54 and 55) as 

it solely depends on the oxy combustor and doesn’t dependent  on CSP-PT Solar 

technology like CONF2 and CONF3. 

From the above analysis, it is clear that the CONF3 model is most efficient cycle 

configuration among the investigated cycles. Furthermore, its flexibility in managing 

the thermal heat collected via the CSP without the need of thermal storage was found 

to be promising and with relatively simpler design. The CSP plays a crucial role in 

enhancing the thermal efficiency of the cycle. Figure  56 presents the relationship 

between the thermal/exergy efficiency and the CSP outlet temperature.   
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Figure 56. CONF3 thermal and exergy efficiency vs. CSP outlet temperature 

 

Further to the above analysis of the thermal and exergy efficiencies, the effect 

of receiver temperature and how the intensity of the solar radiation will affect the 

receiver temperature at the CSP system are investigated. In CONF2  cycle configuration 

the heat gained at the CSP power tower heats the 𝐬𝐂𝐎𝟐 within the cycle which is sent 

directly to the turbine for the expansion process. Accordingly defining the optimum 

receiver temperature in CONF2 cycle configuration directly depends on the optimum 

turbine inlet temperature. On the other hand, in CONF3 cycle configuration, the 

receiver temperature is used to heat the 𝐬𝐂𝐎𝟐 (as a pre-heater) in which it will be sent 

to the oxy combustor for further heating as a preparation to the expansion process. The 

heat gained at the receiver will positively contribute to the cycle efficiency and reduce 

its fuels consumption as presented in Table 5 below (in comparison to CONF1 cycle). 
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Figure 57. Reciever temperature vs. solar radiation 

 

In CONF3 cycles configurations and in relation to the above Figures, it was 
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lower cycle dependency on fuel and Oxygen to heat up the 𝐬𝐂𝐎𝟐 at the desired TIT at 

the oxy combustor and accordingly the amount of newly generated 𝐬𝐂𝐎𝟐 is shrinking 

too as a result of lesser burning of fuel and oxygen at the oxy combustor. Figure 58 

below represents the variations of fuel and oxygen consumption in addition to the 

generated 𝐂𝐎𝟐.  
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Figure 58. CONF3 fuel and oxygen consumption and 𝐬𝐂𝐎𝟐 generation flowrate 

 

Following the above analysis, it was noted that CONF3 is has a better 

potential, higher efficiencies, lower fuel/oxygen dependency in addition of the by-

production potable water and CO2 for further export (unlike CONF2 for example). As 

a part of the detailed comparison across the investigated configurations, Table 7 

below presents cycle’s configuration state physical condition for the sake of 

comparison, validation, and assessment. 

 

Table 7. Comparison between 𝐬𝐂𝐎𝟐 cycle configurations 

 

Category 

CONF1 CONF2 CONF3 

T 

(°C) 

P 

(bar) 

𝐄  

(𝐬𝐂𝐎𝟐) 

T 

(°C) 

P 

(bar) 

𝐄  

(𝐬𝐂𝐎𝟐) 

T 

(°C) 

P 

(bar) 

𝐄  

(𝐬𝐂𝐎𝟐) 

1 619 250 360062 705 250 325154 1125 250 292400 

2 (𝑻𝟐𝒂) 470.3 73.5 252858 545.5 73.5 230256 890.4 73.5 215493 

2 (𝑻𝟐𝒔) 459.1 73.5 252858 533.5 73.5 230256 874.6 73.5 215493 

4 267 73.5 182009 293.1 73.5 153108 435.5 73.5 111624 

6 32 73.5 144178 32 73.5 116463 32 73.5 67359 

7 (𝑻𝟕𝒂) 80.76 135.6 167047 80.76 135.6 134936 80.76 135.6 78043 

7 (𝑻𝟕𝒔) 75.39 135.6 167047 75.39 135.6 134936 75.39 135.6 78043 

8 32 135.6 161987 32 250 132976 32 135.6 75680 

0

2

4

6

8

10

12

14

16

18

20

350 400 450 500 550 600

F
lo

w
ra

te
, 

k
g
/s

CSP Outlet Temperature, °C

CONF3 Fuel and Oxygen Consumption and sCO2

generation flowrates

Fuel (CH4) Consumption Generated CO2 O2 Consumption



  

96 

 

Category 

CONF1 CONF2 CONF3 

T 

(°C) 

P 

(bar) 

𝐄  

(𝐬𝐂𝐎𝟐) 

T 

(°C) 

P 

(bar) 

𝐄  

(𝐬𝐂𝐎𝟐) 

T 

(°C) 

P 

(bar) 

𝐄  

(𝐬𝐂𝐎𝟐) 

9 (𝑻𝟗𝒂) 80.89 250 184429 80.89 80.89 151399 80.89 250 86164 

9 (𝑻𝟗𝒔) 75.51 250 184429 75.51 75.51 151399 75.51 250 86164 

11 420.3 250 0 495.5 250 245848 840.4 250 218105 

14 250 250 0 350 250 0 250 250 2530 

16 250 250 0 350 250 0 250 250 1656 

TIT 620.3 °C 658 °C 1125 °C 

𝑾𝒇𝒖𝒆𝒍 1978 KW 0 KW 953.7 KW 

𝑾𝒐𝟐  2900 KW 0 KW 1398 KW 

𝑾𝑴𝑪 25315 KW 20449 KW 11827 KW 

𝑾𝑹𝑪 24866 KW 20413 KW 11617 KW 

𝑾𝒕𝒖𝒓𝒃𝒊𝒏𝒆 106605 KW 92408 KW 77343 KW 

Net Power 51546 KW 51546 KW 51547 KW 

𝒎 ׄׄ 𝒇𝒖𝒆𝒍 3.411 kg/s 0 kg/s 1.645 kg/s 

𝒎 ׄׄ 𝒐𝒙𝒚𝒈𝒆𝒏 13.64 kg/s 0 kg/s 6.579 kg/s 

𝒎 ׄׄ 𝑾𝑽 7.752 kg/s 0 kg/s 3.621 kg/s 

𝒎 ׄׄ 𝑪𝑶𝟐 𝑬𝒙𝒑𝒐𝒓𝒕 9.6 kg/s 0 kg/s 4.5 kg/s 

𝒎 ׄׄ 𝑪𝑶𝟐 𝑶𝒗𝒆𝒓𝒂𝒍𝒍 596.3 kg/s 481.7 kg/s 278.6 kg/s 

Ƹ𝒕𝒉𝒆𝒓𝒎𝒂𝒍 35.3 % 38.9 % 42.4 % 

Ƹ𝑶𝒗𝒆𝒓𝒂𝒍𝒍 78.7% 79.1 % 82.77 % 
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CHAPTER 6: CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK 

6.1 Conclusions and recommendations 

Three different sCO2 cycle configurations integrated with CSP and oxy combustor were 

investigated, and energy and exergy analyses were performed. The first investigated 

cycle (CONF1) was solely depending on the oxy combustor to heat the sCO2 to its 

supercritical region and turn the turbine blades (Figure 43). The secondly investigated 

cycle (CONF2) solely depends on the CSP-PT to heat the sCO2 to its supercritical 

region and run the turbine blades (Figure 46). The third cycle investigated in an 

integration of the mentioned above cycles where this cycle (CONF3) has the CSP-PT 

function as a pre-heater where the sCO2 is heated further in the oxy combustor as a 

preparation for further expansion process in the turbine (Figure 47).  

The utilization of sCO2 as working fluid contribute to the world’s effort (led by 

the UN Paris Agreement Framework) in reducing the carbon emissions by utilizing the 

sCO2 as a working fluid to run the turbine. Furthermore, the newly generated sCO2 from 

the combustion is being captured and exported for further industrial use such as working 

fluid for pumping and manufactured products. 

CONF3 cycle configuration resulted in a very promising results whereas the 

combination of the CSP-PT and the oxy combustor improved the cycle’s thermal and 

exergy efficiency as presented in the above results. The proposed cycle is a hybrid 

cycle, which overcomes the problem of the power intermediacy of the renewable energy 

without badly effecting the project’s investment cost by integrating a storage facility 

(thermal or batteries storages), which will turn the project  into a complex cycle. At TIP 

of 250 bar, the cycle achieved an exergy efficiency of 82.7% and thermal efficiency of 

42.4%. As this cycle configuration depends on the solar power to preheat the sCO2 

before entering the oxy combustor. The impact of the solar power was measured in 
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terms of thermal and exergy efficiency of the proposed CONF3 cycle. At receiver 

temperature (𝑇𝑏) of 700°C, the cycle achieved thermal efficiency of 43.38% and exergy 

efficiency of 82.36%. The receiver temperature of 700°C is achieved with a solar 

radiation of 651.8 W/𝑚2. This system was found to be reliable and efficient as the 

system will instantly function according to the available thermal solar power (via CSP-

PT) and the oxygen/fuel consumption will vary accordingly. The main conclusions are: 

1- CONF3 cycle configuration was found to be the most efficient cycle where it 

achieved thermal efficiency of 42.4% (whereas CONF1 achieved 35.4% and 

CONF2 achieved 38.97%) and exergy efficiency of 82.77% (whereas CONF1 

achieved 78.73% and CONF2 achieved 79.08%). 

2- This cycle configuration overcome the intermediacy and the inconsistency of 

the CSP (and renewables in general) without batteries or thermal storages. 

3- By-product of this cycle is potable water which contributes to communities 

suffering from water scarcity or isolated/remote locations from potable water 

sources [8]. Furthermore, another by-product of the cycle is the sCO2 which is 

exported from the cycle for further applications.  

4- The combination of CSP and oxy combustor reduces the cycle dependency  on 

fuel and oxygen and subsequently believed to reduces the LCOE too. 

5- This proposed cycle configuration has a potential to be easily integrated with 

other energy sources like waste heat and geothermal when available. 

Based on the obtained results, the novel CONF3 cycle configuration was found 

promising with high potential to contribute to the reduction of CO2 emissions by 

utilizing renewable energy technologies without storage facility. It is believed that this 

proposed cycle configuration will bridge the current technological gap to the full 

transformation into renewables.  
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6.2 Future work 

As this study is still on development stage, the following areas are highlighted 

for future work, researches, and potential improvements: 

o Investigation to be conducted on the reason behind the sudden increase 

in the exergy efficiency of the CONF1 cycle in between 96 – 98 bars of 

intermediate pressure. If this increase in the exergy efficiency can be 

expedited, it will have a positive impact on the overall efficiency (Figure 

53). 

o LOCE can be calculated for all the 3 investigated configurations and 

compared to the existing conventional power generation technologies 

LOCE.  

o A pilot project can be funded and built for the experimental analysis. 

o Investigation of alternative cycle configurations that could contribute to 

the enhancement of the cycle thermal and exergy efficiency, while 

reducing the fuel and oxygen consumption. 

o ASU can be investigated for further improvement as the current ASU 

technology is very energy intensive process which consumes around 5 

– 10% of the cycle’s consumed power. 

o Further improvements on the CSP-PT technology to reach a receiver 

temperature of around 1000°C to achieve higher efficiencies. 
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APPENDIX 1: NAMENCLATURES 

Symbol Description Units 

sCO2 Supercritical Carbon Dioxide - 

CSP Concentrated Solar Power  - 

CSP-PT Concentrated Solar Power – Power Tower - 

Oxy 

Combustion 

Oxygen dependent Combustion  

HTR High Temperature Recuperator  - 

LTR High Temperature Recuperator  - 

EES Engineering Equations Solver - 

SRC Single Recuperative Cycle - 

DRC Dual Recuperative Cycle - 

MC Main Compressor - 

RC Recompression - 

IC Intercooler - 

PC Pre-Cooler - 

LCOE Levelized Cost Of Electricity - 

RSM Reynolds Stress Model  

DPM Discrete Particle Model  

PSA Plataforma Solar de Almeria - 

SOFC Solid Oxide Fuel Cell - 

PHE Primary Heat Exchanger - 

CSP-PT Concentrated Solar Power – Power Tower - 

ASU Air Separation Unit - 

TIT Turbine Inlet Temperature - 

TIP Turbine Inlet Pressure - 

CIT Compressor Inlet Temperature - 

CPOC Cryogenic Pressurized Oxy Combustion Cycle - 

cp Specific heat 𝑘𝐽

𝑘𝑔
 °𝐶 

C Heat Capacity Rate 𝑘𝑊

°𝐶
 

h Specific Enthalpy 𝑘𝐽

𝑘𝑔
 

LHV Lower Heating Value 𝑘𝐽

𝑘𝑔
 

𝑚. Mass flow rate 𝑘𝑔

𝑠
 

P Pressure kPa 

Q Heat Transfer Rate kW 

S Specific Entropy 𝑘𝐽

𝑘𝑔
 °𝐶 



  

113 

Appendix 1: Nomenclatures, Continued. 

Symbol Description Units 

𝑆𝑟 Split Ratio - 

T Temperature °𝐶 

𝑊 Work kW 

𝑛𝑡ℎ𝑒𝑟𝑚𝑎𝑙  Thermal Efficiency % 

Ƹℎ𝑡𝑟 Thermal effectiveness of the high temperature 

recuperator 

% 

Ƹ𝑙𝑡𝑟 Thermal effectiveness of the low temperature 

recuperator 

% 

𝑊𝑓𝑢𝑒𝑙 Work consumed by the fuel pump KW 

𝑊𝑂2 Work consumed by the oxygen pump KW 

𝑊𝑀𝐶 Work consumed by the Main Compressor KW 

𝑊𝑅𝐶 Work consumed by the Re-Compressor KW 

𝑚 𝑓̀𝑢𝑒𝑙 Mass flowrate of the fuel consumed by the cycle  Kg/s 

𝑚`𝑂𝑥𝑦𝑔𝑒𝑛 Mass flowrate of oxygen consumed by the cycle Kg/s 

𝑚`𝑊𝑉 Mass flowrate of the Water Vapor within the cycle Kg/s 

𝑚`𝐸𝑥𝑝𝑜𝑟𝑡𝑒𝑑 𝐶𝑂2  Mass flowrate of the exported CO2 Kg/s 

 

 

 


