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RIASSUNTO 

L'aumento del riscaldamento globale e delle emissioni di CO2 dovuto al consumo di 

combustibili fossili richiede anche nuove tecnologie per la produzione di energia che 

siano efficienti ed economicamente sostenibili. Aumentare l'efficienza energetica degli 

impianti di conversione di calore in energia elettrica è fondamentale per raggiungere 

l'obiettivo di ridurre l'impronta di carbonio e ridurre il costo dell'elettricità. Un possibile 

modo per produrre energia e raggiungere la sostenibilità è la conversione termodinamica 

della energia solare, ad esempio: in sistemi con collettori parabolici (PTC) oppure in 

impianti a concentrazione con torre centrale (CSP). Altre opportunità sono l'utilizzo del 

calore di scarto dei gas di scarico da processi industriali per produrre ulteriore energia 

elettruca oppure la realizzazione di sistemi combinati per la produzione di calore ed 

energia elettrica. I cicli termodinamici dell'anidride carbonica supercritica (sCO2) per la 

produzione di energia sono una nuova tecnologia allo studio in vari gruppi di ricerca in 

tutto il mondo. L'anidride carbonica è un fluido di lavoro termicamente stabile e non 

infiammabile. I cicli termodinamici che la impiegano in condizioni supercritiche (sCO2) 

hanno tendenzialmente elevate efficienze e, rispetto ai tradizionali cicli Rankine con 

vapore d’acqua, dimensioni ridotte di turbine e di scambiatori di calore. Essendo poi cicli 

termodinamici chiusi,  hanno la capacità di utilizzare differenti sorgenti di calore 

disponibili a temperature massime anche molto variabili. 

Tuttavia, i cicli sCO2 presentano alcuni problemi tecnologici che, tendenzialmente, se 

utilizzati per recuperi di calore comportano elevati costi specifici. Per applicazioni in 

sistemi CSP, un problema termodinamico è la penalizzazione della efficienza del ciclo 

dovuto all'elevata temperatura dell’ambiente, tiopica delle località nelle quali questi tipi 

di impianto sono realizzati. Inoltre, le pressioni di esercizio naturalmente risultano elevate 

(da 200 a 400 bar) e notevole è l’impiego necessario di recuperatori/rigeneratori di grande 

potenza. Per affrontare le sfide di cui sopra, in questa tesi si propongono miscele binarie 

a base di CO2 come fluidi di lavoro per migliorare le prestazioni termodinamiche dei cicli 

con sCO2 per recupero del calore di scarto e da impiegare nelle centrali solari a 

concentrazione. In una prima fase, alcuni dopanti vengono selezionati sulla base della 

loro temperatura critica richiesta, della pressione critica, del peso molecolare, della 

complessità molecolare e della stabilità termica a lungo termine ad alta temperatura. 

Durante la selezione vengono considerati anche gli aspetti ambientali e tossicologici. In 

una seconda fase, le proprietà termodinamiche della miscela binaria selezionata a base di 
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CO2 vengono calcolate utilizzando un'equazione di stato affidabile (EoS). L'accuratezza 

di EoS viene valutata confrontando, quando possibile, le proprietà termodinamiche 

calcolate con i dati sulle proprietà sperimentali disponibili in letteratura. Il principale 

fattore decisivo per selezionare la composizione della miscela adatta è il suo punto critico 

vapore-liquido risultante. Pertanto, è stato sviluppato un programma numerico in grado 

di calcolare tutti i punti critici vapore-liquido di una miscela binaria con ragionevole 

precisione a diversa composizione molare. 

In una terza fase, si sono analizzate le prestazioni termodinamiche delle miscele binarie 

selezionate in cicli termodinamici con differenti configurazioni di impianto. Vengono 

considerate due applicazioni per fonti di calore: recupero del calore residuo ad alta 

temperatura (Tmax = 350℃) e energia solare concentrata (Tmax = 550℃ e 700℃). 

Nell'ambito del recupero di calore ad alta temperatura, la miscela di CO2-R134a [70% 

CO2 molare] nel ciclo di alimentazione transcritico ha mostrato un'efficienza totale 

superiore di 4 punti percentuali rispetto al ciclo di alimentazione con sCO2 (14,3% nel 

caso di CO2-R134a contro 10,8% in caso di CO2) in semplice. L’efficienza risultante 

risulta sensibilmente superiore anche rispetto a configurazioni più complesse per cicli con 

anidride carbonica pura. Questi guadagni in termini di efficienza totale dimostrano il 

potenziale interesse delle miscele quali fluidi di lavoro in cicli termodinamici a base di 

CO2 grazie alla maggiore efficienza totale e al layout del ciclo più semplice (che 

implicano costi di installazione inferiori) rispetto al tradizionale ciclo sCO2. Nel caso dei 

recuperi termici considerati, rispetto a cicli di Rankine organico (ORC), si ottengono 

efficienze comparabili, selezionando opportunamente la composizione finale e il fluido 

dopante. 

Per l'applicazioni CSP, cinque miscele binarie a base di CO2 sono state analizzate e il 

guadagno in efficienza del ciclo è stato indagato con riferimento al ciclo con 

ricompressione di sCO2 e al ciclo semplice di sCO2. L'analisi viene eseguita per una 

temperatura minima del ciclo più elevata (Tmin = 50 °C) per simulare condizioni di 

temperatura ambiente tipicamente disponibili presso i siti degli impianti CSP. Con un 

semplice layout del ciclo di recupero, il fluido di lavoro CO2-TiCl4 [80% CO2 molare] 

mostra un'efficienza del ciclo del 50,7%, che è vicina all'efficienza del ciclo ottimale del 

ciclo di ricompressione sCO2 (cioè 50,8%) alla temperatura massima del ciclo di 700 ℃.  
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Altre tre miscele come CO2-C6F6 [85% CO2 molare], CO2-CF3I [60% CO2 molare] e 

CO2-SO2F2 [40% CO2 molare] comportano anche un non trascurabile guadagno 

nell'efficienza del ciclo rispetto al ciclo semplice di sCO2. Ovvero: 2,7 punti di guadagno 

per la miscela CO2-C6F6; 1,1 punti di guadagno nella miscela di CO2-CF3I e 1,5 punti di 

guadagno nella miscela di CO2-SO2F2 con una temperatura massima del ciclo di 550 ℃. 

Anche l'anidride solforosa (SO2) è anche indagata come dopante per la miscela binaria a 

base di CO2 . Essa è termicamente stabile ad alta temperatura (700 ℃), non infiammabile 

con un potenziale di distruzione dell'ozono stratosferico trascurabile. L'unico 

compromesso nella selezione dell'SO2 è il suo rischio per la salute più elevato che può 

essere risolto nelle centrali elettriche controllando i problemi di perdita. Considerando la 

CO2-SO2 come fluido di lavoro, viene eseguita un'analisi termodinamica dettagliata per 

un blocco di potenza da 100 MW integrato con una torre solare a concentrazione avanzata 

con temperatura massima di ciclo di 700 ℃ e temperatura minima di 51 ℃. L'analisi a 

diversa composizione molare della miscela suggerisce una miscela di CO2 molare all'85% 

come scelta ottimale per una buona efficienza del ciclo indipendentemente dal layout che 

si considera. L'efficienza del ciclo ottenuta mediante ciclo di ricompressione con miscela 

CO2-SO2 [85% CO2 molare] è del 50,8% (2 punti percentuali in più rispetto al ciclo di 

ricompressione sCO2) a Tmax di 700 ℃ e Pmax di 250 bar. Un altro vantaggio degno di nota 

dell'adozione della miscela CO2-SO2 è la riduzione della temperatura all'ingresso del 

riscaldatore primario con aumento della composizione molare di SO2 nella miscela che 

porta a una maggiore differenza di temperatura attraverso il riscaldatore primario, e, 

conseguentemente, una potenziale riduzione delle portate di fluido termovettore nel 

campo solare. Inoltre, il CAPEX specifico ($/kWe) del blocco di potenza si riduce anche 

con l'aumento della composizione molare di SO2 nella miscela, a causa dell'effetto 

collettivo della portata di massa relativamente inferiore del fluido di lavoro nel ciclo, delle 

dimensioni inferiori del riscaldatore primario e dei recuperatori e minor costo di 

pompaggio della miscela rispetto ai cicli di alimentazione sCO2. Nel complesso, i cicli di 

alimentazione transcritici operanti con una miscela di CO2-SO2 risultano essere una scelta 

migliore per le centrali CSP in base ai vantaggi termodinamici ed economici rispetto ai 

cicli di alimentazione a sCO2. 
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ABSTRACT 

The increase in global warming potential and CO2 emissions due to consumption of fossil 

fuels in conventional power plants is demanding new power production technologies 

which are efficient and economically sustainable. Increasing the energy efficiency of heat 

to power conversion plants is paramount to achieve the target of decreasing carbon foot 

print and reduction in cost of electricity. One possible way to produce power and achieve 

sustainability is by harnessing solar energy using advanced solar collectors, for example: 

parabolic trough collectors (PTC) and concentrated solar power (CSP). Another pathway 

of ample potential is utilizing exhaust gas waste heat from industries to produce power or 

to design combined heat and power system with the objective to reduce the environmental 

impact of exhaust gases. 

Supercritical carbon dioxide (sCO2) thermodynamic cycles for power production is a new 

technology under research and development in various research groups around the globe. 

Carbon dioxide is a thermally stable and non-flammable working fluid. The main 

attractive features of supercritical carbon dioxide power cycles are higher cycle 

efficiency, compact size of turbines and heat exchangers compared to conventional steam 

Rankine cycle and their integration capability with different heat sources ranging from 

low to high temperature.  

However, there are some challenges of sCO2 power cycles which includes lower heat 

recovery effectiveness and higher size foot print of cycle layouts which lead to higher 

specific cost when employed for waste heat recovery application. When the same sCO2 

power cycle technology is applied in CSP plant, the main problem arises is the drop in 

cycle efficiency due to high ambient temperature at CSP site making this technology less 

attractive compared to conventional steam Rankine cycle. Third main concern is the 

larger operating pressures (200 to 400 bar) and the need for larger heat transfer areas in 

recuperators since the heat exchange requirement is larger in recuperated cycle layouts.  

To address the abovementioned challenges, this thesis proposed novel CO2-based binary 

mixtures as working fluids to enhance thermodynamic performance of sCO2 power cycles 

in waste heat recovery application and in concentrated solar power plants.  

In a first step, dopants or additives are selected for CO2-based binary mixture on the basis 

of required critical temperature, critical pressure, molecular weight, molecular 
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complexity and long-term thermal stability at high temperature. Other environmental and 

health hazards of additives are also considered during the selection. In a second step, 

thermodynamic properties of selected CO2-based binary mixture are calculated using a 

reliable Equation of State (EoS). The accuracy of EoS is assessed by comparing the 

calculated thermodynamic properties with experimental property data available in the 

literature. The main deciding factor to select suitable mixture composition is the vapor-

liquid critical point of a CO2-based binary mixture. Therefore, a numerical program is 

developed which can compute all vapor-liquid critical points of a binary mixture with 

reasonable accuracy at different mixture molar composition.  

In a third step, the selected CO2-based binary mixtures are utilized as working fluids in 

carbon dioxide power cycles and thermodynamic performance is investigated. Two heat 

source applications are considered: high temperature waste heat recovery (Tmax=350℃) 

and concentrated solar power (Tmax=550℃ and 700℃).  

In the topic of high temperature heat recovery, CO2-R134a [70% molar CO2] mixture in 

transcritical power cycle showed 4 percentage points higher total efficiency compared to 

sCO2 power cycle (14.3% in case of CO2-R134a versus 10.8% in case of CO2) when 

simple cycle layout is considered. Moreover, the total efficiency of transcritical power 

cycle with CO2-R134a [70% molar CO2] mixture and simple cycle layout is also 1.5 

percentage points higher than single flow split dual expansion sCO2 cycle which is a 

complex cycle layout (14.3% versus 12.7%). These gains in total efficiency demonstrate 

promising potential of CO2-based binary mixture working fluids owing to higher total 

efficiency and simpler cycle layout (that imply lower installation cost) compared to sCO2 

power cycle. Compared to organic Rankine cycle (ORC), comparable total efficiency is 

achieved in case of CO2-R134a [70% molar CO2] mixture but with only 30% molar 

R134a in the mixture that means smaller amount of R134a (an expensive fluid) is required 

to achieve the same total efficiency as obtained in ORC with 100% molar R134a as 

working fluid. In comparison to sCO2 cycle and CO2-R134a mixture power cycle, other 

working fluids in ORC like CH3Cl, CH2Cl2, and CH3OH demonstrated highest total 

efficiency (18% to 20%). However, they are flammable working fluids. 

For application in CSP power block, five CO2 based binary mixtures are considered as 

working fluids and the gain in cycle efficiency is studied with reference to sCO2 

recompression cycle and sCO2 simple recuperative cycle. The analysis is performed for 
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higher cycle minimum temperature (Tmin = 50 °C) to simulate higher ambient temperature 

conditions typically available at CSP plant sites. With a simple recuperative cycle layout, 

CO2-TiCl4 [80% molar CO2] working fluid shows cycle efficiency of 50.7%, which is 

close to the optimum cycle efficiency of the sCO2 recompression cycle (i.e. 50.8 percent) 

at cycle maximum temperature of 700℃. Other three mixtures like CO2-C6F6 [85% molar 

CO2], CO2-CF3I [60% molar CO2] and CO2-SO2F2 [40% molar CO2] mixtures also brings 

about gain in cycle efficiency compared to sCO2 simple recuperative cycle, that is 2.7 

points gain in CO2-C6F6 mixture, 1.1 points gain in CO2-CF3I mixture and 1.5 points gain 

in CO2-SO2F2 mixture working fluid for cycle maximum temperature of 550℃. 

Sulphur dioxide (SO2) is also selected as dopant for CO2-based binary mixture since it is 

thermally stable at high temperature (700℃), non-flammable with negligible ozone 

depletion potential. The only compromise in the selection of SO2 is its higher health 

hazard which can be resolved in power plant by controlling leakage problems.  

Considering CO2-SO2 as working fluid, a detailed thermodynamic analysis is carried out 

for a 100 MW power block integrated with advanced concentrated solar power tower with 

cycle maximum temperature of 700 ℃ and minimum temperature of 51℃. Analysis at 

different molar composition of mixture suggests 85% molar CO2 mixture as optimum 

choice owing to higher cycle efficiency irrespective of cycle layout. Cycle efficiency 

obtained by recompression cycle with CO2-SO2 mixture [85% molar CO2] is 50.8% (2 

percentage point higher than sCO2 recompression cycle) at Tmax of 700 ℃ and Pmax of 250 

bar. Another worth noting benefit of adopting CO2-SO2 mixture is the reduction in 

temperature at inlet of the primary heater with increase in molar composition of SO2 in 

the mixture which leads to larger temperature difference across primary heater, as a result, 

lower size of thermal energy storage and solar receiver is required for constant thermal 

power input. Moreover, specific CAPEX ($/kWe) of power block also reduces with 

increase in molar composition of SO2 in the mixture which is due to the collective effect 

of comparatively lower mass flowrate of working fluid in the cycle, lower size of primary 

heater and recuperators and lower pumping cost of the mixture compared to sCO2 power 

cycles. Overall, transcritical power cycles operating with CO2-SO2 mixture turns out to 

be a better choice for CSP power plants based on thermodynamic and economic 

advantages compared to sCO2 power cycles.  
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Chapter 1:      Introduction 

1.1 Background 

The rise in demand of electricity and the global cause to reduce the consumption of fossil 

fuels suggests renewable energy sources as potential solution for power production. 

Among the various renewable energy sources, solar energy is the one which can be 

exploited using different solar concentration technologies. The intermittency of solar 

energy compared to fossil fuel-based energy pose additional challenge of energy storage 

to allow flexible operation of power plant.  

Secondly, the valorization of industrial waste heat by utilizing waste heat for power 

production is also potential way of reducing carbon footprint of the industry and reduction 

of global warming [1]. 

Steam Rankine cycles, a mature technology has been used for decades for power 

production harnessing fossil fuels. Now, this technology is also adopted for power 

production from concentrated solar power and from waste heat recovery. The technology 

is economically feasible for large scale power production (>100 MW) owing to larger 

size and larger number of cycle components; requirement of larger feedwater heaters to 

enhance cycle efficiency and necessity of water purification system. Organic Rankine 

cycle is another power production technology which has been developed for small scale 

power production especially for off grid and remote areas [2]–[4]. However, the 

efficiency of technology is lower therefore it is only feasible economically for power 

production ranging from few kilowatts to maximum of 10 MW. Another challenge in 

organic Rankine cycle is the lower thermochemical stability of organic working fluids 

which limits the maximum temperature of power cycle (for most fluids, allowable Tmax < 

400℃) and thus limits the power production [5]. 

1.2 Supercritical Carbon dioxide power cycles 

In the last decade, there has been renewed interest in using carbon dioxide (CO2) as a 

working fluid in thermodynamic cycles for power generation. Supercritical carbon 

dioxide (sCO2) power cycles, in particular, are being investigated using low, medium, 

and high temperature heat sources [6]–[8]. The main advantage of sCO2 power cycle 

technology is its higher thermal efficiency and smaller size footprint when compared to 

conventional steam Rankine cycle technology. Because of the higher density in the 
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supercritical phase, the sCO2 cycle requires approximately ten times smaller 

turbomachinery than the steam Rankine cycle for same power output. 

When turbine inlet temperatures are greater than 650°C, Angelino [9] demonstrated that 

the CO2 condensing cycle has a higher efficiency than the reheat steam Rankine cycle. 

For turbine inlet temperature less than 550°C, the cycle efficiency of condensing CO2 

cycle is lower than the steam cycle, however, it is still cost-effective due to the need of 

fewer cycle components (No need of large turbine stages and large number of feed-water 

heaters). Based on the cycle configurations presented in Angelino’s work, Dostal et al 

[10] investigate the thermodynamic performance and design main cycle components of 

sCO2 cycles for advanced nuclear reactors. The recompression layout was chosen because 

it showed higher cycle efficiency and lower power plant cost than the steam Rankine 

cycle. 

Application in concentrated solar power (CSP) and associated challenges 

Carbon dioxide, owing to higher thermochemical stability at temperature up to 700 ℃ 

allow its application in high temperature concentrated solar power plants (CSP). 

Considerable efforts are being made to study the thermodynamic performance and 

economic assessment of supercritical carbon dioxide cycles integrated with concentrated 

solar power. The main aim is to achieve higher cycle efficiency and lower levelized cost 

of electricity; the target value to approach in near future is 6 cents/kWh [11]. In this 

perspective, different cycle architectures (or layouts) are proposed like recompression 

cycle and partial cooling cycle to enhance power block thermodynamic efficiency and 

integration capability with CSP [12]. 

The operation of compressor of sCO2 cycle near to critical point of CO2 (Tcr = 31℃, Pcr 

= 7.14 MPa) results in lower compressor work and higher cycle efficiency owing to real 

gas effects [13]. However, the rise in compressor inlet temperature of CO2 must occur 

with rise in temperature of cooling medium i.e. air in case of dry cooling. As a result of 

higher compressor inlet temperature, compression work enhances which brings about 

dramatic drop in cycle efficiency. The same effect happens in CSP sites, the temperature 

of air entering the dry cooler is normally high ranging from 30℃ to 50 ℃ and even higher 

during peak summer days. With such high temperature, the compressor inlet temperature 

also increases which negatively affects cycle efficiency [14]. 
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To address this issue, authors in ref [15], modified the configuration of sCO2 

recompression cycle by introducing another low temperature recuperator before the 

recompressor in order to shift the recompression process near to critical point temperature 

and obtain reduction in work consumption of recompressor. As a result, the modified 

sCO2 recompression cycle proved to be less sensitive to increase in compressor inlet 

temperature; it yields 1.92% higher efficiency than typical sCO2 recompression cycle at 

compressor inlet temperature of 50℃.  

Another real gas effect of supercritical CO2 cycle is larger difference of heat capacity 

between cold and hot streams of recuperator which increases irreversibility in recuperator 

thus limits cycle efficiency. The issue of irreversibility is handled by adopting 

recompression cycle configuration and other split cycle configurations suggested by 

Angelino [9] in late 90s and Crespi et al [16] in recent article. However, the advanced 

layouts improve efficiency; they also increase the installation costs. 

Application in waste heat recovery and associated challenges 

In recent past, various works are also carried out to investigate potential of supercritical 

carbon dioxide cycles for waste heat recovery. In this regard, a brief overview of different 

waste heat recovery technologies and thermodynamic analysis of supercritical carbon 

dioxide cycles is presented in Chapter 4. The main challenge in supercritical carbon 

dioxide cycle is lower heat recovery effectiveness and larger specific costs of advanced 

cycle layouts [17]. 

1.3 Proposed Solution and Main Objectives 

Instead of modifying cycle configuration or adjusting operating conditions to increase 

cycle efficiency of sCO2 power cycles, another pathway is to alter the properties of CO2 

by using CO2 based binary mixtures or CO2 blends [18]. This new concept is recently 

explored in some scientific papers [19], [20] and patents [21]. The underlying idea is to 

shift the critical point of CO2 to higher temperature by adding certain amount of carefully 

selected additive with critical temperature higher than CO2. In this way, condensation 

cycle can be designed with compression inlet conditions lower than critical point 

temperature of the CO2 mixture. The critical point temperature of the mixture and 

corresponding mixture compositions are decided depending upon the ambient 

temperature available for dry cooling. Using this concept, authors in ref [14] performed 
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the thermodynamic evaluation of power cycles operating with five different CO2-based 

binary mixtures working fluids in recompression Brayton cycle incorporated with dry 

cooling. The study selected CO2-cyclohexane, CO2-propane, CO2-butane, CO2-isobutane 

and CO2-H2S as candidate working fluids and assessed the performance of the power 

cycle at different ambient temperatures based on energy and exergy analysis. It was found 

that power cycles operating with CO2-based binary mixtures yield better efficiency under 

higher ambient temperature compared to sCO2 Brayton cycle. However, the study showed 

important results pertinent to CO2-based binary mixtures for dry cooling power cycles, 

but it didn’t take into account the thermochemical stability of selected pure compounds 

and the binary mixtures at higher turbine inlet temperatures (550℃). 

In ref [22], authors proposed CO2-based binary mixtures for thermodynamic performance 

improvement of  sCO2 Brayton cycles integrated with molten salt solar power tower 

(SPT). Based on analysis on three different binary mixtures and four-cycle 

configurations, CO2-Xenon binary mixture in intercooling power cycle was decided to be 

an effective way to enhance the system efficiency as compared to corresponding sCO2 

power cycles. 

Table 1: Summary of recent scientific works on CO2 mixtures working fluids in carbon dioxide power cycles 

Authors Objective Working 

Fluids 

Heat Source Main Outcomes 

Jeong et al [23] 

(2013) 

To study the Improvement in 

performance of recompression 

Brayton cycle on adding 

different gases into CO2. 

CO2/N2 

CO2/O2 

CO2/Helium 

CO2/Argon 

 

Sodium 

cooled fast 

Reactor (SFR) 

Cycle efficiency enhanced by 

1.73% 

Bonalumi et al  

[24] (2018) 

To improve the performance 

of CO2 cycles in warm areas 

using optimum binary mixture 

of CO2 and TiCl4. 

To highlight the problems and 

challenges that arise during 

the selection of an optimum 

binary mixture for power 

production. 

CO2 

CO2/TiCl4 

Solar power 

tower 

5% gain in efficiency is 

achieved in case of CO2 

TiCl4 recuperative Brayton 

power cycle compared to 

recuperative CO2 power 

cycle. 

3% gain in efficiency is 

achieved in case of CO2 

TiCl4 recompressed Brayton 

power cycle compared to 
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Table 1 summarized main findings of some recent works which proposed different CO2 

mixtures as working fluids in carbon dioxide power cycles both in perspective of 

thermodynamics and economics. 

recompressed CO2 power 

cycle. 

 

Manzolini et al 

(2019) [25] 

To improve the thermal-to-

power conversion efficiency 

and to reduce the levelized 

cost of electricity (LCOE) of 

solar tower power plants. 

 

CO2 

N2O4 

CO2/N2O4 

CO2/TiCl4 

Solar Power 

Tower 

The suitable increase in 

critical temperature of CO2 

can be achieved by adding 

few molar percentages of 

N2O4 or TiCl4. As a result of 

this addition, binary mixture 

is formed which proofs to be 

a better working fluid for 

Brayton cycles operating in 

warm and arid areas (like 

solar plants sites). 

The power cycles operating 

with the considered binary 

mixtures outperforms the 

conventional steam Rankine 

cycle both in terms of 

efficiency and LCOE. 

Aqel et al 

(2021) [26] 

Thermodynamic performance 

and turbine design of 

trancritical thermodynamic 

cycle for 100MW CSP power 

plant. 

CO2/TiCl4 

CO2/NOD 

CO2/C6F6 

 

Solar power 

tower 

Maximum efficiencies 

achieved by  CO2/TiCl4, 

CO2/NOD and CO2/C6F6 are 

49.5%, 46.5% and 42.3% 

respectively. 

Specific work of turbine 

increase with increase in 

fraction of NOD in the CO2-

NOD mixture. 
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The previous works, on one hand, showed potential benefits of CO2 based binary mixtures 

as working fluids in thermodynamic power cycles, however, there are important aspects 

which require deeper study including: 1) determination of accurate vapor-liquid 

equilibrium and critical points of CO2 mixtures using accurate property models, 2) 

optimization of property models using experimental data of CO2 mixtures, 3) 

determination of maximum operating temperature for CO2 mixtures using thermal 

stability tests and 4) selection of optimum composition of the mixture in perspective of 

thermodynamic performance, CAPEX and OPEX of power cycle. 

To address aforementioned challenges and issues of sCO2 cycles, this thesis proposed 

novel carbon dioxide mixtures as working fluids in carbon dioxide thermodynamic power 

cycles for concentrated solar power and waste heat recovery applications. In brief, the 

key objectives of adopting CO2-based binary mixtures as working fluids are: 

1. To improve cycle thermodynamic efficiency of power cycles operating under 

higher ambient temperature. 

2. To improve heat recovery effectiveness and total efficiency in waste heat 

recovery. 

3. To reduce the cycle maximum operating pressure in waste heat recovery power 

cycles. 

4. To adopt simple cycle configuration/layout compared to Steam Rankine cycle. 

5. To reduce the size of heat exchangers (i.e. UA of recuperators) in particular 

recuperators which are responsible for internal heat recovery. 

6. To reduce the specific investment costs (CAPEX) of power block. 

1.4 Structure of the Thesis 

This chapter (Chapter 1) covers the background of supercritical carbon dioxide power 

cycles and their applications. The main challenges of sCO2 cycles in CSP and waste heat 

recovery are discussed in section 1.2. The proposed solution is explained (in section 1.3) 

in which the main idea is to adopt carbon dioxide based binary mixture (or CO2 blends) 

as working fluids to enhance thermodynamic performance, reduce size and CAPEX of 

sCO2 power cycles. 
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Thermophysical properties of CO2-based binary mixture working fluids 

Before adopting novel CO2 mixtures as working fluid in a power cycle, the first and 

foremost task is to define a reliable method for calculation of thermophysical properties 

of CO2-based binary mixtures. Therefore, Chapter 2 is dedicated to explain different 

property models and equation of states; mathematical formulation of three equation of 

states (EoS) are described and procedure is developed to compute binary interaction 

parameter (k1,2) required in the equation of state using the experimental vapor-liquid 

equilibrium data. There are many binary mixtures for which the experimental VLE data 

is not available to calculate k1,2, for such mixtures a correlation is developed using the 

data of CO2 mixtures with known value of k1,2. Moreover, equations to compute enthalpy 

and entropy of a binary mixture are also explained for each EoS. The final section of the 

paper presented a step-by-step procedure for selecting an accurate equation of state model 

for any CO2-based binary mixture using available experimental VLE data, because 

experimental data is necessary to assess the accuracy of different equations of states. 

Vapor-liquid critical points of CO2-based binary mixture 

Prior to cycle thermodynamic analysis, it is necessary to calculate the critical points of 

CO2-based binary mixture at different mixture composition. Information of vapor-liquid 

critical points is important in transcritical power cycle in order to decide suitable mixture 

composition of the working fluid. Given the importance of critical point, in Chapter 3, a 

numerical program is developed in MATLAB in conjunction with INTLAB toolbox to 

solve the system of equations of criticality conditions. The developed program is capable 

to compute stable, unstable and meta stable critical points of a binary mixture. 

Thermodynamic potential of novel CO2-based binary mixture working fluid in power 

cycle for waste heat recovery 

Once the analytical procedure to compute thermodynamic properties and the critical 

points of a CO2-based binary mixture is developed, the subsequent step is to perform 

cycle thermodynamic analysis. In Chapter 4, thermodynamic performance of three types 

of thermodynamic cycles is compared for application in high temperature waste heat 

recovery. The first section of the chapter considers sCO2 power cycles and investigates 

the effect of different cycle operating conditions and cycle layouts on thermodynamic 

performance. The second part of Chapter 4 evaluated the thermodynamic performance of 

transcritical organic Rankine cycles using the same heat source. In the third phase of the 

chapter, transcritical power cycles with CO2-based binary mixtures as working fluids are 
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proposed in order to improve thermodynamic performance and reduce power cycle size 

compared to sCO2 technology. The advantages of using a CO2-based binary mixture in a 

transcritical cycle are summarized in terms of thermodynamic cycle efficiency, total 

efficiency, axial turbine geometry and size, and benefits in heat exchange in the power 

cycle recuperator. 

Thermodynamic potential of novel CO2-based binary mixture working fluid in power 

cycle for concentrated solar power plant 

The thermodynamic analysis of sCO2 power cycles for concentrated solar power plant is 

presented in the Chapter 5. The effect of increase in cycle minimum temperature, cycle 

minimum pressure, cycle maximum temperature and cycle maximum pressure on 

thermodynamic cycle efficiency is evaluated. The optimum cycle efficiency of 

recompression sCO2 is obtained at higher cycle minimum temperature (i.e. 50℃).  

Additionally, CO2-based binary mixtures are chosen as working fluids in Chapter 5 due 

to their favorable thermodynamic and environmental characteristics. Peng Robinson EoS 

is used to calculate the thermodynamic properties, and a simple cycle layout is chosen for 

the calculations. The goal is to increase cycle efficiency at higher minimum cycle 

temperatures than with sCO2 cycles. The results demonstrate potential gain in cycle 

thermal efficiency and smaller recuperator size compared to sCO2 power cycle are 

obtained by using CO2-based binary mixture working fluids. 

Chapter 6 delves deeper into the design of a transcritical power cycle for a CSP power 

plant using a CO2-SO2 mixture as the working fluid. First, the reason for using SO2 is 

explained. The thermodynamic properties of a CO2-SO2 mixture are calculated using the 

PC-SAFT Equation of state because it is more accurate than the PR-EoS, as explained in 

Chapter 2. Finally, a thermodynamic and economic analysis of a transcritical power cycle 

operating with a CO2-SO2 mixture with a power block output of 100 MWel is performed. 

Conclusion Chapter 

The thesis concludes with Chapter 7, which summarizes the main conclusions of this 

work and outlines the main challenges and future work that needs to be done.  
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Chapter 2:      Study of thermodynamic behavior of CO2 

based binary mixtures using Equation of 

state 

2.1 Equation of state (EoS) 

A reliable thermodynamic assessment of power cycles is strongly dependent on the 

accuracy of thermodynamic properties of a working fluid. Therefore, this chapter is 

focused on study of thermodynamic properties of CO2 mixtures which includes vapor-

liquid equilibrium (VLE), density, specific heat, enthalpy and entropy of the mixtures. 

The most important step is to identify appropriate thermodynamic property model which 

can predict properties with accuracy (or show good agreement with experimental property 

data). 

Many equation of states (EoS) are formulated in literature for binary mixtures among 

which some are non-predictive and some are predictive ones. Non-predictive EoS 

requires experimental VLE data for optimization of binary interaction parameters while 

predictive EoS are capable to predict properties without the need of experimental VLE 

data. 

Nevertheless, proper knowledge about mathematical formulation and behavior of EoS is 

important before selecting suitable EoS for any particular CO2 based binary mixture. 

Therefore, next sections describe three EoS and the procedure for determination of binary 

interaction parameter. 

Cubic Equations of state 

Cubic equation of states are most common EoS among industry and scientist because of 

wide range of validity and simpler mathematical formulation. The first Cubic EoS is 

formulated by van der Waals (vdW) in 1873 to improve ideal gas model by taking into 

account volume of molecules and attractive forces of attraction between molecules. 

Mathematical form of this EoS is, 

𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎

𝑣2
 

Parameter a accounts for attractive forces between molecules and parameter b accounts 

for the volume of molecules. vdW EoS is the first EoS which describes all thermodynamic 
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phases of a fluid including gas, liquid and supercritical phase. Later on, Redlich-Kwong 

(RK) and Soave-Redlich-Kwong (SRK) EoS are introduced as a modified form of van 

der Waals EoS. Mathematical formulation of SRK EoS is, 

𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎(𝑇)

𝑣(𝑣 + 𝑏)
 

The major enhancement compared to van der Waals EoS is the substitution of temperature 

dependent parameter ‘a’. 

Peng-Robinson EoS 

In 1975, cubic Peng-Robinson (PR) EoS is developed as a modification to enhance the 

predictive capability of SRK EoS. Firstly, this EoS was applied to study P-v-T behavior 

of some hydrocarbons. Later on, different modifications of PR EoS are proposed to 

enhance its applicability to polar compounds and binary mixtures. Compared to SRK 

EoS, PR EoS calculates vapor pressures and liquid densities more accurately and can also 

predicts properties near critical region (for Zc =0.307). Moreover, PR EoS is also capable 

to estimate retrograde condensation in natural gas pipelines [27]. 

In the Chapter 4 of this thesis, standard form of PR-EoS in conjunction with van der 

Waals mixing rules is used to study thermodynamic properties of CO2 based binary 

mixtures.  

The standard PR EoS for pure fluid is expressed as, 

𝑃 =  
𝑅𝑇

𝑣 − 𝑏
−

𝛼𝑎

𝑣(𝑣 + 𝑏) + 𝑏(𝑣 − 𝑏)
 

Where 

𝛼 = [1 + 𝑘(1 − √𝑇𝑟)]
2
 

𝑘 = 0.37464 + 1.54226𝜔 − 0.26992𝜔2 

𝑎 = 0.45724
𝑅2𝑇𝑐

2

𝑃𝑐
 

𝑏 = 0.0778
𝑅𝑇𝑐

𝑃𝑐
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The applicability of PR EoS can be extended to binary mixtures with the help of mixing 

rules. In literature [27], various formulations of mixing rules have been proposed; 

however, for sake of simplicity, this study adopted simpler formulation of mixing rules 

known as van der Waals mixing rules as shown below, 

𝑎𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = ∑ ∑ 𝑧𝑖

𝑗

𝑧𝑗

𝑖

𝑎𝑖,𝑗 

𝑏𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = ∑ ∑ 𝑧𝑖

𝑗

𝑧𝑗

𝑖

𝑏𝑖,𝑗 

And, 

𝑎𝑖,𝑗 = √𝑎𝑖𝑎𝑗(1 − 𝑘𝑖,𝑗) 

𝑏𝑖,𝑗 =
𝑏𝑖 + 𝑏𝑗

2
 

Hence, critical temperature and critical pressure of pure fluids (subscript i corresponds to 

fluid 1 and j corresponds to fluid 2), acentric factor along with accurate value of binary 

interaction parameter (𝑘𝑖,𝑗) are required to completely describe P-v-T behavior of a binary 

mixture using PR EoS.  

Finally, residual enthalpy and residual entropy can be calculated using following 

equations as function of specific volume (𝑣), 

∆ℎ𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = ∫ (𝑣 − 𝑇 (
𝜕𝑣

𝜕𝑇
)

𝑃
)

𝑇

𝑑𝑃
𝑃

0

 

∆𝑠𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = ∫ (
𝑅𝑔𝑎𝑠

𝑃
− (

𝜕𝑣

𝜕𝑇
)

𝑃
)

𝑇

𝑑𝑃
𝑃

0

 

PC-SAFT EoS 

PC-SAFT stands for perturbed chain statistical associating fluid theory; it is an EoS based 

on perturbation theory in which molecule is modeled as chain of freely joined spheres. 

Fundamentally, it describes total intermolecular forces into repulsive and attractive 

forces. Hard chain reference system is used to account for repulsive forces while attractive 

forces are divided into contributions from polar, dispersion and associating forces.  



Page 36 of 213 

 

In PC-SAFT EoS, generalized 𝜓 function is defined which is function of residual 

Helmholtz energy as shown below: 

𝜓 =
𝑎𝑟𝑒𝑠

𝑅𝑇
= ∫ 𝑍 − 1

𝑑𝜌

𝜌

𝜌

0

 

And, 

𝜓 = 𝜓𝐻𝐶 + 𝜓𝑝𝑜𝑙𝑎𝑟 + 𝜓𝑑𝑖𝑠𝑝 + 𝜓𝑎𝑠𝑠𝑜𝑐 

Where, ares is the molar residual Helmholtz energy of mixtures, R is the gas constant, T 

is the temperature, 𝜌 is the molar density, and Z is the compressibility factor. 𝑎𝑟𝑒𝑠 is 

defined as difference of actual Helmholtz energy and ideal gas Helmholtz energy i.e. 

𝑎𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑎𝑖𝑑𝑒𝑎𝑙. There are separate models available in the works of Gross and Sadowski 

[28] to calculate all four terms. The modeling of these forces are out of the scope of this 

chapter. For more knowledge, reader is encouraged to read the works of Gross and 

Sadowski.  

Table 2: Pure component parameters required in PC-SAFT EoS 

Compounds m 
𝜎 

[Å] 

𝜖
𝑘⁄  

[℃] 
𝑘𝐴𝐵 

𝜖𝐴𝐵
𝑘𝐵

⁄  

[℃] 

CO2 2.5692 2.5637 -121.05 

Non-associating SO2 2.8611 2.6826 -67.80 

C6F6 3.779 3.396 -51.50 

HCl 1.5888 2.9567 -66.09 0.00057172 766.8 

 

For non-associating pure compounds, three pure fluid parameters are required in PC-

SAFT EoS to compute hard chain and dispersive contributions of 𝜓. They are: segment 

number (m), segment diameter (𝜎) and segment-segment interaction energy (𝜖
𝑘⁄ ) 

parameter. For associating compounds, two additional parameters known as association 

volume (𝑘𝐴𝐵) and association energy (
𝜖𝐴𝐵

𝑘𝐵
⁄ ) are also required. These pure fluid 

parameters are usually obtained by fitting experimental liquid density and vapor pressure 

data; these parameters are reported in Table 2 for CO2 and some other compounds. 

For binary mixtures, one binary interaction parameter (ki,j)) is also required in addition to 

pure fluid parameters and it is determined using regression as described in section 2.2 . 
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Lastly, with a known value of 𝜓, the residual enthalpy and residual entropy can be 

calculated using following equations, 

Δℎ𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝑅𝑇 [−𝑇
𝜕𝜓

𝜕𝑇
+ (𝑍 − 1)] 

Δ𝑠𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 𝑅 [−𝜓 + ln(𝑍) − 𝑇
𝜕𝜓

𝜕𝑇
] − 𝑅𝑙𝑛 (

𝑃

𝑃𝑟𝑒𝑓
) 

REFPROP method 

REFPROP uses multi-parameter Helmholtz energy equation of state (also known as 

GERG-2008 EoS) to predict thermodynamic properties of pure fluids as well as binary 

mixtures. This EoS is proposed by Neumann et al [29] to predict thermodynamic 

properties of CO2 rich binary mixtures.  

Mathematical formulation of GERG-2008 EoS and comprehensive description of binary 

parameters are given in the thesis of Neumann [30]. In summary, four binary parameters 

(𝛽𝑇,𝑖𝑗, 𝛽𝑉,𝑖𝑗, 𝛾𝑇,𝑖𝑗, 𝛾𝑉,𝑖𝑗) are needed to calculate temperature and density reducing 

functions. The values of these parameters are computed by curve fitting with experimental 

VLE data or molecular data. For few CO2 mixtures, the values of these parameters are 

available in REFPROP software. 

2.2 Determination of binary interaction parameter (ki,j) for PR EoS and PC-

SAFT EoS 

As mentioned earlier, a single binary interaction parameter is also required for mixing 

rules In addition to pure fluid parameters in PR EoS and PC-SAFT EoS. The accurate 

value of binary interaction parameter (ki,j) ensures accurate results of properties of a 

binary mixture. A well-known practice adopted in literature for determination of binary 

interaction parameter is by doing regression on experimental vapor-liquid equilibrium 

(VLE) data (P-xy or T-xy data).  

In this work, Aspen plus software v11 is used to perform regression analysis using 

experimental VLE data (acquired from the literature) with selected EoS as 

thermodynamic model and ki,j as fitting parameter. Regression problem is defined as, 

DATA: Experimental VLE  

MODEL: Peng-Robinson EoS with van der Waals mixing rule or PC-SAFT EoS 
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FITTING PARAMETER: Binary interaction parameter (ki,j) 

OBJECTIVE FUNCTION OF REGRESSION: Maximum Likelihood 

For all CO2 mixtures considered in this thesis, regression approach described in this 

section is adopted to determine the value of binary interaction parameter (ki,j) subject to 

availability of experimental VLE data of the mixture under investigation. 

As previously mentioned, regression is not required for GERG-2008 EoS because binary 

parameters are already computed for each binary mixture and available in REFPROP 

software. 

2.3 Binary interaction parameter for binary mixtures with No experimental 

VLE data 

The original procedure to compute ki,j (or k1,2 in case of binary mixture) as explained in 

the previous sections is by regression using the experimental VLE data of the binary 

mixture. The question arises, what if there is No available experimental VLE data for a 

particular mixture to compute k1,2? 

Considering the formulation of van der Waals mixing rules, the coefficient 𝑎𝑚𝑖𝑥𝑡𝑢𝑟𝑒 of 

the Peng Robinson EoS can be expressed as,  

𝑎𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = ∑ ∑ 𝑧𝑖

𝑗

𝑧𝑗

𝑖

𝑎𝑖,𝑗 =  𝑧1
2𝑎1 + 2𝑧1𝑧2𝑎1,2 + 𝑧1

2𝑎2 

Where, 𝑧1 and 𝑧2 stands for the molar composition of pure fluid component 1 and 

component 2 respectively. The coefficient 𝑎1,2 by definition can be expressed as, 

𝑎1,2 ≡ √𝑎2(1 − 𝑘1,2) 

The parameters 𝑎2 represents magnitude of intermolecular forces of attraction and 

corresponds to second pure component (or dopant) of CO2 based binary mixture. The 

value of 𝑎1 in CO2 mixtures is constant since first component is CO2. The value of 𝑎2  for 

different fluids can be calculated as, 

𝑎2 =
27𝑅2𝑇𝑐,2

2

64𝑁𝐴
2𝑃𝑐,2

    [
Jm3

molecule2
] 
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Where, 𝑇𝑐,2 and 𝑃𝑐,2 are the critical point temperature and critical point pressure of second 

fluid component. R=8.3143 Jmol-1K-1 is the gas constant and NA is the Avogadro number. 

A correlation is developed by collecting the values of 𝑎1,2 and 𝑎2 of 19 CO2 mixtures for 

which the values of k1,2 are known. The regression of data resulting correlation are shown 

in Figure 1. This correlation can be very helpful to provide first estimation of 𝑎1,2 for 

binary mixtures with No experimental VLE data. Based on the estimated value of 𝑎1,2, 

the value of k1,2 can be determined. 

 

Figure 1: Regression of interaction parameter (a1,2) for different CO2 mixtures. Symbols corresponds to interaction 

parameter of 19 CO2 mixtures with available experimental data. Dotted line shows the trend line and the Box 

represents resulting correlation and definition of coefficients. 

2.4 CO2-SO2 binary mixture 

This section presented a systematic procedure to select suitable thermodynamic model on 

the basis of accuracy for any CO2-based binary mixture. However, the method is 

applicable only for CO2-based mixtures for which experimental property data is available. 

As an example, CO2-SO2 binary mixture is selected to demonstrate the procedure because 

of availability of experimental property data for this mixture in literature. For this, the 

predictive capability of three EoS described in previous sections is tested. The main 

motivation is to identify suitable EoS for CO2-SO2 binary mixture on the basis of accuracy 

of EoS. Both thermodynamic and caloric properties are calculated and compared with 

experimental data followed by calculation of mean absolute percentage error (MAPE). 
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EoS which shows minimum deviation from experimental data or lowest MAPE is 

selected. 

Following steps are followed; 

a) Pure fluid parameters are gathered which include critical temperature (𝑇𝑐𝑟), critical 

pressure (𝑃𝑐𝑟), acentric factor (𝜔) for PR EoS and segment number (m), segment 

diameter (𝜎) and segment-segment interaction energy (𝜀
𝑘⁄ ) for PC-SAFT EoS. These 

pure fluid parameters are reported in Table 3 for pure CO2 and pure SO2. 

b) PR and PC-SAFT EoS are calibrated and binary interaction parameter (ki,j) is 

calculated using experimental VLE data. Binary parameters for GERG-2008 EoS are 

already available in REFPROP (See Table 4), thus No calibration is necessary. 

c) Accuracy of three EoS is evaluated in VLE, bubble and dew point densities, speed of 

sound, residual specific heat and Joule Thompson inversion pressures with reference 

to experimental data available in works of Gimeno et al [31] and Nazeri et al [32]. 

d) Average MAPE in different properties corresponding to each EoS is determined to 

choose one EoS with minimum MAPE. 

Accuracy of EoS  

Accuracy of EoS is assessed by computing mean absolute percentage error (MAPE) 

which indicates the closeness of prediction from EoS with experimental data. MAPE in 

any property X is expressed as,  

MAPEX =
1

N
 ∑ |

XEoS − Xexperimental

XEoS
| x 100

N

i=1

 

Table 3: Pure component parameters required in Peng Robinson EoS and PC-SAFT EoS 

Pure 

fluid 

Tcr 

(℃) 

Pcr 

(bar) 

𝝎 MW 

PC-SAFT EoS parameters 

m 𝝈 𝜺/k 

CO2 31 73.8 0.2236 44.01 2.569 2.564 -121.05 

SO2 157.6 78.8 0.2454 64.06 2.861 2.683 -67.80 
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Table 4: Binary parameters for REFPROP v10 inbuilt EoS 

CO2 

mixture 
𝜷𝑻,𝒊𝒋 𝜷𝑽,𝒊𝒋 𝜸𝑻,𝒊𝒋 𝜸𝑽,𝒊𝒋 

CO2+SO2 1.0201 0.8899 1.0080 1.0058 

 

Calibration of PR-EoS and PC-SAFT EoS 

The selected PR-EoS and PC-SAFT EoS are of non-predictive type which means that 

these EoS needs to be calibrated using the available experimental VLE data. The usual 

approach well documented in literature involves fitting EoS on the isothermal 

experimental VLE (P-x,y) data and finding the optimum value of binary interaction 

parameter (kij) as also explained in section 2.3. Coquelet et al [33] presented the 

experimental VLE data at temperatures of -10℃ and 60℃. This data can be exploited to 

correlate with EoS and determine the value of kij.  

Therefore, to calibrate PR and PC-SAFT EoS, the regression analysis is carried out using 

the maximum likelihood method as optimization method. The experimental bubble 

pressure and dew composition (given by Coquelet et al) are fitted using the selected EoS 

as regression model. The result of regression analysis returns the optimized value of kij 

for best fit of selected EoS. Aspen plus v11 software is used to perform regression 

analysis.  

Table 5 shows the optimized value of binary interaction parameter corresponding to each 

EoS along with MAPE in bubble pressure and dew composition with reference to 

experimental VLE data. Graphical representation of experimental VLE data and fitted 

EoS on P-xy plane are shown in Figure 2 

Table 5: MAPE for different EoS in the VLE calculations with respect to experimental data reported in [33] 

Equation of 

state 

Binary 

parameter 

MAPE of Pbub MAPE of ydew 

-10℃ 60℃ Average -10℃ 60℃ Average 

PR EoS 0.0242 1.4% 0.6% 1.0% 0.3% 0.8% 0.5% 

PC-SAFT 0.0121 0.8% 1.1% 0.9% 0.7% 1.7% 1.2% 

REFPROP Table 2 2.0% 1.3% 1.7% 0.5% 1.7% 1.1% 
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Figure 2: Comparison of predicted vapor-liquid equilibrium by three equation of states with experimental data at two 

temperatures. Experimental points (red points) are taken from [33]. 

Validation and assessment of predictive capability of three EoS  

After calibration of EoS using experimental VLE data, this section focuses on validation 

of EoS with reference to experimental VLE density data (in 𝑃 − 𝜌 − 𝑇 form) and liquid 

densities from Gimeno et al [31] and densities, speed of sound, inversion curves and 

pseudo experimental residual specific heat from Nazeri et al [32].  

This methodology allows to assess the predictive capability of the various EoS using 

MAPE as the benchmark variable. The EoS which brings about minimum MAPE is 

selected as the reference EoS to adopt for CO2-SO2 mixture. 

Figure 3 and Figure 4 show 𝑃 − 𝜌 − 𝑇  data from Gimeno et al [31] compared to predicted 

values from the three EoS. Table 6 shows the corresponding MAPE in bubble and dew 

point properties for the three equations. All of the selected EoS predict bubble and dew 

point pressures and densities reasonably well. When the computed densities are 

compared, it is important to note that PR EoS has a good agreement in bubble point 

densities when compared to the values from PC-SAFT and REFPROP. To predict the 

bubble point density is critical for calculation of compression step in a thermodynamic 

cycle, which has a significant impact on cycle efficiency. 
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Figure 3: Comparison of bubble and dew point pressures among three EoS and experimental data. Triangles show 

experimental points for 90% molar CO2 mixture, Solid circles show experimental points for 80% molar CO2 mixture 

from [31] 

 

 

Figure 4: Comparison of bubble and dew point densities among three EoS and experimental data. Triangles show 

experimental points for 90% CO2 mixture, Solid circles show experimental points for 80% CO2 mixture from [31] 
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Table 6. MAPE of predicted bubble point pressures and bubble point densities of CO2+SO2 mixture with respect to 

experimental data from [31] 

Equation of state 
Molar 

Fraction 

MAPE of bubble point MAPE of dew point 

Pressure Density Pressure Density 

PR EoS 

80% CO2 

1.2% 3.7% 1.1% 2.4% 

PC-SAFT 1.5% 2.6% 4.5% 3.7% 

REFPROP 2.1% 1.9% 3.4% 2.5% 

PR EoS 

90% CO2 

1.2% 3.8% 1.3% 1.9% 

PC-SAFT 2.3% 2.0% 6.6% 5.4% 

REFPROP 1.3% 1.7% 0.6% 2.7% 

 

 

Figure 5: Comparison of predicted densities with experimental densities in the liquid region for the CO2+SO2 

mixture (80% molar CO2). Experimental densities (scatter points) are taken from [31] 

The graphical comparison of experimental liquid densities of the mixture from Gimeno 

et al and the predicted values by the EoS for a CO2 molar composition of 80% is illustrated 

in Figure 5 and the corresponding MAPE for both 80% and 90% molar CO2 mixture are 

reported in Table 7. Among the three models, PC-SAFT EoS shows the best accuracy in 

predicting liquid densities of the mixture. Moreover, a comparison with density data of 
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Nazeri et al for 95% molar CO2 mixture also reveals minimum deviations for the PC-

SAFT and the REFPROP EoS, as presented in Table 8. 

Table 7: Mean absolute percentage error (MAPE) in predicted densities of CO2+SO2 mixture with reference to 

experimental data from [31] 

Equation 

of state 

Molar 

fractio

n 

MAPE of density 

-10°C 0°C 20°C 31°C 

PR 

80% 

CO2 

4.2% 3.8% 1.1% 1.8% 

PC-SAFT 1.4% 1.6% 1.3% 1.6% 

REFPROP 2.7% 2.8% 2.8% 1.2% 

PR 

90% 

CO2 

3.3% 2.1% 1.4% 2.5% 

PC-SAFT 1.2% 0.6% 0.7% 1.9% 

REFPROP 2.9% 2.2% 2.1% 2.1% 

 

Table 8: Mean absolute percentage error (MAPE) in predicted densities of CO2+SO2 mixture with reference to 

experimental data from [32] 

Equation 

of state 

Molar 

fraction 

MAPE of density 

400 bar 350 bar 300 bar 250 bar 200 bar 150 bar 

PR 

95% 

CO2 

3.7% 3.1% 2.9% 2.7% 2.8% 2.7% 

PC-SAFT 1.0% 1.1% 1.2% 1.3% 1.4% 1.1% 

REFPROP 1.3% 1.2% 1.1% 1.0% 0.8% 1.1% 
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Figure 6: Comparison of predicted speed of sound with experimental speed of sound of the CO2+SO2 mixture (80% 

molar CO2). Experimental values (scatter points) are taken from [31] 

Calorimetric variables also plays key role in power cycle design particularly heat 

exchanger and turbine design. Therefore, calorimetric variables (speed of sound, 

inversion curves and the residual specific heats) are computed using selected EoS and 

values are compared with the reference experimental data from literature [31]. The 

analytical formulations of these quantities include various partial derivatives and are 

presented in Table 9 where the inversion point indicates the condition where the residual 

enthalpy (Δℎ𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = ∫ 𝑣 − 𝑇 ⋅
𝜕𝑉

𝜕𝑇
𝑑𝑃

𝑃

0
) presents a minimum.  

Table 9: Analytical formulations of properties which involves calorimetric variables 

Speed of sound Residual 𝑪𝑷 Inversion point 

𝑐 = √
𝐶𝑝

𝐶𝑣

𝑑𝑃

𝑑𝜌
 

∆𝐶𝑝,𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

= − ∫ 𝑇 ((
𝜕2𝑣

𝜕𝑇2
)

𝑃

)

𝑇

𝑑𝑃
𝑃

0

 

𝑣

𝑇
=

𝜕𝑣

𝜕𝑇
 

 

Figure 6 and Figure 7 compares the speed of sound and residual specific heat with 

experimental data, while the corresponding MAPE are reported in Table 10 and 
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Table 11, respectively.  

Considering the speed of sound in the liquid region for 80% molar CO2 mixture, the 

comparison reveals a large MAPE, around 10%, corresponding to PR EoS. The PC-SAFT 

and REFPROP EoS have instead MAPE lower than 2% at all temperatures. 

 

Figure 7: Comparison of predicted residual Cp with experimental residual Cp in the liquid region for the CO2+SO2 

mixture (95.03% molar CO2). Experimental data (scatter points) are taken from [32] 

 

Table 10: Mean absolute percentage error (MAPE) in predicted speed of sound of CO2+SO2 mixture with reference 

to experimental data from [31] 

Equation of 

state 

Molar 

fraction 

MAPE of speed of sound 

-10°C 0°C 20° 31°C 

PR 

80% 

CO2 

11.2% 10.5% 10.1% 10.3% 

PC-SAFT 1.7% 1.6% 1.5% 1.5% 

REFPROP 0.6% 0.7% 1.0% 1.2% 
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Table 11: Mean absolute percentage error (MAPE) in residual specific heat of CO2+SO2 mixture with reference to 

experimental data from [32] 

Equation 

of state 

Molar 

fraction 

MAPE of residual specific heat 

400 

bar 

350 

bar 

300 

bar 

250 

bar 

200 

bar 
150 bar 

PR 

95% 

CO2 

7.3% 4.6% 4.1% 5.8% 7.5% 14.6% 

PC-SAFT 11.4% 4.7% 4.2% 3.8% 5.5% 13.7% 

REFPROP 7.2% 1.4% 3.3% 8.5% 11.0% 17.1% 

 

Finally, the Joule Thompson inversion curve for a single temperature (at 0°C) and various 

mixture compositions is also computed and compared with the experimental data, 

reported in Figure 8. The REFPROP and PC-SAFT EoS show good agreement with 

experimental inversion pressures compared to PR EoS. Nevertheless, due to the limited 

number of experimental points and the single temperature reported, no MAPE is 

presented for these calculations. The interest in comparing the inversion curve with EoS 

lies in the characterization of the trend of enthalpies, a crucial step for the definition of 

the power balance and the efficiency of the cycle.  

 

Figure 8: Inversion curve at 0°C for the CO2+SO2 mixture at different molar composition. Experimental data shown 

by solid circles is taken from ref [31] 
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Table 12: Overall MAPE in different set of thermodynamic properties 

EoS 

MAPE 

VLE Density Speed of sound 
Residual 

specific heat 
Average 

PR 1.1% 2.5% 10.4% 7.3% 5.3% 

PC-SAFT 2.0% 1.4% 1.6% 7.2% 3.0% 

REFPROP 1.5% 2.3% 0.9% 8.1% 3.2% 

 

Table 13. Experimental uncertainties of the experimental data gathered for the analysis on this work 

𝒖𝑽𝑳𝑬 [33] 𝒖𝑫𝒆𝒏𝒔𝒊𝒕𝒚 [32] 𝒖𝑫𝒆𝒏𝒔𝒊𝒕𝒚 [31] 
𝒖𝑺𝒐𝒖𝒏𝒅𝑺𝒑𝒆𝒆𝒅 

[31] 

0.2% 0.2% 0.05% 0.06% 

 

Which EoS to adopt for CO2-SO2 mixture? 

The final scope of this section is to identify the most accurate EoS to be adopted as 

reference EoS for CO2-SO2 mixture. The identification of the most suitable EoS is more 

challenging, since it can be difficult to combine all MAPEs at different temperatures and 

compositions for different set of properties and select the most accurate EoS. Therefore, 

the properties of the mixture are divided into four main categories: VLE, density, speed 

of sound and residual specific heat. A single MAPE indicator is computed for each set of 

property incorporating all the data points at different compositions, temperatures and 

pressures. Table 12 reports the overall MAPE for each category of experimental data 

fitted by the EoS, along with an average MAPE computed considering the four previous 

data. Considering the accuracy of PC-SAFT model in prediction of densities of CO2-SO2 

mixture and comparatively lowest average MAPE indicator (see Table 12), this model is 

accepted as reference EoS for CO2-SO2 mixture. 

It is worth mentioning that comparative analysis based on magnitude of MAPE is only 

meaningful if the magnitude of MAPE is higher than the experimental uncertainty of 

considered properties. If the experimental uncertainty and the MAPE computed with the 
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EoS on the experimental data are of the same magnitude, the comparison may be 

considered weak. Table 13 reports the average experimental uncertainty reported in the 

works of Coquelet [33], Gimeno [31] and Nazeri [32]. 

As evident, the magnitude of experimental uncertainties is below the computed MAPE 

by the EoS, thus the comparison between EoS based on the fitting capability with 

experimental data can be considered valid and meaningful.  

2.5 Phase diagram of CO2-SO2 mixture 

Finally, using the selected PC-SAFT EoS, the global phase diagram of the mixture is 

computed and reported. It includes mixture critical points and P-T envelope at different 

molar compositions as illustrated in Figure 9. Critical points in Figure 9 are computed 

using density marching method available in ASPEN plus v10. 

The study of the behavior of the P-T envelop for a specific CO2 mixture is important 

because it allows for the selection of suitable CO2 mixture molar composition as working 

fluid for transcritical power cycle. The main requirement, particularly for transcritical 

CO2 mixture power cycles, is to identify compositions with pump inlet temperatures that 

are lower than the critical temperature of the CO2 mixture working fluid and must lie at 

the bubble line of the mixture. As a result, studying the P-T envelop diagram allows for 

the identification of mixture compositions that meet the required criteria. In addition, it 

also allows to study the impact of increment in mixture composition on the behavior of 

bubble and dew lines and vapor-liquid critical points.  

In chapters 4, 5 and 6, P-T envelop of different CO2 mixtures are studied to select suitable 

mixture composition as working fluid in transcritical power cycles. This entails certain 

criterion to be defined for temperature difference between pump inlet of power cycle and 

critical temperature of CO2 mixture.  
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Figure 9: P-T envelopes of the CO2+SO2 mixture at various molar composition modelled with the PC-SAFT EoS. 

Vapor-Liquid critical points (Black rhombus shaped points) are calculated using density marching method available 

in Aspen plus v10.  

2.6 Chapter Summary 

Studying the phase behavior of CO2 based binary mixtures and selection of accurate 

thermodynamic model for calculation of thermodynamic properties is pre-requisite to 

thermodynamic cycle analysis. This chapter covers this aspect by describing the 

mathematical formulation and significance of three Equation of States for study of phase 

behavior and thermodynamic properties of binary mixtures. They are: Peng Robinson 

EoS, PC-SAFT EoS and GERG EoS of REFPROP. The calculation of one binary 

interaction parameter (k1,2) is also necessary for calculation of phase behavior of binary 

mixtures. Therefore, the method to calculate binary interaction parameter needed in PR 

EoS and PC-SAFT EoS is described. The method for calculation of binary parameters 

required in GERG EoS is not included because of very different nature of EoS and 

advanced regression methods are required to compute four binary parameters 

corresponding to one binary mixture which is out of the scope of this work. 

For binary mixtures with known experimental vapor-liquid equilibrium data, the method 

presented in the chapter is to perform regression analysis using the available VLE data 

and compute the binary interaction parameter (k1,2) considering PR EoS or PC-SAFT EoS 

as the regression model.  
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However, the scenario in which No experimental VLE data is known for a particular CO2 

mixture, a correlation between binary parameter (a1,2) and a2 (parameter of intermolecular 

forces of attraction) of dopant is developed by regression analysis using the known a1,2 

values of 19 CO2 mixtures as the regression data. This developed correlation allows to 

predict preliminary value of a1,2 although with uncertainty which in turn allows to develop 

preliminary thermodynamic analysis of some new CO2 mixtures. The correlation is used 

in Chapter 5 to predict a1,2 for carbon dioxide-sulfuryl fluoride (CO2-SO2F2) mixture. The 

predicted parameter is incorporated in PR EoS with van der Waals mixing rules to 

calculate and study phase diagram of CO2-SO2F2 mixture and evaluate thermodynamic 

performance of the power cycle. 

The last section of the chapter discusses the accuracy of three EoS in describing the VLE 

behavior and calculation of densities, specific heat and speed of sound for CO2-SO2 

mixture as an example. Among the selected three EoS, the EoS which show good 

agreement with experimental thermodynamic properties is chosen as reference EoS for 

thermodynamic cycle calculations. Based on the comparison of mean absolute percentage 

error (MAPE), PC-SAFT EoS is found to be the accurate EoS for CO2-SO2 mixture. The 

same approach presented in this chapter can be adopted for other CO2 mixtures to select 

the most suitable EoS which shows minimal error provided that the experimental 

densities, specific heat data and speed of sound data of the mixture are available. In 

Chapter 6, PC-SAFT EoS with binary interaction parameter obtained in this chapter is 

considered for cycle thermodynamic analysis with CO2-SO2 mixture as working fluid in 

transcritical power cycle.   
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Chapter 3:      Computation of true critical points of CO2-

based binary fluid mixtures 

3.1 Introduction 

To predict complete vapor-liquid phase behavior of a binary mixture, determination of 

true critical points is fundamental. There are many industrial processes which require 

information of critical point of a binary mixture at certain composition. For example, to 

study phenomenon of retrograde condensation in hydrocarbon processing industry. 

Another useful application is design of thermodynamic power cycles operating with 

binary mixtures as working fluids [13], [34]. In supercritical and transcritical power 

cycles, compression process occurs close to critical point of working fluid, thus, it is 

critical to compute critical points to decide safe operating conditions for compression 

process.  

Regarding study on CO2-based binary mixtures, it is important to have knowledge of 

vapor-liquid critical points at different molar composition because the main purpose is to 

design thermodynamic power cycle with compression process occurring at temperature 

and pressure in vicinity of critical point of the mixture. 

For pure fluid, critical point is the highest temperature and highest pressure at which vapor 

and liquid phases merge or coexist. Another definition of critical point of a pure substance 

is ‘It is a thermodynamic state at which the volumes of liquid and vapor are equal and 

that occurs between stable and unstable states of the pure fluid’ [35].  

In case of binary mixture, vapor-liquid critical point is the point at which two phase 

boundaries (bubble line and dew line) merge and vapor and liquid phases become 

indistinguishable in terms of chemical properties [36]. According to numerical 

formulation of Heidemann and Khalil [37], critical point of a mixture is a thermodynamic 

state at which fugacities of each component in each phase become equal and higher order 

derivatives of fugacities of a mixture become zero.  

There are also liquid-liquid critical points in binary mixture at which two liquid phases 

of a mixture become indistinguishable in terms of their chemical properties [38]. 

Compressibility of liquid-liquid critical point is lower and density is higher than vapor-

liquid critical point. 
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The locus of critical points of a binary mixture does not always lie in between the critical 

point values of the pure components. The different trends of critical locus in binary 

mixtures occurs due to occurrence of different types of phase transitions. The six main 

types of critical locus behaviors studied in detail by Van Konynenburg and Scott [39] and 

summarized in ref[38] are shown in Figure 10. There can be a possibility of No critical 

point at some compositions in a binary mixture. 

The theoretical criteria to define stable critical point of a binary mixture was first 

developed by Gibbs. Various attempts are done in literature to solve Gibbs criteria of 

critical point using cubic equation of state to determine critical points. Peng and Robinson 

used PR EoS to solve the criticality conditions of Gibbs and develop a numerical strategy 

to calculate critical points of binary and even larger mixtures [40]. An alternative way to 

reduce computation costs is presented by Heidemann and Khalil [37]; they expressed the 

critical point criteria of Gibbs in the form of Helmholtz free energy and  developed a 

simple computational algorithm in conjunction with cubic-two constant equation of state 

for critical point search of multicomponent mixtures. The method of Heidemann and 

Khalil is very reliable to locate high temperature vapor-liquid critical point, but it requires 

a reasonable guess to locate other critical points of a mixture. Later on, Michelson et al 

[41] improved the model of Heidemann and Khalil and expressed it in the form of two 

complex non-linear system of equations, the roots of these equations gives critical 

temperature and critical volume of a binary mixture. The method of Michelson et al can 

be applicable to any cubic-two constant equation of state like Redlich Kwong Soave EoS 

and Peng-Robinson EoS. Following the formulation of Michelson et al, Panagiotis et 

al[42], [43] proposed damped Newton-Raphson method and computed the critical points 

of 44 multicomponent mixtures. Nevertheless, the authors validated the results with 

experimental data, but the method is initial guess dependent and it cannot locate L-L 

critical points. 
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Figure 10: Six different behaviors of critical locus classified by Konynenburg and Scott [4]. Red and green lines 

shows vapor-liquid critical locus and liquid-liquid critical locus respectively. Figure taken from ref [36]. 

Stradi et al[44], [45] developed a numerical method known as interval-Newton bisection 

method which can compute all the critical points and also guarantee if there is No critical 

point for given composition of a mixture without a need of initial guess. However, the 

authors didn’t compute critical points of different types of binary mixtures to ensure 

validity of the numerical method. Henderson et al[46] used differential evolution 

algorithm to compute more than one critical point of several petroleum fluid mixtures. 

Hoteit et al[47] presented a hybrid method based on combination of one-dimensional 

search methods and proved that their method is more robust than the approach of Stradi 

et al. 

The aim of this chapter is to develop a numerical code which can compute efficiently all 

the stable, meta-stable and unstable critical points of a binary mixture. The numerical 

approach proposed by Stradi et al is adopted and implemented in MATLAB using the 

interval laboratory toolbox known as INTLAB toolbox; this advanced toolbox 

significantly reduces the computational effort since it includes inbuilt functions for 

interval arithmetic calculations. The main intent is to develop an accurate numerical code 
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which can compute true critical points of different types of binary mixtures, in particular, 

the CO2-based binary mixtures for thermodynamic analysis of power cycles.  

3.2 Critical point criteria and practical formulation 

The first condition for a critical point to lie on stability limit (spinodal curve) is the 

determinant of quadratic form (second derivative of Helmholtz energy) must be zero [37], 

Det(Q)=0                                                                                                                  Eq. 1 

Or, it can also be written as 

Q. n 0 =                                                                                                                    Eq. 2 

Where, n is the vector of mole number differences: 

T

1 2 3 Cn ( n , n , n ,....... n ) =                                                                                     Eq. 3 

And for n to be non-negative, 

Tn . n 1  =                                                                                                                  Eq. 4 

The elements of quadratic form matrix Q are, 

2

,

,V,n

A
i j

i j T

Q
n n

 
=     

                                                                                                   Eq. 5 

Heidemann and Khalil represents the elements of quadratic form in terms of fugacity with 

temperature (T), volume (V) and mole numbers (n) as independent variables as shown, 

k k i or j k,k j

2

i
,

,V,n , ,V,n

lnA
i j

i j jT T

f
Q RT

n n n
 

   
= =           

                                                          Eq. 6 

So that, Eq. 1 can be described as follows, 
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                                                            Eq. 7 

The second condition for a stable point to be a critical point requires the cubic form (i.e. 

third order derivative of Helmholtz energy) equals to zero [37], [41] as follows: 

, ,
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i j k

C C
= = =

=    =                                                                              Eq. 8 

The elements of cubic form in terms of Helmholtz free energy and fugacity can also 

represented as follows: 

i or j or k , j or k
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i
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                                             Eq. 9 

The first condition known as quadratic form as defined in Eq. 1 and Eq.7 is the necessary 

condition for a point to be a stable point (lie on spinodal curve), whereas, the second 

condition known as cubic form as defined in Eq. 8 is the necessary condition for a stable 

point to be a critical point. In above equations, C is the total number of components in a 

mixture, n is the number of moles, subscripts i,j and k show the ith component, jth 

component and so on. R is the gas constant and if  is the fugacity of ith component. 

To solve both conditions of critical point, Heidemann and Khalil calculated the fugacity 

of component using SRK EoS and derived the expressions of both criticality conditions. 

Then, these expressions are solved using Newton Raphson technique in a nested loop; the 

results of which are critical point temperature and volume. Eventually, the critical 

pressure is computed using SRK EoS using the calculated critical temperature and 

volume. The numerical algorithm of Heidemann and Khalil is described in detail in ref 

[38]. 

Subsequently, Michelson et al[41] formulated the generalized expressions of criticality 

conditions which can be applicable to cubic PR and SRK EoS. These expressions as 

shown in Eqs. 10-12 are rigorous in variables and solution of these provides the critical 
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volume and critical temperature and corresponding mole numbers at given composition 

of a mixture. 
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Where, Eq. 10 is generalized expression of criticality condition 1 i.e. quadratic form,  

Eq.11 is generalized expression of condition 2 i.e. cubic form and Eq.12 confirms the 

non-negative nature of mole number change n . In these equations, cT is the critical point 

of mixture, n is the total number of moles in a mixture and iy  is the mole fraction of ith 

component in a mixture. Other variables 1 2 3 4 5 6, , , , , , , , , , , ,ij i ia b a a F F F F F F     and  are 

computed using the selected cubic equation of state. The definitions of these variables are 

given in refs [41], [43] for both PR and SRK EoS. It is important to mention that these 

equations are implicit in critical volume cv . For any mixture, the total number of equations 

to solve depends on the number of components (C) in a mixture (binary or ternary or 

larger). Altogether, there are C+2 equations and C+2 variables to compute for any 

mixture. For instance, there are 2 equations (Eq. 10 for two components) + 2 equations 

(Eq. 11 and Eq. 12) corresponds to 4 variables ( 1, ,c cT v n and 2n ) to calculate for a 

binary mixture.  

3.3 Computation Method 

The critical point model equations (Eqs. 10-12) are multivariate non-linear system of 

equations implicit in critical volume. There is possibility of one or more solutions (critical 

points) to these equations or it can be No solution. Therefore, an efficient and robust 

numerical method is needed rather than conventional numerical methods like Newton 
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Raphson, Bisection and secant methods to solve this model, since these methods are initial 

guess dependent and consumes a lot of computational time to solve multivariate system 

of equations. 

Since, the aim is to find all critical points of a binary mixture, the most suitable numerical 

method is interval Newton-Bisection method (INBM) previously adopted by Stradi et al. 

This numerical method is based on a concept of Mathematics known as interval analysis; 

basic idea is to find solution for a system of equations in the form of precise intervals or 

bounds of real numbers rather than real numbers. Stradi et al implemented INBM using 

INTBIS library along with programming in FOTRAN. The method proved to be accurate, 

but it took significant time (84.8 seconds to compute three critical points at 0.97/0.03 

mole fraction of CO2-nC16H34 binary mixture). 

Finding critical points using INTLAB root finding function 

In this work, INTerval LABoratory (INTLAB) toolbox version 11 is used to solve system 

of equations of critical point. This robust toolbox is developed in MATLAB by Siegfried 

Rump [48] for solving mathematical problems using interval arithmetic approach. The 

toolbox significantly makes computational effort smaller and generates results faster.  

INTLAB has an inbuilt routine known as verifynlss for finding all roots of multi variable 

non-linear system of equations. This routine works on the concept of Interval Newton-

Bisection method (INBM). It can compute all roots of a non-linear system of equations 

without a requirement of initial guesses. Though, it is important to first understand the 

algorithm of verifynlss routine but it is out of scope of this work to explain all the 

numerical steps involved in the algorithm. To gain understanding of the algorithm, 

readers are encouraged to read ref [44] and ref[45]. 

However, the steps to solve critical point equations using verifynlss are described as 

follows: 

1. As input information, the routine requires intervals for each unknown variable, the 

given interval for an unknown variable should be large so that the routine can find all 

the possible roots of system of equations. The required input intervals for each 

variable are as follows: 
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The use of scaled interval is convenient and proved to be effective in finding roots.  

 

Figure 11: Flow diagram of MATLAB program for computation of critical points of a binary mixture. 

2. Pure fluid critical temperature, critical pressure, acentric factor ( ), mole fractions of 

each component of a binary mixture and binary interaction paramater (kij) are also 

required as an input to the program.  

3. The system of equations of criticality conditions to solve are Eqs. 10-12. 

4. The verifynlss routine outputs the critical temperature(s) cT , critical volume(s) cv and 

mole number changes in the form of very precise intervals;  midpoint of the each 

interval is taken in order to get one real number for cT and cv .  

5. Finally, the computed cT and cv are used to calculate cP of binary mixture using PR 

EoS. 

6. Steps from 1 to 5 are repeated for each molar composition of mixture. 

The main steps of the MATLAB routine are illustrated in Figure 11. 
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3.4 Results 

This last section is dedicated to calculation of complete critical point locus of different 

types of binary mixtures. The purpose is to validate the results from the MATLAB routine 

using experimental as well as numerical critical point data of binary mixtures available in 

literature. Critical locus of eight main types of binary mixtures are studied, they are: 

1. Carbon dioxide + alkane 

2. Carbon dioxide + perfluorocarbon  

3. Carbon dioxide + tetrachloride  

4. Carbon dioxide + polar compound 

5. Carbon dioxide + sulphur compound 

6. Alkane + Alkane  

7. CO2-H2O 

8. NH3-H2O 

Pure fluid properties and binary interaction parameter of these mixtures are taken from 

Aspen databank. Subsequent sections presented the results and comparison with 

experimental data for 11 different binary mixtures.  

Table 14: Binary interaction parameter (k1,2) of different binary mixtures required for computation of vapor-liquid 

critical points. 

Binary mixture k1,2 Source 

CO2-C3H8 0.1241 Aspen databank 

CO2-SO2 0.02431±0.00117 Regression of experimental VLE data 

CO2-C6F14 0.01757±0.00277 Regression of experimental VLE data 

CO2-C4F10 0.10114±0.0038 Regression of experimental VLE data 

CO2-C6F6 0.04381± 0.01167 Regression of experimental VLE data 

CO2-TiCl4 0.07907±0.04564 Regression of experimental VLE data 

CO2-CH2Cl2 0.06637± 0.01244 Regression of experimental VLE data 

C6H14-C3H8 0.0007 Aspen databank 

CO2-C8H18 0.10543±0.001 Regression of experimental VLE data 

NH3-H2O -0.2589 Aspen databank 

CO2-H2O 0.1697 Reference [49] 
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Carbon dioxide-Propane (CO2-Propane) 

Table 15: Vapor-liquid critical points of CO2-C3H8 binary mixture computed using critical point code at different molar 

composition 

Molar 

Composition of 

CO2  (z1) 

Number of Roots 

of criticality 

conditions 

Tc [0C] Pc [bar] 
Nature of critical 

point 

1  31.06 73.83 Vapor-Liquid 

0.95 1 root 30.56 70.31 Vapor-Liquid 

0.9 1 root 31.35 67.98 Vapor-Liquid 

0.8 1 root 36.14 65.94 Vapor-Liquid 

0.7 1 root 43.64 65.46 Vapor-Liquid 

0.6 1 root 52.29 64.81 Vapor-Liquid 

0.5 1 root 61.15 63.12 Vapor-Liquid 

0.4 1 root 69.64 60.26 Vapor-Liquid 

0.3 1 root 77.48 56.46 Vapor-Liquid 

0.2 1 root 84.58 52.04 Vapor-Liquid 

0.1 1 root 90.96 47.31 Vapor-Liquid 

0  96.83 42.48 Vapor-Liquid 

 

 

Figure 12: Vapor pressure of pure fluid components (solid lines) and vapor liquid critical point locus of CO2-C3H8 

binary mixture computed using critical point code (black dashed line). Scatter points show experimental data from 

literature; Poettmann et al (box)[50], Reamer et al (circle)[51], Roof et al (triangle)[52] and Juntarachat et al 

(diamond)[53]. 
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Carbon dioxide-Sulphur dioxide (CO2-SO2) 

Table 16: Vapor-liquid critical points of CO2-SO2 binary mixture computed using critical point code at different molar 

composition 

Molar 

Composition of 

CO2  (z1) 

Number of Roots 

of criticality 

conditions 

Tc [0C] Pc [bar] 
Nature of critical 

point 

1  31.06 73.83 Vapor-Liquid 

0.95 1 root 39.83 78.91 Vapor-Liquid 

0.9 1 root 48.26 83.66 Vapor-Liquid 

0.8 1 root 64.32 91.77 Vapor-Liquid 

0.7 1 root 79.51 97.48 Vapor-Liquid 

0.6 1 root 93.82 100.43 Vapor-Liquid 

0.5 1 root 107.13 100.71 Vapor-Liquid 

0.4 1 root 119.34 98.76 Vapor-Liquid 

0.3 1 root 130.42 95.12 Vapor-Liquid 

0.2 1 root 140.43 90.32 Vapor-Liquid 

0.1 1 root 149.45 84.78 Vapor-Liquid 

0  157.6 78.84 Vapor-Liquid 

 

 

Figure 13:Vapor pressure of pure fluid components (solid lines) and vapor-liquid critical point locus of CO2-SO2 

binary mixture computed using critical point code (black dashed line).  
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Carbon dioxide-Perfluorohexane (CO2-C6F14) 

Table 17: Vapor-liquid critical points of CO2-C6F14 binary mixture computed using critical point code at different 

molar composition 

Molar 

Composition of 

CO2  (z1) 

Number of Roots 

of criticality 

conditions 

Tc [0C] Pc [bar] 
Nature of critical 

point 

1  31.06 73.83 Vapor-Liquid 

0.95 1 root 46.52 77.09 Vapor-Liquid 

0.9 1 root 63.54 79.61 Vapor-Liquid 

0.8 1 root 93.17 76.37 Vapor-Liquid 

0.7 1 root 115.63 67.33 Vapor-Liquid 

0.6 1 root 132.21 57.27 Vapor-Liquid 

0.5 1 root 144.62 48.02 Vapor-Liquid 

0.4 1 root 154.11 39.99 Vapor-Liquid 

0.3 1 root 161.57 33.14 Vapor-Liquid 

0.2 1 root 167.56 27.3 Vapor-Liquid 

0.1 1 root 172.46 22.31 Vapor-Liquid 

0  176.55 18.02 Vapor-Liquid 

 

 

Figure 14: Vapor pressure curve of pure fluid components (solid lines) and vapor-liquid critical point locus of CO2-

C6F14 binary mixture computed using critical point code (black dashed line). 
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Carbon dioxide-Decafluorobutane (CO2-C4F10) 

Table 18: Critical points of CO2-C4F10 binary mixture computed using critical point code at different molar 

composition 

Molar 

composition of 

CO2 (z1) 

Number of roots 

of criticality 

conditions 

Tc [0C] Pc [bar] Nature of CP 

1  31.25 73.74  

0.98 1 root 30.05 69.85 Vapor-Liquid 

0.9 3 roots 

-44.28 -122.79 Meta stable 

-44.23 -164.55 Meta stable  

33.86 63.52 Vapor-Liquid 

0.88 3 roots 

-44.67 -166.16 Meta stable 

-33.905 83.20 Not sure  

36.13 63.1 Vapor-Liquid 

0.87 2 roots 
-45.75 -169.64 Meta stable 

37.34 62.94 Vapor-Liquid 

0.85 2 roots 
-48.77 -180.41 Meta stable 

39.93 62.71 Vapor-Liquid 

0.8 2 roots 
-58.88 -220.36 Meta stable 

46.77 62.09 Vapor-Liquid 

0.7 1 root 60.44 59.45 Vapor-Liquid 

0.6 1 root 72.59 54.8 Vapor-Liquid 

0.5 1 root 82.79 49.12 Vapor-Liquid 

0.4 1 root 91.23 43.23 Vapor-Liquid 

0.3 1 root 98.22 37.57 Vapor-Liquid 

0.2 1 root 104.06 32.33 Vapor-Liquid 

0.1 1 root 108.98 27.54 Vapor-Liquid 

0  113.2 23.23  
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Figure 15: Vapor pressure curves of pure fluid components (Solid lines) and vapor-liquid critical point locus of CO2-

C4F10 binary mixture computed using critical point code (black dashed line). Scatter points (triangles) show 

experimental data from literature [54] 

Carbon dioxide-Perfluorobenzene (CO2-C6F6) 

Table 19: Vapor-liquid critical points of CO2-C6F6 binary mixture computed using critical point code at different molar 

composition 

Molar 

Composition of 

CO2  (z1) 

Number of Roots 

of criticality 

conditions 

Tc [0C] Pc [bar] Nature of critical 

point 

1 1 root 31.06 73.83 Vapor-Liquid 

0.9 1 root 78.59 111.48 Vapor-Liquid 

0.85 1 root 100.34 121.44 Vapor-Liquid 

0.8 1 root 120.65 124.57 Vapor-Liquid 

0.75  1 root 138.67 122.42 Vapor-Liquid 

0.7  1 root 154.27 117.01 Vapor-Liquid 

0.65  1 root 167.63 109.90 Vapor-Liquid 

0.6  1 root 179.07 102.12 Vapor-Liquid 

0.5  1 root 197.42 86.56 Vapor-Liquid 

0.4  1 root 211.32 72.44 Vapor-Liquid 

0.3  1 root 222.13 60.16 Vapor-Liquid 

0.2  1 root 230.75 49.61 Vapor-Liquid 

0.1 1 root 237.76 40.55 Vapor-Liquid 

0 1 root 243.58 32.73 Vapor-Liquid 
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Figure 16:Vapor pressure curve of pure fluid components (solid lines) and vapor-liquid critical point locus of CO2-

C6F14 binary mixture computed using critical point code (black dashed line). 

Carbon dioxide-Titanium tetrachloride (CO2-TiCl4) 

Table 20: Critical points of CO2-TiCl4 binary mixture computed using critical point code at different molar composition 

Molar 

Composition of 

CO2  (z1) 

Number of 

Roots of 

criticality 

conditions 

Tc [0C] Pc [bar] 
Nature of critical 

point 

1  31.06 73.83 Vapor-Liquid 

0.96 1 root 49.28 96.56 

Occurrence of 

Liquid-Liquid 

critical points. 

0.95 1 root 49.14 96.26 

0.93 1 root 45.79 88.59 

0.92 1 root 43.53 82.78 

0.9 1 root 42.38 79.62 

0.8 1 root 149.56 243.65 Vapor-Liquid 

0.7 1 root 224.44 232.47 Vapor-Liquid 

0.6 1 root 269.89 191.42 Vapor-Liquid 

0.5 1 root 299.76 153.42 Vapor-Liquid 

0.4 1 root 320.71 122.32 Vapor-Liquid 

0.3 1 root 336.14 97.31 Vapor-Liquid 

0.2 1 root 347.96 77.05 Vapor-Liquid 

0.1 1 root 357.29 60.44 Vapor-Liquid 

0.02 1 root 363.44 49.18 Vapor-Liquid 
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0  364.85 46.61 Vapor-Liquid 

 

 

Figure 17: Vapor pressure curve of pure fluid components (solid lines) and vapor-liquid critical point locus of CO2-

TiCl4 binary mixture computed using critical point code (black dashed line). Scatter points (triangle) show critical 

point calculated in reference [55]. 

Carbon dioxide-Methylene chloride (CO2-CH2Cl2) 

Table 21: Vapor-liquid critical points of CO2-CH2Cl2 binary mixture computed using critical point code at different 

molar composition 

Molar 

Composition of 

CO2  (z1) 

Number of Roots 

of criticality 

conditions 

Tc [0C] Pc [bar] 
Nature of critical 

point 

1 1 root 31.06 73.83 Vapor-Liquid 

0.95 1 root 47.04 85.91 Vapor-Liquid 

0.9 1 root 61.58 97.96 Vapor-Liquid 

0.8 1 root 90.07 119.85 Vapor-Liquid 

0.7 1 root 119.92 132.48 Vapor-Liquid 

0.6 1 root 147.37 132.17 Vapor-Liquid 

0.5 1 root 170.42 123.37 Vapor-Liquid 

0.4 1 root 189.25 110.88 Vapor-Liquid 

0.3 1 root 204.64 97.43 Vapor-Liquid 

0.2 1 root 217.33 84.29 Vapor-Liquid 

0.1 1 root 227.91 72.03 Vapor-Liquid 

0 1 root 236.85 60.8 Vapor-Liquid 
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Figure 18: Vapor pressure curve of pure fluid components (solid lines) and vapor-liquid critical point locus of CO2-

CH2Cl2 binary mixture computed using critical point code (black dashed line). Scatter points show experimental data 

from literature [56] 

Hexane-Propane (C6H14-C3H8) 

Table 22: Vapor-liquid critical points of C6H14-C3H8 binary mixture computed using critical point code at different 

molar composition 

Molar 

Composition of 

Hexane  (z1) 

Number of Roots 

of criticality 

conditions 

Tc [0C] Pc [bar] 
Nature of critical 

point 

0 1 root 96.96 42.55 Vapor-Liquid 

0.1 1 root 122.52 47.95 Vapor-Liquid 

0.2 1 root 143.55 50.02 Vapor-Liquid 

0.3 1 root 161.39 49.8 Vapor-Liquid 

0.4 1 root 176.67 48.15 Vapor-Liquid 

0.5 1 root 189.83 45.66 Vapor-Liquid 

0.6 1 root 201.24 42.72 Vapor-Liquid 

0.7 1 root 211.18 39.58 Vapor-Liquid 

0.8 1 root 219.9 36.4 Vapor-Liquid 

0.9 1 root 227.6 33.27 Vapor-Liquid 

1 1 root 234.37 30.27 Vapor-Liquid 
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Figure 19: Vapor pressure curve of pure fluid components (solid line) and vapor-liquid critical point locus of 

propane-hexane binary mixture computed using critical point code (black dashed line). Scatter points show 

experimental data from literature [57] 

Carbon dioxide-Octane (CO2-C8H18) 

Table 23: Critical points of CO2-C8H18 binary mixture computed using critical point code at different molar 

composition 

Molar 

Composition 

of CO2  (z1) 

Number of 

Roots of 

criticality 

conditions 

Tc [0C] Pc [bar] Nature of critical point 

0.1 1 root 290.57 32.39 Vapor-Liquid 

0.2 1 root 284.23 41.46 Vapor-Liquid 

0.3 1 root 276.22 52.54 Vapor-Liquid 

0.4 1 root 265.82 66.26 Vapor-Liquid 

0.5 1 root 251.79 83.54 Vapor-Liquid 

0.6 1 root 231.94 105.33 Vapor-Liquid 

0.7 1 root 202.04 131.62 Vapor-Liquid 

0.8 1 root 153.53 154.09 Vapor-Liquid 

0.85 1 root 118.4 151.11 Vapor-Liquid 

0.86 3 roots 

-24.76 -105.07 Metastable 

-21.23 -132.21 Metastable  

110.56 147.82 Vapor-Liquid 

0.87 3 roots -21.23 -28.73 Metastable 
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-18.01 -123.89 Metastable 

102.62 143.52 Vapor-Liquid 

0.872 3 roots 

-17.61 -122.64 Metastable 

-20.1 -7.12 Liquid-Liquid 

101.04 142.52 Vapor-Liquid 

0.875 3 roots 

-17.16 -121.16 Metastable 

-18.09 31.89 Liquid-Liquid 

98.65 140.88 Vapor-Liquid 

0.878 3 roots 

-16.96 -120.61 Metastable 

-15.51 83.39 Liquid-Liquid 

96.28 139.19 Vapor-Liquid 

0.88 3 roots 

-16.87 -120.29 Metastable 

-13.4 127.81 Liquid-Liquid 

94.72 138.03 Vapor-Liquid 

0.9 2 roots 
-20.73 -135.23 Metastable 

80.13 125.15 Vapor-Liquid 

0.95 1 root 56.64 98.1 Vapor-Liquid 

0.999 1 root 31.8 74.14 Vapor-Liquid 

 

 

Figure 20: Vapor pressure curves of pure fluid components (solid lines), vapor liquid critical point locus (black 

dashed line) and liquid-liquid critical point locus (blue dashed line) of CO2-C8H18 binary mixture computed using 

critical point code. Scatter points show experimental data from literature; Gurdial et al (Black circles)  [25] , Sun et 

al (diamonds) [59], Heidemann et al (triangles) [37] 
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Ammonia-Water (NH3-H2O) 

Table 24: Vapor-liquid critical points of NH3-H2O binary mixture computed using critical point code at different molar 

composition of water 

Molar 

Composition of 

water  (z1) 

Number of Roots 

of criticality 

conditions 

Tc [0C] Pc [bar] 
Nature of critical 

point 

1  374.096 220.64 Vapor-Liquid 

0.95 1 root 367.68 219.42 Vapor-Liquid 

0.9 1 root 361.03 218.54 Vapor-Liquid 

0.8 1 root 346.92 217.65 Vapor-Liquid 

0.7 1 root 331.51 217.71 Vapor-Liquid 

0.6 1 root 314.48 218.35 Vapor-Liquid 

0.5 1 root 295.37 218.85 Vapor-Liquid 

0.4 1 root 273.53 217.92 Vapor-Liquid 

0.3 1 root 248.02 213.02 Vapor-Liquid 

0.2 1 root 217.49 199.22 Vapor-Liquid 

0.15 1 root 199.87 186.4 Vapor-Liquid 

0.1 1 root 180.53 168.05 Vapor-Liquid 

0  132.5 112.8 Vapor-Liquid 

 

 

Figure 21: Vapor pressure curves of pure fluid components (solid lines) and vapor-liquid critical point locus of NH3-

H2O binary mixture computed using critical point code (black dashed line). 
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Carbon dioxide-water (CO2-H2O) 

Table 25: Vapor-liquid critical points of CO2-H2O binary mixture computed using critical point code at different molar 

composition of CO2 

Molar Composition of 

CO2  (z1) 

Number of Roots of 

criticality conditions 
Tc [0C] Pc [bar] 

0.98 1 root 35.96 77.5 

0.95 1 root 43.39 84.45 

0.9 no root   

0.8 no root   

0.7 no root   

0.6 no root   

0.5 no root   

0.4 no root   

0.35 no root   

0.3 1 root 318.86 1360.45 

0.25 1 root 327.59 723.47 

0.2 1 root 339.61 493.33 

0.15 1 root 350.27 379.97 

0.1 1 root 359.35 309.59 

0.08 1 root 362.62 287.76 

0.05 1 root 367.19 259.43 

0.02 1 root 371.43 235.11 

 

 

Figure 22: Vapor pressure curves of pure fluids (solid lines) and computed critical points locus of CO2-H2O mixture 

(black dashed line). Scatter points show experimental critical point data from takenouchi et al [60](diamonds), 

todheide et al [61] (crosses), Gallagher et al [62] (triangles) and Alain et al [63](circles). 
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3.5 Chapter Summary 

This chapter addressed the problem of computation of critical points of binary mixtures 

by developing a numerical code which can calculate all possible critical points of a binary 

mixture at given molar composition and pure fluid properties. Numerical code is written 

in MATLAB together with INTLAB toolbox (version 11) to solve criticality conditions. 

The methodology adopted is known as interval Newton-bisection method and this 

approach is proposed earlier by Stradi et al to calculate critical points of binary as well as 

ternary mixtures. The salient features of the numerical code are: 

1. Accurate computation of critical points of binary mixture at all compositions. 

2. All critical points including stable, unstable and metastable can be computed. 

3. No initial guess is required to search for critical point. 

4. Both Vapor-Liquid and Liquid-Liquid critical points can be determined. 

In subsequent chapters, numerical code developed in this chapter is used to study critical 

locus of carbon dioxide mixtures.  
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Chapter 4:      CO2 based binary mixtures as working fluid 

in transcritical thermodynamic power cycles 

for high temperature waste heat recovery: 

Comparison with supercritical CO2 cycles 

and ORC 

4.1 Introduction 

The exhaust gas waste heat from industrial processes carries ample amount of energy at 

different temperature levels. The recovery of waste heat is important in order to 

decarbonize industrial sector and to meet the energy demand in efficient way. The total 

theoretical waste heat potential in the EU is estimated to be 918 TWh, which accounts for 

waste heat from low, medium, and high temperature rejected by various types of 

industries [64]. While, high temperature flue gases at temperatures above 270°C share 

approximately 30% of waste heat potential [65]. In general, some useful ways to recover 

and valorize waste heat is by using preheaters in industry to heat air or steam, heat pumps 

for district heating, vapor absorption systems to fulfil cooling needs, and thermodynamic 

power cycles to generate electrical power. 

One of the highest energy consumptive industry and the main contributor of CO2 

emissions is cement production plant. For production of one ton of cement, energy of 4 

to 5 GJ is required along with waste heat carrying CO2 emissions of around 0.8 kg CO2/kg 

of cement [66]. In particular, two main sources of flue gases at different temperatures and 

mass flow in cement plant are exhaust of Kiln preheaters and clinker coolers. It is 

extremely important to recover heat from flue gases of cement plant in order to produce 

electricity and to reduce the flue gases temperature. Depending upon the temperature of 

flue gases, up to 30% of total energy demand of cement plant can be meet by heat recovery 

power system. As an alternative, heat recovery can also possibly contribute in fulfilling 

heating demand of the industry or nearby district.  

Other significant sources of high temperature waste heat are flue gases from glass 

manufacturing industry (750 to 1650℃), iron and steel production (900 to 1500 ℃) and 

chemical processes which includes fluid catalyst cracking (for example, 700 to 800℃). 

Corrosion in the tubes of the heat recovery heat exchanger, however, is a challenge due 

to the presence of sulphur compounds in dusty flue gases. This problem is addressed by 
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keeping the flue gas outlet temperature above the acid dew point temperature or by using 

corrosion-resistant materials. 

The choice of thermodynamic cycle for power generation is a critical part of heat 

recovery. Steam Rankine cycles (SRC), Kalina cycles (KC), and organic Rankine cycles 

(ORC) are among the developed technologies in the market. Steam Rankine cycle 

technology is primarily competitive for power production greater than 10 MW owing to 

higher footprint of the power cycle. Organic Rankine cycles, on the other hand, function 

well at power levels of around 1MW because they use working fluids with a lower 

evaporation temperature. There are numerous studies in the literature that examine ORC 

performance with a focus on organic working fluid selection and cycle thermodynamic 

and economic analysis.  

Scaccabarozzi et al [67] investigated over 40 organic working fluids, including pure and 

binary mixtures in ideal ORC engines, using waste heat from heavy duty diesel engines. 

The mechanical efficiency of ORC was found to be in the range of 16-19% when the flue 

gas temperature was 245°C and 20-24% when the flue gas temperature was 354°C. The 

study also emphasizes the necessity of experimental thermodynamic properties and 

thermal stability data for some new working fluids (like Novec 649 and HFO1233zde) 

that theoretically showed maximum efficiency in organic Rankine cycles. 

Aziz et al [68] optimized the thermodynamic efficiency of an ORC employing flue gases 

from biomass combustion as a heat source at 450°C and considered three working fluids 

(m-xylene, decane, and Propylcyclohexane). The study selected m-xylene as a potential 

fluid owing to lower overall size of heat exchanger and higher exergy efficiency. Ref [69] 

provides a very brief overview of organic working fluids and their selection for subcritical 

and supercritical cycles. 

Bombarda et al [70] investigated the potential of the Kalina cycle and ORC in heat 

recovery of a diesel engine (exhaust temperature of 346°C) to increase power output. The 

comparison of the Kalina cycle and the ORC cycle reveals that the ORC cycle is a better 

choice due to its lower operating pressure, smaller heat exchanger size, and simpler cycle 

layout.  

Because of the thermal stability limit imposed by organic working fluids, it is obvious 

from the vast amount of research that ORCs cannot operate at heat source temperatures 

beyond 450℃. Thus, the primary energy sources for ORCs are between 100 and 450℃, 

such as waste heat of internal combustion engines [71], geothermal heat [72], biomass 
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heat [73], waste heat from micro-gas turbines[74] and parabolic trough solar collectors 

[75]. As a result, the power size of ORCs is around few kilowatts to tens of megawatts 

(<1-10 MW), with first law efficiency ranging from 10-30% depending upon the 

operating conditions. 

Nevertheless, ORC research continues to progress in the direction of selecting thermally 

stable working fluids, which necessitates thermal stability testing at various temperatures 

and with various container materials [5]. Moreover, the selection of the best working fluid 

is based on the working fluid's thermodynamic and environmental properties, power cycle 

boundary conditions, site conditions, and required electrical power. It's difficult to draw 

a line suggesting optimal working fluid without first knowing the required operating 

conditions and working fluid properties. 

In the last decade, there has been renewed interest in use of carbon dioxide (CO2) as a 

working fluid in thermodynamic cycles for power generation. Supercritical carbon 

dioxide (sCO2) power cycles, in particular, are being investigated using low, medium, 

and high temperature heat sources [76]. The main advantage of sCO2 power cycle 

technology is its higher thermal efficiency and smaller size footprint when compared to 

conventional steam Rankine cycle technology. Because of the higher density in the 

supercritical phase, the sCO2 cycle requires approximately ten times smaller 

turbomachinery than the steam Rankine cycle for same power size [77]. 

There is a lot of research and projects underway with the goal of designing and deploying 

a cost-effective heat recovery solution. sCO2 cycles, without a doubt, can be a viable 

candidate for power generation by utilizing a wide range of heat recovery sources such 

as waste heat from gas turbines, waste heat from the glass manufacturing industry, and so 

on. For waste heat recovery of cement plants, Kizilkan et al. [66] compared the 

thermodynamic performance of the sCO2 cycle and the Steam Rankine cycle. According 

to the analysis, the sCO2 cycle outperformed the steam Rankine cycle in terms of energy 

and exergy efficiency; the sCO2 cycle demonstrated around 3 percentage points higher 

energy efficiency and around 7 percentage points higher exergy efficiency than the steam 

Rankine cycle.  

Astolfi et al. [78] compared ORC and CO2 cycles (supercritical and transcritical cycles) 

at heat source temperatures ranging from 200 to 600°C, focusing on both air cooled and 

water cooled heat sinks. For heat source temperatures greater than 350°C, the study 

suggested a transcritical CO2 cycle with a water-cooled condenser as an efficient cycle. 
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ORC, on the other hand, is recommended as an efficient cycle for heat sources that are 

less than 350°C. 

For heat recovery from a glass furnace with a flue gas temperature of 450 °C, a 

comparison was made among ORC, sCO2 cycle, and Air Brayton cycle. In terms of higher 

power output, the study proved sCO2 cycle as a promising heat recovery solution when 

compared to the ORC and Air Brayton cycles [79]. Marchionni et al [80] carried out the 

study on eight different sCO2 cycle layouts in order to determine a competitive cycle 

layout using flue gases at 650°C as a heat source. Similarly, Manente et al [17] compared 

traditional and novel sCO2 cycle layouts for a wide range of waste heat sources from 400 

to 800℃. Based on heat recovery efficiency and plant cost, the study recommended single 

flow split and dual flow split with dual expansion layouts as the best possible compromise 

for waste heat recovery. 

Why CO2 mixtures for heat recovery power cycles? 

Despite the fact that sCO2 cycles show promising cycle efficiency and compact size of 

the turbomachinery and heat exchangers, there are some challenges that must be 

overcome in order to obtain a cost-effective heat recovery cycle: 

1. Complex cycle layout versus total efficiency: The sCO2 cycle layouts which showed 

higher heat recovery total efficiency are complex with larger size foot print which imply 

higher specific investment costs ($/kWel) compared to simple recuperative cycle layout. 

2. High turbine inlet pressure: Maximum operating pressure (250 to 400 bar) in sCO2 

cycles are higher than ORCs, necessitating the use of specialized materials to withstand 

higher pressure. 

Adopting CO2-based binary mixtures, which involve doping CO2 with organic or 

inorganic additives, can be a very useful way to deal with the aforementioned challenges 

of sCO2 cycles in waste heat recovery. Doping can cause the CO2 critical point to shift to 

a higher temperature and lower pressure, allowing for the possibility of a condensation 

cycle. Lower cycle minimum pressure below the critical point can provide a degree of 

freedom to increase the cycle's pressure ratio while also maintaining a lower turbine inlet 

pressure. As a result of the high-pressure ratio, the cycle can produce more power, 

improving total efficiency while maintaining the same cycle layout. Second, due to liquid 

phase compression in the condensation cycle, with compression starting at a temperature 

below the critical point temperature of the CO2 mixture, less compression power 

consumption is achievable as compared to sCO2 cycle. A recent work [81] compared the 
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ratio of compression power and turbine power (𝑊𝑐𝑜𝑚𝑝
̇ 𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒⁄ )  for sCO2 cycle and 

transcritical CO2-propane cycle. In case of CO2-propane cycle, the value of ratio is 19% 

lower compared to sCO2 cycle at constant cycle maximum temperature and minimum 

temperature (i.e. 550℃ and 51℃). This shows how CO2-based binary mixtures can be 

used to reduce compression power and enhance thermodynamic efficiency. 

In lieu of above discussion, the thermodynamic evaluation of CO2 power cycles using 

CO2-based binary mixtures as working fluids for heat recovery application is discussed 

in this chapter. 

4.2 Scope of this Chapter 

This chapter deals with thermodynamic analysis and comparison of transcritical ORCs, 

sCO2 cycles and transcritical CO2 mixture based power cycles. The heat source 

temperature is assumed as 450℃ because this temperature represents wide range of 

applications like waste heat from cement plant, waste heat from internal combustion 

engines and glass furnaces. 

The main focus is on the following two aspects: 

1. Compare the thermodynamic performance of benchmark heat recovery power cycle 

technologies (sCO2 vs ORCs) and choose the best conditions and working fluid to 

improve the heat recovery system's overall efficiency. 

2. Propose CO2-based binary mixtures as working fluids in transcritical cycles to 

demonstrate benefits in total efficiency and overall power plant size compared to 

sCO2 cycle and ORCs. 

The structure of this Chapter is divided into three main sections: 

1. Heat recovery using supercritical CO2 power cycles 

2. Heat recovery using transcritical Organic Rankine cycles  

3. CO2 mixtures working fluid in transcritical power cycles  
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4.3 Method 

Power cycle operating parameters and assumptions 

Table 26 shows the properties of flue gases as a heat source for heat recovery. The dew 

point temperature of the gases, which is 51°C, is the minimum possible cooling 

temperature of flue gases. In the literature, the typical minimum temperature of gases is 

assumed to be 150 to 180°C to avoid condensation of suphur compounds and the 

production of sulphuric acid in the pipes of a heat recovery heat exchanger [79]. Because 

the flue gas composition assumed in this study lacks sulphur compounds, the calculated 

dew point temperature is quite low. 

Table 26: Characteristics of flue gases from an industrial process 

Tflue 

[℃] 

Pflue 

[bar] 

Tdew 

[℃] 

𝒎̇𝒇𝒍𝒖𝒆 

[kg/s] 

Thermal power 

𝑸̇𝒂𝒗𝒂𝒊𝒍𝒂𝒃𝒍𝒆 

[MW] 

Molar composition of flue gas 

CO2 N2 O2 H2O 

450 1.01 51 100 44.27 0.28 0.58 0.03 0.11 

 

The general assumptions for thermodynamic analysis of power cycles are listed in Table 

27. The minimum temperature difference approach (MITA) is used to model heat 

exchangers (recuperators, radiators, condensers, and primary heat exchangers), the values 

of which are shown in Table 2. The efficiencies of turbomachinery (compressors, pumps, 

and turbines) are also derived from best practices in the literature.  

The critical pressure of the working fluid determines the minimum pressure (Pmin) of the 

cycles. The minimum pressure in supercritical CO2 cycles is optimized using range of 

pressure values slightly above the critical point of CO2. Whereas, the minimum pressure 

in transcritical cycles is less than the critical pressure; in fact, it is the bubble pressure at 

the calculated cycle minimum temperature (Psat @Tmin). 

  

Table 27: Operating parameters and common assumptions for thermodynamic simulation of sCO2 power cycles. 

Parameter Value 

Pmin [bar] 
Psat @ Tmin for transcritical cycle 

Optimum value for supercritical cycle 

Pmax [bar] Optimum value 

Tmax [℃] 300,350,400 

MITAPHE   [℃] 50 
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MITAradiator [℃] / MITAcondenser [℃] 20 

MITArecup [℃] 20 

Air coolant inlet/outlet [℃] 15/35 

𝜼𝒊𝒔𝒆𝒏𝒕,𝒄𝒐𝒎𝒑/𝜼𝒎𝒆𝒄𝒉,𝒄𝒐𝒎𝒑 0.8 / 0.98 

𝜼𝒊𝒔𝒆𝒏𝒕,𝒕𝒖𝒓𝒃 /𝜼𝒎𝒆𝒄𝒉,𝒕𝒖𝒓𝒃 0.85/0.95 

 

Furthermore, the cycle maximum pressure (Pmax) should be always greater than the 

critical pressure of the working fluid as this is the primary requirement for supercritical 

and transcritical cycles. For each working fluid and cycle layout, the optimal value of 

Pmax is calculated. Regarding cycle maximum temperature (or turbine inlet temperature), 

three values are considered; 300℃, 350℃ and 400℃ and optimum value for each cycle 

layout is computed. Pressure losses in heat exchangers are neglected for simplicity. 

4.4 Thermodynamic modeling 

To evaluate the thermodynamic performance of heat recovery system, following 

performance indicators are defined: 

Cycle total efficiency 

𝑊̇𝑛𝑒𝑡 = 𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 − 𝑊̇𝑐𝑜𝑚𝑝/𝑝𝑢𝑚𝑝                                Eq. 13 

𝑊̇𝑒𝑙𝑒𝑐 = 𝜂𝑚𝑒𝑐ℎ,𝑡𝑢𝑟𝑏 ∗ 𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 −
𝑊̇𝑐𝑜𝑚𝑝/𝑝𝑢𝑚𝑝

0.98
                  Eq. 14 

𝜂𝑐𝑦𝑐𝑙𝑒 =
𝑊̇𝑒𝑙𝑒𝑐

𝑄̇𝑃𝐻𝐸
                                                               Eq. 15 

The symbol 𝑊̇𝑛𝑒𝑡 indicates the gross work output of the power cycle and cycle efficiency 

(𝜂𝑐𝑦𝑐𝑙𝑒) represents the ability of cycle to convert thermal power exchanged in primary 

heat exchanger (required input) into gross work output (desired output). Normally, large 

heat exchange in PHE brings about reduction in cycle efficiency of the power cycle but 

on other hand it also results in more cooling of flue gases. As a result, it is preferable to 

define a composite indicator for a heat recovery power cycle that considers both the 

capacity of cycle to cool flue gases and its efficiency. Total efficiency (𝜂𝑡𝑜𝑡𝑎𝑙) as 

expressed in Eq. 16 is rather more inclusive indicator because it is a multiple of heat 

recovery effectiveness and cycle efficiency. It refers to the power cycle's ability to convert 

flue gas thermal power (available input) into gross work output (desired output). 

𝜙𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑄̇𝑃𝐻𝐸

𝑄̇𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
                                 Eq. 16 
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𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑐𝑦𝑐𝑙𝑒 𝜙𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑊̇𝑛𝑒𝑡

𝑄̇𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
        Eq. 17 

𝑄̇𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝑚̇𝑓𝑙𝑢𝑒(ℎ𝑓𝑙𝑢𝑒,𝑖𝑛 − ℎ𝑓𝑙𝑢𝑒,𝑑𝑝)    Eq. 18 

Where, 𝑄̇𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 represent the maximum thermal power available in flue gases which is 

the multiple of enthalpy difference and mass flow of flue gases.   

Exergy or second law efficiency 

Analysis of entropic losses and evaluation of exergy efficiency provides the location of 

thermodynamic losses in a thermodynamic power cycle and also helps in systematic 

comparison of different power cycles on consistent bases i.e. maximum obtainable power 

from the available heat source. 

𝜂𝐼𝐼 =
𝜂𝑡𝑜𝑡𝑎𝑙

𝜂𝑐𝑎𝑟𝑛𝑜𝑡
                                               Eq. 19 

𝜂𝑐𝑎𝑟𝑛𝑜𝑡 = 1 −
𝑇𝑜

𝑇𝐻
∗                                         Eq. 20 

𝑇𝐻
∗ =

ℎ𝑓𝑙𝑢𝑒,𝑖𝑛−ℎ𝑓𝑙𝑢𝑒,𝑑𝑝

𝑠𝑓𝑙𝑢𝑒,𝐼𝑖𝑛−𝑠𝑓𝑙𝑢𝑒,𝑑𝑝
                                  Eq. 21 

Where, 𝑇0 is the ambient air temperature (or dead state temperature) of 15℃, 𝑇𝐻
∗  is the 

temperature of sensible heat source (flue gases). The definition of 𝑇𝐻
∗  depends on the inlet 

and minimum possible cooling temperature of flue gases i.e. dew point temperature (dp). 

For a thermodynamic power cycle, the total efficiency in terms of exergy losses can be 

expressed as, 

𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑐𝑎𝑟𝑛𝑜𝑡 − 𝜂𝑙𝑜𝑠𝑠                          Eq. 22 

𝜂𝑙𝑜𝑠𝑠 =
𝑇0 ∑ 𝑆̇𝐺

𝑁
𝑖=1

𝑄̇𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
                                      Eq. 23 

𝑇0 ∑ 𝑆̇𝐺
𝑁
𝑖=1  represents the exergy losses (or loss of available power) occurring due to 

entropy generation in cycle components, exergy loss due to cooling of residual exhaust 

gases to dew point temperature (stack losses) and due to heating of air in the radiator.  

The entropy generation rate for each process in the components of the power cycles are 

computed as follows, 

𝑆̇𝐺,𝑐𝑜𝑚𝑝/𝑝𝑢𝑚𝑝 = 𝑚̇𝑤𝑓 ∗ (𝑠𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑠𝑖𝑛𝑙𝑒𝑡)                   Eq. 24 

𝑆̇𝐺,𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = 𝑚̇𝑤𝑓 ∗ (𝑠𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑠𝑖𝑛𝑙𝑒𝑡)                         Eq. 25 

𝑆̇𝐺,𝑃𝐻𝐸 = 𝑚̇𝑤𝑓 ∗ (𝑠𝑐𝑜𝑙𝑑,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑠𝑐𝑜𝑙𝑑,𝑖𝑛𝑙𝑒𝑡) − 𝑚̇𝑓𝑙𝑢𝑒 ∗ (𝑠𝑓𝑙𝑢𝑒,𝑖𝑛 − 𝑠𝑓𝑙𝑢𝑒,𝑜𝑢𝑡)              Eq. 26 

𝑆̇𝐺,𝑟𝑒𝑐𝑢𝑝𝑒𝑟𝑎𝑡𝑜𝑟 = 𝑚̇𝑤𝑓 ∗ [(𝑠𝑐𝑜𝑙𝑑,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑠𝑐𝑜𝑙𝑑,𝑖𝑛𝑙𝑒𝑡) − (𝑠ℎ𝑜𝑡,𝑖𝑛𝑙𝑒𝑡 − 𝑠ℎ𝑜𝑡,𝑜𝑢𝑡𝑙𝑒𝑡)]       Eq. 27 

𝑆̇𝐺,𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟/𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 =
𝑚̇𝑎𝑖𝑟∗(ℎ𝑎𝑖𝑟,𝑜𝑢𝑡−ℎ𝑎𝑖𝑟,𝑖𝑛)

𝑇0
− 𝑚̇𝑤𝑓 ∗ (𝑠ℎ𝑜𝑡,𝑖𝑛𝑙𝑒𝑡 − 𝑠ℎ𝑜𝑡,𝑜𝑢𝑡𝑙𝑒𝑡)        Eq. 28 
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Moreover, entropy generation rate due to residual flue gases from outlet of PHE cooled 

down to dew point is calculated as, 

𝑆̇𝐺,𝑠𝑡𝑎𝑐𝑘𝑙𝑜𝑠𝑠 =
𝑚̇𝑓𝑙𝑢𝑒∗(ℎ𝑓𝑙𝑢𝑒,𝑜𝑢𝑡−ℎ𝑓𝑙𝑢𝑒,𝑑𝑝)

𝑇0
− 𝑚̇𝑓𝑙𝑢𝑒 ∗ (𝑠𝑓𝑙𝑢𝑒,𝑜𝑢𝑡 − 𝑠𝑓𝑙𝑢𝑒,𝑑𝑝)                   Eq. 29 

Summing up all the losses terms and inserting in Eq. 22 gives the total efficiency of the 

power cycle. Finally, the second law efficiency or exergy efficiency can be computed 

using Eq. 19. 

Taking into account the above-mentioned operating conditions and thermodynamic 

model, next sections present the thermodynamic results of three power cycle technologies 

for heat recovery: 

1. Supercritical carbon dioxide power cycles 

2. Transcritical Organic Rankine cycles 

3. Carbon dioxide mixtures transcritical power cycles  
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4.5 Supercritical CO2 power cycles 

Cycle Layouts 

As shown in Figure 23, the first sCO2 power cycle layout considered for heat recovery is 

a simple recuperative sCO2 power cycle. In this design, CO2 is heated to its maximum 

temperature in a primary heat exchanger before being expanded in a turbine. Following 

expansion, there is one recuperator that recovers the available thermal power at the 

turbine outlet in order to raise the temperature of the CO2 coming from the compressor at 

high pressure. The amount of heat exchange in the recuperator is determined by the 

compressor pressure ratio and the mass flow rate of CO2. After the recuperator, the cooled 

CO2 is further cooled to cycle minimum temperature while passing through a radiator. 

 

 

Figure 23: Layout diagram of sCO2 simple recuperative cycle 

The Partial heating cycle was chosen as the second layout. As shown in Figure 24, this cycle 

scheme includes a mass split and another heat recovery heat exchanger in addition to a 

simple recuperative cycle layout. Because of the split in mass flow rate after compression, 

some CO2 mass flows to the heat exchanger for heat recovery, while the remaining flows 

to the recuperator, depending on the specified value of mass split. After being heated by 

the heat exchanger and recuperator, the two CO2 streams are combined and heated in the 

primary heat exchanger to achieve the required turbine inlet temperature. The turbine 

expands to the minimum cycle pressure, then cools the CO2 stream in the recuperator and 

through the radiator to the minimum cycle temperature. 
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Figure 24: Layout diagram of sCO2 partial heating cycle 

Figure 25 depicts the third layout, known as the single flow split dual expansion cycle. 

The cycle components in this configuration are larger than in the Partial heating cycle due 

to the addition of one low temperature (LT) turbine. CO2 is compressed in the main 

compressor before being split into two streams. One stream is heated in PHE before being 

expanded in a high temperature (HT) turbine. While the other stream is heated in the LTR 

and HTR before being expanded in the LT turbine. In order to achieve a better thermal 

match, the different mass flow in recuperators balances the heat capacities between hot 

and cold streams inside the recuperators. Finally, CO2 is cooled to the minimum cycle 

temperature in the radiator. This cycle configuration is known as a cascade cycle in the 

literature [6]. 

 

Figure 25: Layout diagram of sCO2 single flow split-dual expansion cycle 
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4.6 Thermodynamic cycle results of sCO2 cycles 

Simple recuperative cycle (SRC) 

To find optimum point based on total efficiency, the cycle thermodynamic performance 

is investigated at different minimum pressures (Pmin), pressure ratio (PR) and maximum 

temperature (Tmax). Figure 26 shows the effect of different PR and Pmin on total efficiency 

(𝜂𝑡ℎ ∗ 𝜙) for cycle maximum temperature of 350 ℃ and 400℃. The maximum efficiency 

obtained at Tmax = 350 ℃ is almost the same compared to one obtained at Tmax = 400 ℃ 

with optimum pressure ratio smaller for Tmax = 350 ℃. The optimum total efficiency is 

obtained at Pmin = 100 bars, Tmax = 400 ℃ and PR of 4. 

 

Figure 26: Trend of cycle total efficiency with variation in pressure ratio and cycle minimum pressure (Pmin) for 

sCO2 simple recuperative cycle at Tmax of 350℃ and 400℃ 

 

With a higher Pmin, such as Pmin = 120 bars as shown in Figure 26, heat recovery in the 

recuperator increases, resulting in a higher temperature available at the inlet of the heat 

recovery heat exchanger (state 4), limiting the effective utilization of waste heat and 

resulting in lower cycle heat recovery effectiveness and total efficiency. Figure 27 and 

Figure 28 show optimal cycle results in the T-s and T-Q planes, respectively. 
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Figure 27: Thermodynamic results of sCO2 simple recuperative cycle in T-s plane. 

 

Figure 28: Thermodynamic process diagram at optimum point of sCO2 simple recuperative cycle on temperature-

dimensionless heat transferred plane. 

Partial heating cycle (PHC) 

Figure 29 shows the influence of cycle minimum pressure and maximum temperature (or 

T5) on total efficiency at mass split x of 0.5. The optimum performance is achieved at PR 

= 3, Pmin = 100 bars and Tmax = 350℃. At constant Pmin, the total efficiency at Tmax = 350℃ 
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is better than at Tmax = 400℃. This is due to the fact that as Tmax decreases, the temperature 

at the primary heat exchanger's entry decreases, resulting in more utilization of heat from 

flue gases and more cooling of flue gases. The greater cooling of flue gases improves heat 

recovery effectiveness and, as a result, total cycle efficiency. 

 

Figure 29: Total efficiency at different minimum cycle pressures versus pressure ratio for sCO2 partial heating cycle 

at Tmax of 350℃ and 400℃. Mass split x is 0.5. Red mark shows the optimum performance point. 

At optimum Tmax, PR and Pmin, the cycle performance is studied at different mass split in 

order to decide the optimal as shown in Figure 30 . As shown in red marks, x=0.3 is 

decided as optimum mass split since it results in both higher cycle thermal efficiency and 

total efficiency. At x<0.3, the rise in total efficiency is due to rise in heat recovery 

effectiveness, since, the effect on thermal efficiency is negligible. However, thermal 

efficiency drops with increase in x>0.3 and effectiveness keep on increasing which results 

in uniform total efficiency. 
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Figure 30: Trend of heat recovery effectiveness, cycle efficiency and total efficiency versus mass split (x) at optimum 

Pmin, PR and Tmax. 

The trend of cycle efficiency with variation in mass split can be comprehensible by 

analyzing the temperature differences between cold and hot streams inside the 

recuperator. The cycle thermal efficiency is linked to the log mean temperature difference 

(LMTD) inside the recuperator. Lower the LMTD implies better thermal match between 

the cold and hot streams which results in larger recuperation and higher cycle efficiency. 

Moreover, lower LMTD bring about lower exergy losses and vice versa. Figure 31 shows 

the relationship between LMTD and exergy losses in the recuperator at different mass 

split. It can be easily noticed that, there exists a minimum log mean temperature 

difference (LMTD) in the recuperator at which the thermal efficiency is maximum and 

exergy losses are minimum. LMTD increases at x>0.3 which contributes to drop in cycle 

efficiency and increase in the exergy loss. Finally, the cycle optimum results are shown 

in Figure 32 and Figure 33 on T-s plane and T-Q plane respectively.   
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Figure 31: Exergy loss and log mean temperature difference inside the recuperator for different mass split x. The red 

mark shows optimum x. 

 

Figure 32: Optimum thermodynamic results of sCO2 partial heating cycle in T-s plane. 
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Figure 33: Thermodynamic process diagram at optimum point of sCO2 partial heating cycle on temperature-

dimensionless heat transferred plane. 

In the following, performance of Partial heating cycle is compared with results of more 

advanced cycle layout in literature. Dario et al [82] proposed and analyzed the 

recompression with mass split cycle layout for heat recovery from flue gases at 50 kg/s 

and 550 ℃. The cycle performance of PHC is computed using the same cycle design 

assumptions and conditions mentioned in the reference. Firstly, the optimum Tmax, mass 

split ‘x’ and PR are obtained using sensitivity analysis at varying Tmax and ‘x’ according 

to the method discussed earlier. Afterwards, the results of PHC at optimum conditions 

are compared with optimum results of recompression with mass split cycle (given in the 

reference). Table 28 illustrates the cycle conditions and comparison of results. As evident, 

the optimum total efficiency and cycle efficiency of PHC are comparable to more 

complex cycle layout, although, with higher cycle maximum pressure. 

 

Table 28: Comparison between optimum results of recuperative cycle with mass split 

and complex cycle with recompression and mass split of literature [82]. 

Parameter  Value 

 Cycle design assumptions and operating 

conditions 

Pmin (bars) 80 

Tmin (℃) 33 

Texh, in (℃) 550 

𝒎̇𝒆𝒙𝒉 (kg/s) 50 

MITAPHE (℃) 25 

MITArecup (℃) 10 

𝜼𝒊𝒔𝒆𝒏𝒕,𝒄𝒐𝒎𝒑/𝜼𝒎𝒆𝒄𝒉,𝒄𝒐𝒎𝒑 0.8 / 0.964 

𝜼𝒊𝒔𝒆𝒏𝒕,𝒕𝒖𝒓𝒃 /𝜼𝒎𝒆𝒄𝒉,𝒕𝒖𝒓𝒃 0.9 /0.964 
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Results 

 This study 

(Recuperative cycle 

with mass split 

layout) 

Literature 

(Recompression cycle 

with mass split 

layout) 

Pmin (bars) 80 81.2 

Pmax (bars) 240 181.3 

Mass split ‘x’ 0.3 0.174 

Tmax (℃) 350 346.6 

𝜼𝒕𝒉 0.262 0.269 

𝝓 0.911 0.839 

𝜼𝒕𝒐𝒕𝒂𝒍 0.238 0.226 

𝒎̇𝑪𝑶𝟐
(kg/s) 105.2 140.2 

 

Single flow split-dual expansion cycle (SFDE) 

As in the analysis of previous cycle configurations, the performance study of SFDE cycle 

also involves the sensitivity of cycle total efficiency at different Tmax, PR and Pmin. The 

role of mass split in SFDE configuration is to enhance the turbine inlet temperature in LT 

turbine to improve the cycle efficiency. Besides, it is also essential to achieve same 

temperatures at mixer inlet (i.e. T6 ≈ T10) to reduce mixing losses and in turn maintain 

higher cycle efficiency. On the other side, the temperature at the inlet of PHE (T7) depends 

on the compressor outlet temperature, in other words, the pressure ratio (PR).  

In cycle thermodynamic calculations, optimum mass split x is calculated at which the 

total efficiency is higher. In addition, optimum point is also decided considering the 

sensitivity of cycle total efficiency at different compressor inlet pressure (Pmin). To ensure 

the accuracy of cycle thermodynamic model, cycle calculations are carried out at same 

conditions as given by Manente et al [17] and the results are compared. Table 29 

illustrates the cycle conditions and comparison of results. The optimum mass split, cycle 

efficiency and total efficiency calculated using present approach are the same as 

computed by Manente et al as evident form the Table 29. 

 

Table 29: Comparison of results with literature for SFDE sCO2 cycle [17]. 

Parameter  Value 

Cycle design assumptions and operating conditions 

Pmin (bars) 76.3 

Pmax (bars) 200 

Tmin (℃) 32 

Tmax (℃) 450 

Texh, in (℃) 500 
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𝒎̇𝒆𝒙𝒉 (kg/s) 9.37 

MITAPHE (℃) 50 

MITArecup (℃) 8 in HTR, 5 in LTR (corresponds to 

recuperator’s effectiveness of 95%) 

𝜼𝒊𝒔𝒆𝒏𝒕,𝒄𝒐𝒎𝒑/𝜼𝒎𝒆𝒄𝒉,𝒄𝒐𝒎𝒑 0.8 / 0.98 

𝜼𝒊𝒔𝒆𝒏𝒕,𝒕𝒖𝒓𝒃 /𝜼𝒎𝒆𝒄𝒉,𝒕𝒖𝒓𝒃 0.85 /0.95 

Results 

 This study Manente et al 

Mass split ‘x’ 0.4 0.4 

𝜼𝒕𝒉 0.2310 0.2363 

𝜼𝒕𝒐𝒕𝒂𝒍 0.2019 0.19 

Texh, out (℃) 122 114 

 

Focusing on the design conditions of present study, the performance of SFDE cycle at 

different turbine inlet temperature (Tmax) of HT turbine and constant compressor inlet 

pressure (Pmin) of 100 bars are shown in Figure 34. The increase in pressure ratio and Tmax 

improves both the total efficiency and the optimum mass split x. Also, the optimum mass 

split values are lower for higher Tmax keeping constant pressure ratio.  

The influence of different compressor inlet pressure (Pmin) and Tmax on total efficiency 

are presented in Figure 35. Maximum total efficiency is obtained at Tmax = 400℃, Pmin = 

100 bars and PR of 2.9. Total efficiency is smaller at both Pmin of 120 bars and 80 bars. At 

Pmin = 80 bars, the temperature at entry of PHE (i.e.T7) enhances which bring about 

reduction in heat recovery effectiveness as shown in Figure 36. Whereas, in case of Pmin 

= 120 bars, there is very slight improvement in heat recovery effectiveness due to T7 as 

compared to Pmin = 100 bars, so the decrease in total efficiency at this pressure is more 

attributed to lower cycle efficiency. Figure 37 and Figure 38 illustrates the optimum 

results in T-s and T-Q plane. 
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Figure 34: Effect of cycle minimum pressure and maximum temperature on total efficiency of SFDE cycle. Red mark 

shows the optimum performance point. 

 

Figure 35: Effect of pressure ratio and cycle maximum temperature on total efficiency and optimum mass split x for 

single flow split dual expansion cycle. 
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Figure 36: Trend of heat recovery effectiveness and PHE inlet temperature versus pressure ratio at different Pmin 

and Tmax=400℃ for SFDE cycle 

 

Figure 37: Optimum thermodynamic results of single flow split dual expansion sCO2 cycle in T-s plane. 



Page 96 of 213 

 

 

Figure 38: Thermodynamic process diagram at optimum point of single flow split dual expansion sCO2 cycle on 

temperature-dimensionless heat transferred plane. 

Comparison of optimum results of sCO2 power cycles 

The optimum results of the three sCO2 power cycles are summarized in Table 30.  

Simple recuperative cycle (SRC) shows the highest cycle efficiency but lowest total 

efficiency because of lowest heat recovery effectiveness. While, partial heating cycle and 

single flow split dual expansion shows higher heat recovery effectiveness and total 

efficiency than SRC besides not good in terms of cycle efficiency. Exergy efficiency of 

PHC and SFDE cycles are 3 percentage points and 5 percentage points higher than exergy 

efficiency of SRC respectively. 

Figure 39 shows the bar chart representation of efficiency losses (
𝑇0 ∑ 𝑆̇𝐺

𝑁
𝑖=1

𝑄̇𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
) in each process 

of the power cycles at optimum conditions. SRC shows higher total efficiency losses; the 

main source of which is associated to high temperature residual flue gases (stack losses). 

The losses corresponding to heat addition and heat rejection in PHC and SFDE are higher 

as compared to SRC and that’s the main reason behind comparatively lower cycle 

efficiency of PHC and SFDE cycles. The higher losses in heat addition and heat rejection 

of PHC and SFDE cycles are correlated to greater log mean temperature differences 

LMTDs in PHE and radiator as given in Table 31. 
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Table 30: Summary of efficiency losses, total efficiency and exergy efficiency of three sCO2 heat recovery power cycles 

at optimum conditions. 

Power cycles SRC PHC SFDE 

Tmax [℃] 400 350 400 

PR 4 3 2.9 

𝑚̇𝐶𝑂2[kg/s] 81.13 116.59 130.1 

𝑚̇𝑎𝑖𝑟  [kg/s] 840.7 1111.7 1438.34 

split fraction x - 0.3 0.56 

𝑄̇𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒  [kW] 44279.2 44279.2 44279.2 

𝜂𝑐𝑎𝑟𝑛𝑜𝑡 0.423 0.423 0.423 

Wspecific [kJ/kg] 79.9 61.14 57.68 

𝜂𝑐𝑦𝑐𝑙𝑒  0.249 0.219 0.186 

𝜙 0.532 0.669 0.827 

𝜂𝑡𝑜𝑡𝑎𝑙 0.132 0.146 0.154 

𝑊̇𝑚𝑎𝑥  or 𝐸̇𝑥,𝑖𝑛𝑝𝑢𝑡 [kW] 18764.5 18764.5 18764.5 

𝐸̇𝑥,𝑙𝑜𝑠𝑠𝑒𝑠= 𝑇0 ∑ 𝑆̇𝐺
𝑁
𝑖=1  [kW] 12281.66 11636.03 11260.16 

𝜂𝑙𝑜𝑠𝑠 = 
𝑇0 ∑ 𝑆̇𝐺

𝑁
𝑖=1

𝑄̇𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
 0.277 0.262 0.254 

𝑊̇𝑔𝑟𝑜𝑠𝑠 [kW] 6482.87 7128.51 7504.38 

𝑊̇𝑒𝑙𝑒𝑐  [kW] 5873.74 6487.62 6826.44 

𝜂𝐼𝐼 0.313 0.345 0.363 

 

 

Figure 39: Total efficiency losses in power cycle processes for simple recuperative cycle (red bars), partial heating 

cycle (blue bars) and single flow split dual expansion cycle (green bars) at optimum conditions. 
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Table 31: Log mean temperature differences and UA of heat exchangers for three power cycles under study. 

Heat exchangers 
SRC PHC SFDE 

LMTD (℃) 

PHEs 55.11 74.14 (PHE1), 83.12 (PHE2) 68.42 

Recuperator 37.37 23.52 
22.42 (HTR), 

31.85 (LTR) 

Radiator 30.97 28.98 32.64 

 UA (kW/K) 

PHEs 426.57 274.27 (PHE1), 111.98 (PHE2) 535.38 

Recuperator 410.54 923.24 
459.82(HTR) 

282.35 (LTR) 

Radiator 549.73 776.85 892.239 

Total UA 1386.84 2086.34 2169.79 

 

To gain better understanding about the size of the heat exchangers which play key role in 

size footprint of the power cycle, Table 31 also shows the heat transfer coefficient times 

area (UA) of heat exchangers. It is noticed that, the sum of UA of two PHEs in PHC is 

comparable to UA of single PHE in SRC. Whereas, recuperator and radiator of PHC 

shows higher UA values than of SRC owing to larger mass flow rates.  

Although SFDE has higher total heat exchanger UA values, it is better at cooling flue 

gases and operating at lower cycle maximum pressures. Furthermore, the SFDE cycle is 

more complex, owing to the dual expansion process, which does not result in a significant 

increase in power output and exergy efficiency. 

Overall, it is discovered that sCO2 cycles with higher total efficiency or heat recovery 

effectiveness do not perform well in terms of cycle efficiency and the number of 

components in the cycle layout increases. The choice of an efficient and cost-effective 

cycle layout for converting available thermal power into electric power output 

necessitates a compromise solution. PHC appears to be a compromise solution based on 

the results of this section, as it has a higher total efficiency with a nominal power cycle 

size (lower complexity).  
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4.7 Transcritical Organic Rankine cycles 

Selection and Properties of Organic fluids 

In this section, organic Rankine cycles are adopted as power block for heat recovery. 

Total of 11 working fluids are considered and cycle efficiency and total efficiency are 

evaluated considering simple regenerative cycle configuration. The main thermodynamic 

properties and environmental properties of the working fluids are listed in Table 32 and 

Table 33 respectively.  

Table 32: Main physical properties of dopants selected for CO2 mixtures. Physical properties for Novec fluids are 

taken from [83]. 

Working fluid Tcr 

(℃) 

Pcr 

(bars) 

Boiling 

point 

(℃) 

Molecular 

weight 

Molecular 

Complexity 

[84] 

Acentric 

factor 

𝜔 

CO2 31.1 73.8 -78.4 44.1 -9.340 0.2236 

R134a 101.1 40.5 -25.9 102.1 -2.429 0.3268 

C3H8 96.6 42.4 -42.1 44.1 -2.409 0.152 

C4F10 113.2 23.2 -1.3 238.1 13.37 0.366 

NH3 132.5 112.8 -33.4 17.1 -9.231 0.255 

CH3Cl 143.1 66.8 -24.2 66.8 -7.115 0.151 

CH2Cl2 236.8 60.8 39.7 84.9 -4.793 0.198 

CH3OH 239.3 80.8 64.7 32.1 -10.63 0.557 

C5F10O 146 21.4 26.5 266.1 17.145 0.429 

C6F12O 168.6 18.6 49.1 316.1 28.165 0.471 

HFO1234yf 94.7 33.8 -28.8 114.1 -1.017 0.282 

HFO1234ze(E) 109.3 36.6 -18.2 114.1 0.046 0.323 

 

Table 33: Safety and environmental impact characteristics of new refrigerants selected for CO2 mixtures  [85], [86]. 

Working fluid ODP [87] GWP in 100 

years [87], [88] 

Flammability 

[89] 

Health [89] Instability 

[89] 

CO2 0 1 0 2 0 

R134a 0 1370 0 1 1 

C3H8 0 ≈20 4 2 0 

C4F10 0 8600 0 1 0 

NH3 0 1 1 3-COR 0 

CH3Cl 0.02 13 4 2 0 

CH2Cl2 n.a. 10 1 2 0 

CH3OH n.a. 3 3 1 0 

C5F10O 0 1 1 3 0 

C6F12O 0 1 0 3 1 

HFO1234yf 0 < 4.4 4 2 0 

HFO1234ze(E) 0 6 n.a. n.a. n.a. 
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Critical temperature (Tcr) of a working fluid describes the type of the power cycle. When 

the critical temperature of a working fluid is close to the heat source temperature, the 

ideal cycle represents a subcritical ORC, whereas, when the critical temperature is lower 

than the heat source temperature, the ideal cycle represents a transcritical ORC with heat 

addition process above the critical temperature of the working fluid. 

In subcritical and transcritical power cycles, critical pressure represents the highest and 

lowest benchmark for maximum cycle pressure, respectively. 

Fluids with a critical temperature lower than the heat source temperature and moderate 

critical pressure values are preferred for transcritical heat recovery cycles. 

Another useful information required are the molecular complexity and molecular weight 

of the working fluid. Molecular complexity is directly correlated with the molar specific 

heat of the working fluid. It is calculated by computing slope of saturated vapor curve 

(dew line) of the working fluid at reduced temperature of 0.7. Fluids with complex 

molecular structure (like Novec 649 and C4F10)  possess higher values of molar specific 

heat and in turn positive values of the slope while on other hand fluids with simple 

molecular structure like (NH3 and CH2Cl2) possess lower values of molar specific heat 

and lower the slope of the dew line (more negative or close to zero).  

Secondly, the isentropic expansion exponent (
𝛾 − 1

𝛾⁄ ) is lower for fluids with higher 

molecular complexity, as a result, the reduced cooling of fluid is achieved in the 

expansion process compared to fluids with lower molecular complexity at fixed 

expansion pressure ratio. 

For the purpose of heat recovery, lower values of molecular complexity of organic fluid 

is desirable to obtain more cooling in expansion process and to reduce the duty of 

recuperator. 

The high molecular weight of organic fluid implies reduction in isentropic enthalpy drop 

in expansion process which reduces the number of turbine stages and enhances mass flow 

rates for a fixed input of thermal power. However, due to the small enthalpy drop in the 

turbine, a large recuperator is required to cool the hot fluid from the turbine, which 
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increases the cycle size footprint. As a result, moderate molecular weight values are 

preferred. 

Thermal stability, also known as thermo-chemical stability, is an important parameter to 

consider. At high temperatures, organic fluid should be thermally stable, at least at the 

turbine inlet temperature. The experimental determination of thermal stability 

temperature involves many considerations such as material of test container/vessel (e.g. 

stainless steel and Inconel), corrosion issue, nature of contaminants, reaction period, 

evaluation of decomposition level and safe temperature range for a working fluid. 

The maximum operating temperatures of some working fluids determined by thermal 

stability tests with associated containing material are summarized in Table 34. The 

presence of different materials has a different effect on the thermal stability of the 

working fluid, as in the case of Dichloromethane (CH2Cl2), which decomposes at 350°C 

in stainless steel and at 450°C in Quartz. The same is true for contaminants; different 

contaminants can have an impact on the thermal stability temperature. 

Table 34: Experimental thermal stability temperatures and corresponding material for some fluids. 

Fluid Maximum operating 

temperature 

Literature Reference and Containing 

material 

R134a 368℃ Stainless steel [90] 

R1234yf 200-250 ℃ stainless steel (AISI-316) [91] 

R1234ze(E) 180 ℃ stainless steel (SS316) [92] 

CH2Cl2 
350 ℃ stainless steel (AISI 430F) [93] 

450℃ Quartz [94] 

C6F12O 475℃ Stainless steel [95] 

 

The thermochemical stability of working fluid is strictly correlated to chemical stability 

of working fluid in an inert environment.  

The amount of heat released/absorbed during the formation of a compound is given by 

the parameter standard enthalpy of formation (∆𝐻𝑓
0). It can be used as a relative indicator 

to assess the thermal stability of various working fluids. Fluids with more negative ∆𝐻𝑓
0 

values are generally more chemically stable than fluids with standard enthalpy of 

formation values close to zero or positive. The thermal decomposition of a working fluid 

occurs as a result of a series of chemical reactions, with the activation energy of the 
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reactions playing an important role. Thus, there are compounds that appear chemically 

unstable (with a positive value of (∆𝐻𝑓
0) but are chemically stable, such as Benzene. 

Despite this exception, the standard enthalpy of formation can provide a useful indication 

of the relative thermal stability of working fluids, as well as helps in the preliminary 

classification of working fluids. 

Figure 40 depicts the standard enthalpy of formation per bond (∆𝐻𝑓
0/𝑛𝐵) of the selected 

working fluids in comparison with enthalpy of formation per bond of carbon dioxide 

which is a chemically stable working fluid. In the figure, all flammable compounds have 

standard enthalpy of formation close to zero. 

 

Figure 40: Standard enthalpy of formation of some working fluids for transcritical organic Rankine cycles versus 

number of bonds in an organic compound. 

4.8 Thermodynamic cycle results of transcritical ORCs 

The considered organic working fluids are analyzed in transcritical cycles to evaluate the 

thermodynamic performance at different condition and determine the optimum point for 

each working fluid based on total efficiency of the cycle. Cycle maximum temperature is 

assumed to be 350℃ as it is a reasonable thermal stability limit for all considered fluids 

except HFO1234ze(E) and HFO1234yf fluids (being thermally less stable these two 

fluids are excluded from the analysis). 
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Figure 41 shows cycle efficiency and Figure 42 shows total efficiency of transcritical 

cycles. For comparison, the curve of sCO2 cycle is also shown in the Figures. As evident, 

the cycle efficiency and total efficiency of transcritical organic Rankine cycles are higher 

than sCO2 cycle.  

C5F10O (Novec5110) and C6F12O (Novec649) demonstrated the highest cycle efficiency, 

but the lowest heat recovery effectiveness and total efficiency. Figure 43 depicts the 

thermodynamic states of two cycles using Novec fluids in a temperature-dimensionless 

heat transferred plane. Because of the higher molecular complexities of Novec fluids, the 

expansion in the turbine results in less cooling of the fluid at the turbine exit, necessitating 

the use of recuperator with large heat duty and size. Consequently, the temperature rise 

on the cold side of the recuperator is also higher (T4=224.5℃), resulting in a reduction in 

heat recovery effectiveness and total cycle efficiency. 

 

Figure 41: Cycle efficiency of transcritical organic Rankine cycles with different working fluids compared to sCO2 

cycle  
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Figure 42: Total efficiency of transcritical organic Rankine cycles with different working fluids compared to sCO2 

cycle 

 

Figure 43: Cycle T-Q diagram of transcritical power cycle operating with (a) C5F10O and (b) C6F12O working fluids 

at optimum point. 

Four fluids which demonstrate higher total efficiency are CH3Cl, CH2Cl2, CH3OH and 

NH3. Figure 44 shows the optimum results of these four fluids in T-s plane. Due to lower 

molecular complexity of these fluids, the expansion in turbine is higher which results in 

lower temperature at exit of the turbine. The exit of turbine is in two-phase region for 

CH3OH with vapor quality of 0.9. Thus, there is No need for a recuperator to cool the 

working fluid, resulting in smaller size of power cycle with higher heat recovery 

effectiveness than sCO2 cycle. 
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The optimum results of working fluids which show higher cycle efficiency involving 

R134a, C3H8, C4F10 and C6F12O are shown on T-s plane in Figure 45. There is requirement 

of recuperator for these fluids owing to higher temperature available at the turbine exit.  

 

Figure 44: Cycle T-s diagram of transcritical organic Rankine cycles with (a) NH3 (b) CH3OH, (c) CH3Cl and (d) 

CH2Cl2 working fluids at optimum conditions. 
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Figure 45: Cycle T-s diagram of transcritical organic Rankine cycles with (a) C3H8 (b) C4F10 (c) R134a and (d) 

C6F12O working fluids at optimum conditions. 

Figure 46 compared the thermodynamic cycle states of two fluids with different 

properties in T-Q plane. Cycle with CH2Cl2 achieved more cooling of flue gases (Tflueout 

= 119℃), larger power output and larger total efficiency without the requirement of a 

recuperator. Perfluorobutane (C4F10), on other hand, achieved less cooling of flue gases 

(Tflueout = 282℃), smaller power output and lower total efficiency with the need of large 

recuperator to cool the working fluid before condenser. 

 

Figure 46: Cycle T-Q diagram of transcritical power cycle operating with (a) C4F10 and (b) CH2Cl2 working fluids at 

optimum point. 
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Overall, it is discovered that transcritical organic Rankine cycles are preferable at a 

maximum temperature of 350℃ due to higher total efficiency in the range of 0.13 to 0.21 

when compared to the sCO2 simple recuperative cycle, which has a total efficiency of less 

than 0.13. 

Novec fluids have good environmental properties and thermal stability at high 

temperatures, but they are not a good choice for heat recovery because of their lower total 

efficiency, which is due to their higher molecular complexity. Novec fluids, on the other 

hand, are a good choice in terms of cycle efficiency. 

It should be noted that the fluids with the highest total efficiency are flammable, which 

necessitates the use of sophisticated sealing technology in the closed cycle to prevent 

working fluid leakage. 

Considering cycle performance as well as working fluid thermal stability, R134a and 

C3H8 working fluids provide a good compromise for heat recovery power cycles. The 

following section designs novel CO2 mixtures using R134a and C3H8 as dopants in CO2 

based mixtures. The aim is to enhance the total efficiency CO2 power cycles utilizing the 

benefits of organic Rankine cycles while keeping the power cycle layout simpler in order 

to reduce the cycle cost.  
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4.9 CO2 mixture based transcritical power cycles 

As presented in section 4.6, the total efficiency achieved in case of single flow split dual 

expansion sCO2 cycle is the maximum compared to partial heating sCO2 cycle and simple 

recuperative sCO2 cycle but with the expense of larger cycle components (cycle 

complexity) and comparatively larger size of recuperators (UA). Similar to this, Manente 

et al. [17] also came to the conclusion in their recent work that the complex cycle layout 

with dual flow split and dual expansion showed highest heat recovery total efficiency but 

with a trade-off of cycle complexity and larger specific investment cost. 

To cope with this problem, one alternative way is to adopt CO2-based binary mixture as 

working fluid for improving the total efficiency of sCO2 cycles without increasing the 

complexity of the cycle layout.  

Variation in the critical point of the working fluid can be achieved with the addition of 

dopant in CO2 which results in new thermodynamic and thermophysical properties of the 

working fluid. As a result, novel mixtures can be designed based on the required 

properties and boundary conditions of the power cycle [96]. In heat recovery power 

cycles, for example, increasing the expansion pressure ratio is required to achieve higher 

power output. Furthermore, it is crucial to keep the maximum cycle pressure lower than 

sCO2 cycle in order to reduce mechanical stresses caused by higher pressure. Therefore, 

a criterion is defined for the selection of dopant for CO2 mixture in context of heat 

recovery.  

The desired properties of dopant for CO2 mixture are: 

o Lower molecular complexity (value close to zero), 

o Higher critical temperature than CO2  

o Lower critical pressure than CO2 

o Thermo-chemically stable at cycle maximum temperature (i.e. 350 ℃) 

o Lower GWP and ODP 

Two dopants: one hydrocarbon C3H8 and one refrigerant R134a are selected considering 

the lower molecular complexity, lower critical pressure, higher critical temperature and 

higher thermal stability of these compounds. However, higher flammability of C3H8 and 

higher GWP of R134a are two compromises in the selection. Both the dopants have zero 

ozone depletion potential (ODP). Other fluids can also be selected like toluene, benzene 

and some refrigerants as followed in some papers [2], [3]. Nonetheless, the goal here is 

to demonstrate the effect of two different classes of dopants on the properties of the CO2 
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mixture and the thermodynamic performance of the power cycle. Another factor worth 

noting is the availability of experimental vapor-liquid equilibrium data, density and 

specific heat data of selected CO2 mixtures. Experimental property data is helpful to 

optimize the binary parameters of equation of state (EoS) and to measure the accuracy of 

the EoS or other property model.  

Thermodynamic properties of CO2 based binary mixtures 

In this chapter, thermodynamic properties of CO2-R134a and CO2-C3H8 are calculated at 

different mixture molar composition using standard Peng-Robinson Equation of state 

(PR-EoS) with van der Waals mixing rules. 

As described in Chapter 2, one binary interaction parameter (k1,2) is required in van der 

Waals mixing rules to compute the parameters of PR-EoS for a binary mixture. The k1,2 

is computed using regression analysis considering the experimental vapor-liquid 

equilibrium data of the mixtures and using the maximum likelihood function for curve 

fitting. 

For CO2-C3H8 mixture, value of k1,2 is available in Aspen databank thus No regression is 

required to compute k1,2. For CO2-R134a mixture, experimental VLE data from literature 

are incorporated in regression to determine optimum value of k1,2. All thermodynamic 

calculations using PR-EoS and regression analysis to fit experimental data for calculation 

of k1,2 are carried out in Aspen Plus V11 software. 

 

Figure 47: Vapor-liquid equilibrium (VLE) of CO2-R134a mixture at different temperatures. Solid lines represent 

calculated VLE using PR-EoS with van der Waals mixing rules. Scatter point data show experimental VLE points 

from ref [97], [98] 
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Figure 47 shows the vapor-liquid equilibrium phase diagram of CO2-R134a mixture at 

different temperatures. Experimental VLE data for this mixture are available in ref [97], 

ref [98] and ref [99] at temperatures from -20 to 80 ℃ and pressures up to 73 bar.  

In regression analysis, experimental data of ref [99] is acquired to calculate the value of 

binary interaction parameter with minimum standard deviation. As evident from Figure 

47, the calculated k1,2 value brings good agreement between PR-EoS and experimental 

VLE data points.  

The global phase diagram of CO2-R134a and CO2-C3H8 mixtures at different mixture 

molar composition are computed using PR-EoS and shown in Figure 48 and Figure 49 

respectively. These phase diagrams show behavior of bubble line, dew line and vapor-

liquid critical point of the CO2 mixture at different mixture molar compositions.  

The vertical dashed line shows the minimum cycle temperature (Tmin) or pump inlet 

temperature require in a thermodynamic power cycle. The bubble point pressure (or pump 

inlet pressure) corresponding to Tmin varies with the molar composition of the mixture; 

for example, for CO2-R134a, the bubble pressure is 50 bar at z1 = 0.7 (70% molar CO2) 

and 25 bar at z1=0.3 (30% molar CO2). The addition of a dopant in CO2 causes a transition 

from the supercritical cycle to the transcritical cycle, which has a lower condensation 

pressure. Figure 50 and Figure 51 depict the effect of increasing dopant composition on 

the temperature-specific entropy plot of the CO2 mixtures. Temperature glide at constant 

pressure in the phase change region is also visible in CO2 mixtures, which can affect the 

design of recuperator and condenser of the cycle since phase change process on hot side 

of recuperator and condenser occur at variable temperature rather than uniform 

temperature as in the case of pure fluids.  
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Figure 48: Global phase diagram of CO2-R134a mixture showing bubble line, dew line and vapor liquid critical 

points at different mixture molar composition. Vapor liquid critical points are computed using the MATLAB program 

developed in Chapter 3. 

 

 

Figure 49: Global phase diagram of CO2-C3H8 mixture showing bubble line, dew line and vapor liquid critical points 

at different mixture molar composition. Vapor liquid critical points are computed using the MATLAB program 

developed in Chapter 3. 
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Figure 50: Bubble and dew lines of CO2-R134a mixture for different mixture molar composition in temperature-

entropy plane. 

 

Figure 51: Bubble and dew lines of CO2-C3H8 mixture for different mixture molar composition in temperature-

entropy plane. 

4.10 Thermodynamic results of transcritical CO2 mixtures power cycles 

Figure 52 and Figure 53 show the effect of different molar compositions of mixtures on 

cycle thermodynamic efficiency for CO2-R134a and CO2-C3H8 mixtures, respectively. In 

the Figures, z1 represents the molar composition of CO2 in the mixture. Cycle efficiency 

improves as the molar composition of CO2 in the mixture decreases for both mixtures. In 

comparison to the sCO2 cycle, cycle efficiency of both CO2-R134a and CO2-C3H8 mixture 

are higher than sCO2 simple recuperative cycle. 
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Regarding total efficiency, CO2-R134a mixture shows higher values than sCO2 cycle at 

all mixture compositions. At cycle maximum pressure of 200 bar, total efficiency of sCO2 

cycle (z1=1) is 0.108, for R134a transcritical cycle (z1=0) it is 0.15 and for CO2-R134a 

mixture (z1=0.7) the value is 0.143. It means that adding 30% (molar composition) of 

R134a dopant to the CO2 mixture results in a 3.5 percentage point rise in total efficiency 

compared to simple recuperative sCO2 cycle. For CO2-C3H8 mixture (z1=0.7), total 

efficiency of 0.134 is achieved at maximum pressure of 200 bar and this value is 2.6 

percentage points higher than sCO2 simple recuperative cycle. 

 

 

Figure 52: Cycle efficiency of CO2-R134a mixture at different molar compositions and cycle maximum pressure. 

 

Figure 53: Cycle efficiency of CO2-C3H8 mixture at different molar compositions and cycle maximum pressure. 
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Figure 54: Total efficiency of CO2-R134a mixture at different molar compositions and cycle maximum pressure. 

 

Figure 55: Total efficiency of CO2-C3H8 mixture at different molar compositions and cycle maximum pressure. 

For both selected CO2 mixtures, mixture compositions with lower molar content of 

dopant are chosen because larger molar content of dopant can affect the cost of working 

fluid being R134a an expensive fluid with larger GWP.  

In Figure 56, a comparison of total efficiency among CO2 mixtures transcritical cycles 

and sCO2 cycles is shown at three cycle maximum pressures (150 bar, 200 bar and 250 

bar).  Transcritical cycles show higher total efficiency and the gain in efficiency is 

appreciable at lower cycle maximum pressures. 

For all cycles shown in Figure 56, total efficiency is improving with increase in cycle 

maximum pressure. However, one result quite notable is the higher total efficiency of 
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CO2-R134a and CO2-C3H8 mixtures compared to complex layout of sCO2 cycle i.e. single 

flow split dual expansion cycle (SFDE). Therefore, gain in total efficiency at different 

Pmax compared to SFDE cycle is computed in percentage points and reported in Table 35. 

∆𝜂𝑡𝑜𝑡𝑎𝑙(%) = (𝜂𝑡𝑜𝑡𝑎𝑙,𝑚𝑖𝑥𝑡𝑢𝑟𝑒 − 𝜂𝑡𝑜𝑡𝑎𝑙,𝑠𝐶𝑂2) ∗ 100 

Transcritical cycles with CO2 mixture show larger performance gain at lower cycle 

maximum pressures as well as with simple cycle configuration compared to complex 

configuration of the sCO2 cycle.  

 

Figure 56: Comparison of total efficiency of supercritical CO2 cycles and transcritical CO2 mixture power cycles at 

cycle maximum temperature of 350℃ 

Table 35: Total efficiency gain in percentage points of three CO2 mixtures transcritical cycles with reference to sCO2 

single flow split dual expansion cycle 

Pmax 

[bar] 
CO2 (0.7)-R134a (0.3) CO2 (0.8)-R134a (0.2)  CO2 (0.7)-C3H8 (0.3) 

150 2.01% 1.3% 0.76% 

200 1.52% 1.22% 0.69% 

250 1.08% 0.94% 0.49% 
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Comparison between transcritical ORC with R134a and transcritical CO2 (0.7)-R134a 

(0.3) mixture power cycle is illustrated in Figure 57 for cycle maximum pressure of 200 

bar and cycle maximum temperature of 350℃. Total efficiency in case of the CO2-R134a 

mixture is slightly lower than transcritical ORC (0.143 versus 0.15) however the 

expansion ratio (P3/P1) is half that of the ORC cycle. Similarly, in case of CO2(0.7)-

C3H8(0.3) mixture (as shown in Figure 58), total efficiency is close to total efficiency of 

transcritical ORC with C3H8 (0.134 versus 0.139) and the expansion ratio is less than half 

in the mixture power cycle. 

 

Figure 57: Thermodynamic cycle diagram in T-Q plane with (a) R134a and (b) CO2(0.7)-R134a(0.3) mixture as 

working fluids. 

 

Figure 58: Thermodynamic cycle diagram in T-Q plane with (a) C3H8 and (b) CO2 (0.7)-C3H8(0.3) mixture as 

working fluids. 

 

Table 36 summarizes the thermodynamic results of all power cycles considered in this 

chapter for heat recovery at Pmax of 200 bar and Tmax of 350 ℃. In addition to total 
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efficiency, which has already been discussed in previous sections of the chapter, 

important indicators related to turbine size and efficiency are also reported. These 

indicators include the isentropic enthalpy drop in the turbine (delta Hs), the volume flow 

ratio (VFR), and the size parameter (SP). 

The definitions of these indicators are: 

∆Hisent = hinlet − houtlet,isent 

VFR =
V̇outlet

V̇inlet

 

SP =
√V̇outlet

∆Hisent
0.25 

 

Table 36: Thermodynamic results of supercritical and transcritical power cycles at cycle maximum pressure of 200 

bar and cycle maximum temperature of 350 ℃. The main assumption in cycle analysis are given in section 4.3. 

Working fluid 
Cycle 

configuration 
Pmin 

[bar] 
𝜼𝒕𝒐𝒕𝒂𝒍 

𝒎̇𝒘𝒇 

[kg/s] 

𝒎̇𝒂𝒊𝒓 
[kg/s] 

Turbine
𝚫𝑯𝒊𝒔𝒆𝒏 
[kJ/kg] 

VFR 
SP 

[m] 

Supercritical CO2 

Simple 
recuperative 

100 0.108 115 912.8 74.63 1.687 0.0645 

Partial 
heating 

100 0.134 142 1223.7 74.63 1.687 0.0717 

Single flow 
split dual 
expansion 

100 0.127 
89.37 

1578 
74.63 1.687 0.0542 

81.22 55.01 1.641 0.0524 

R134a Simple 13.5 0.15 94.7 905.3 112.75 11.478 0.0896 

C3H8 Simple 17.3 0.139 44.7 833.5 233.09 9.643 0.0694 

CO2 (0.7)-R134a (0.3) Simple 50.2 0.143 102.4 937.1 102.02 3.145 0.0649 

CO2 (0.8)-R134a (0.2) Simple 59.7 0.139 104.9 935.1 99.37 2.664 0.0641 

CO2 (0.7)-C3H8 (0.3) Simple 60 0.134 80.32 809.5 125.5 2.718 0.0598 

 

Isentropic enthalpy drop is a deciding factor for number of stages of a turbine; larger 

enthalpy drop implies increase in number of turbine stages. Volume flow ratio also gives 

information about density variations in turbine and larger values of this parameter means 

larger aerodynamic losses and requirement of multi-stage turbine to accommodate larger 

density variations. Size parameter of turbine is linked with VFR and ∆Hisent; it indicates 

the approximate size of a turbine and it is a quite useful parameter to compare sizes of 

turbine operating with different working fluids. Turbines with low SP are more likely to 

suffer with tip leakage losses therefore larger values of SP are desirable. 
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As evident from the Table 36, transcritical ORCs show highest values of ∆Hisent and VFR 

while supercritical CO2 cycles show lower values. In case of CO2 mixtures, the values of 

∆Hisent and VFR lies in between the values of sCO2 and ORC cycles. Overall, single 

stage axial turbine is enough for all considered cycles since the values of ∆Hisent and 

VFR are reasonable with corresponding isentropic power of turbines are around 9 MW 

(see Figure 57 and Figure 58).  

However, values of SP are smaller which can pose challenges in turbine design to cater 

leakage losses. The mass flow rates of CO2 mixture working fluid and mass flow rate of 

air in condenser are lower than sCO2 cycles, which is beneficial in economic point of 

view since lower mass flow rates indicate lower size of cycle components. 

4.11 Preliminary single stage axial-turbine design 

 

Figure 59: Single stage axial turbine: (a) cross sectional view, (b) top view with velocity diagram at each section, (c) 

Combined velocity diagram. Figure reproduced from Chapter 7 of ref [100] 

A well-developed approach practiced in literature for estimation of turbine efficiency as 

well as geometry of blades is mean-line design method [101]. In this method, flow 

velocities are calculated at mean diameter of turbine rotor thus it shows average picture 

of variation in flow velocities along the annulus of the turbine. Mean line analysis is valid 
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on condition that blade heights are not very large (i.e. 
𝑟𝑡𝑖𝑝

𝑟𝑟𝑜𝑜𝑡
⁄ is lower). For larger 

heights, the blade speed (U) varies and it is then important to account for change in 

velocity triangles along the blade height.  

The fundamental theory of an axial turbine is described in ref [100] . The reader is advised 

to start with this reference to gain a basic understanding of the operation of the nozzle 

and rotor in an axial turbine. Figure 59 depicts velocity triangles from the inlet of a nozzle 

to the outlet of a turbine rotor to help understand different velocities and gas angles in a 

single stage of an axial turbine. 

Mean line design program of isentropic single stage-axial turbine 

In this chapter, preliminary mean line design code of single stage axial turbine is also 

developed in MATLAB R2016b environment. Thermodynamic properties of the working 

fluid are obtained from Aspen plus v11 by linking with MATLAB using Active X 

automation server. The main goal is to investigate the geometry and efficiency of an axial 

turbine operating with pure CO2 and CO2-based binary mixture working fluids. The link 

between Aspen plus and MATLAB has the advantage of allowing different pure fluids 

and binary mixtures to be studied, as well as the effect of different property models on 

the turbine design. 

The design code starts with input parameters from cycle thermodynamic analysis. Input 

parameters include turbine inlet total temperature (𝑇01), turbine inlet total pressure (𝑃01), 

outlet static pressure (𝑃3) and mass flowrate of working fluid (𝑚𝑤𝑓̇ ). The assumptions in 

design procedure are:  

1. Isentropic expansion (𝜂𝑡𝑡 = 1); as preliminary phase in order to achieve approximate 

values of turbine geometry and performance parameters, 

2. Constant axial flow velocity (𝐶𝑎,1 = 𝐶𝑎,2 = 𝐶𝑎,3), 

3. Repeating stage i.e. stage exit flow velocity is equal to inlet flow velocity i.e. 𝐶3 =

𝐶1, 

4. Rotor inlet flow velocity angle (𝛾2 = 20°). 

Design objectives 

The design code developed in this work, degree of reaction at mean diameter (Λ𝑚) and 

revolution speed (N) are two independent parameters which are varied to obtain feasible 

design with reasonable values of specific speed (Ns), specific diameter (Ds) and rotor 
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blade height to mean diameter ratio (h/Dm). As per Balje’s chart [102], the optimal range 

of NS and Ds should be 40-300 and 0.5 to 2 respectively (in English unit system) to obtain 

total to static efficiency (𝜂𝑡−𝑠) greater than 80%.  The target value of h/Dm is decided to 

be close to 0.15. 

Turbine design for CO2-R134a mixture working fluid 

In this section, the turbine design program described earlier is adopted to design single 

stage isentropic axial turbine operating with CO2-R134a mixture [70% molar CO2] as 

working fluid. Thermodynamic properties of the mixture are retrieved from Aspen plus 

v11 using an ActiveX automation server to link Aspen plus to a MATLAB program. 

Property model employed in Aspen plus is standard Peng-Robinson EoS with binary 

interaction parameter (k1,2) value of 0.01623 (same value as determined in section 4.9). 

The main question to address is: Is there substantial difference in turbine geometry and 

efficiency when subject to CO2-R134a mixture instead of sCO2 working fluid? To answer 

this question, turbine design is performed using input conditions derived from the cycle 

design point analysis presented earlier in section 4.10. These input conditions for CO2-

R134a mixture and sCO2 are reported in Table 37.  

Table 37: Input conditions for axial turbine design operating with CO2-R134a mixture and sCO2 as working fluid 

Specification 

CO2-R134a 

[70% molar CO2] 

sCO2 

Inlet total pressure, P01 [bar] 200 200 

Inlet total temperature, T01 [℃] 350 350 

Outlet static pressure, P3 [bar] 50.2 100 

Mass flow rate, ṁ [kg/s] 102.4 115 

Rotor inlet flow angle, γ2 20° 20° 

Blade height to width ratio, h/W 3 3 

Shaft speed, N [rpm] 15000 -50000 15000-50000 

Degree of reaction at mean diameter, Λ𝑚 0.25-0.5 0.25-0.5 

Blade loading coefficient, 𝜓𝑚 0.01-5 0.01-5 
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Design calculations are performed using fixed rotor inlet flow angle (i.e. angle of velocity 

C2 at inlet of rotor) for both working fluids. Moreover, blade height to width ratio (h/W) 

is assumed to be 3; the purpose of this assumption is to determine stage length and stage 

flare angle. 

Table 38: Mean line design results of isentropic single stage axial turbine 

Turbine Parameter 

CO2-R134a 

[70% molar CO2] 

CO2 

Λ𝑚 0.5 0.5 

N [rpm] 42,000 35,000 

𝜂𝑡𝑠 0.937 0.937 

𝜂𝑡𝑡 1 1 

𝜓𝑚 2 2 

Power (MW) 9.79 8.049 

𝜙𝑓,𝑚 0.364 0.363 

Ns 121.17 117.23 

Ds 0.894 0.924 

Dm [mm] 140.6 144 

h/D 0.150 0.159 

h [mm] 21.1 23 

 

In MATLAB program, the blade loading coefficient at mean diameter (𝜓𝑚) is varied from 

0.01 to 5 to maximize total to static efficiency for given revolution speed (N) and degree 

of reaction (Λm). Table 38 shows the results at mean diameter for degree of reaction of 

0.5. In order to achieve blade height to mean diameter ratio of 0.15, revolution speed is 

varied. For CO2-R134a mixture, revolution speed is higher, specific speed is higher and 

specific diameter is slightly lower than sCO2 turbine. Overall, the axial turbine with 

mixture produces 1.7 MW higher power output together with slightly the same turbine 

rotor dimensions and the same degree of reaction. Table 39 shows the variation of 

absolute and relative velocities from the rotor root to the rotor tip calculated using free 
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vortex theory for both working fluids. Flow velocities are higher in the CO2-R134a 

mixture, indicating a higher Mach number at the rotor outlet than in the sCO2 turbine. 

Finally, the degree of reaction is positive at the blade root for both fluids, which is a 

requirement for a viable turbine rotor. 

Table 39: Flow velocities at rotor inlet and outlet for isentropic single 

stage axial turbine with CO2-R134a mixture and sCO2 working fluids 

Mean line 

Parameter 

CO2-R134a 

[70% molar CO2] 

CO2 

Um (m/s) 309.29 264.57 

Ca (m/s) 112.57 96.29 

C2 (m/s) 329.14 281.55 

V2 (m/s) 112.57 96.29 

C3 (m/s) 112.57 96.29 

V3 (m/s) 329.14 281.55 

Root and Tip 

C2,root (m/s) 399.4 336.9 

C2,tip (m/s) 282.66 243.9 

C3,root (m/s) 112.57 96.29 

C3,tip (m/s) 112.57 96.29 

𝛬𝑟𝑜𝑜𝑡 0.23 0.25 

𝛬𝑡𝑖𝑝 0.65 0.64 

 

4.12 Characteristics of heat exchanger  

For turbulent flow in a long continuous tube of any cross-section (rectangular, circular 

etc.), heat transfer power per unit of surface area for one kelvin temperature change (or 

heat transfer coefficient ‘h’) can be expressed as [103], 

ℎ =
𝜇𝑐

𝑃𝑟
2

3⁄

1

4𝑟ℎ
𝑅𝑒𝜙ℎ                                                                              Eq. 30 

Also, friction power per unit of surface area for a long continuous tube of any cross-

section can be expressed as [103], 
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𝐸 =
1

2

𝜇3

𝜌2 (
1

4𝑟ℎ
)

3
𝑅𝑒3𝜙𝑓                                                                        Eq. 31 

Friction power represents power associated to pressure drop in a heat exchanger per unit 

of surface area. For a known value of 𝜙ℎ and 𝜙𝑓, hydraulic diameter, Reynolds number 

and fluid properties, Eq 30 and Eq 31 provides values of heat transfer power and friction 

power per unit of surface area.  

It is quite useful to calculate ratio of h and E for different fluids and different type of 

surfaces (i.e. 𝜙ℎ and 𝜙𝑓). The higher value of the ratio demonstrates higher heat transfer 

power than friction power for a given heat exchange. On contrary, the lower values of the 

ratio (lower than 1) is undesirable since it represents a heat exchange with more 

expenditure of friction power than heat transfer power hence larger pumping work is 

required to overcome loss of power due to pressure drops. 

The ratio h/E is derived from Eq 30, Eq 31 and using the definition of Reynolds number 

and Prandtl number. The final formulation is as shown in Eq.32, 

ℎ

𝐸
=

𝑐
1

3⁄ 𝑘
2

3⁄

𝜇
2

3⁄

𝜙ℎ

𝜙𝑓
2𝐴2 (

𝜌

𝑚̇
)

2
                                                                      Eq. 32 

For same type of surfaces, cross-sectional area and the mass flow rate, the ratio becomes 

only function of properties of fluid in a heat exchanger as shown below. 

ℎ

𝐸
∝

𝑐
1

3⁄ 𝑘
2

3⁄

𝜇
2

3⁄
(𝜌)2                                                                                                 Eq. 33 

In this work, this ratio is selected as a rationale to compare heat transfer characteristics of 

two working fluids i.e. pure CO2 and CO2-R134a mixture. The purpose is to study effect 

of change in working fluid in a heat exchanger with same type of surfaces, cross-sectional 

area and fluid mass flow rate on the ratio h/E for large range of temperature and pressures. 

Therefore, h/E ratio for pure CO2 and CO2-R134a mixture are calculated using Eq 33 for 

temperatures higher than dew point temperatures and considering four pressure values 

(typical recuperator in carbon dioxide power cycle operate at these pressure values as 

discussed in previous chapters). Thermal conductivity and viscosity are computed using 

Chung-Lee starling method while specific heat and density are calculated using standard 

Peng-Robinson EoS with the same value of binary interaction parameter for CO2-R134a 
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mixture as determined in the section 4.9. Similarly, the same property method applied to 

pure CO2. Aspen plus V10 is used to calculate density, viscosity and thermal conductivity.  

 

Figure 60: h/E ratio of CO2 [0.5]-R134a [0.5] mixture and pure CO2 for varying temperature and pressure 

 

Figure 61: h/E ratio of CO2 [0.7]-R134a [0.3] mixture and pure CO2 for varying temperature and pressure 
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Figure 60 and Figure 61 illustrates the effect of different temperature and pressure isobars 

on the ratio between h/E for CO2-R134a mixture and h/E for pure CO2 i.e.  

(ℎ
𝐸⁄ )

𝐶𝑂2−𝑅134𝑎

(ℎ
𝐸⁄ )

𝐶𝑂2

⁄ for the two mixture compositions.  

Following points are evident from the Figure 60 and Figure 61: 

• At lower temperatures (close to dew point temperature), the ratio h/E in case of 

mixture is higher than pure CO2; around 10 to 11 times higher at pressure of 100 bar 

for 50% CO2-R134a mixture. 

• For higher temperatures, the trend at each pressure converge to value of around 4 in 

case of 50% molar CO2-R134a mixture and 2 in case of 70% molar CO2-R134a 

mixture. In other words, h/E is four times higher than pure CO2 when 50% molar 

CO2-R134a mixture is adopted as working fluid assuming same heat transfer surfaces 

and mass flowrate. In similar way, h/E ratio is 2 times higher than pure CO2 when 

70% molar CO2-R134a mixture is adopted as working fluid under the same 

assumption.  

These results are very useful for heat exchanger design because it shows that CO2-R134a 

mixture has a better heat transfer characteristic than CO2. In a heat exchanger, a CO2-

R134a mixture can transfer heat with less friction power (or smaller pressure drops) than 

CO2 if the same heat transfer surfaces, cross sectional area and fluid mass flow rate is 

considered. 

Note: The comparison of h/E is performed for the same mass flow rate and pressures for 

CO2-R134a and pure CO2, but this is not the actual scenario because mass flow rate and 

pressures differ for both working fluids in a thermodynamic power cycle and can result 

in slightly different results. However, the comparison presented is still useful in 

understanding the advantages of using the CO2-R134a mixture working fluid. 
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Chapter 5:      Advanced Carbon dioxide power cycles for 

high temperature heat sources: Analysis of 

supercritical CO2 recompression cycle and 

proposal of CO2 mixture based transcritical 

power cycles 

5.1 Introduction 

Among the high temperature heat sources, concentrated solar power technology is a clean 

energy source which can reach maximum temperature of 565℃ and even higher 

temperature of 720℃ using molten salts and advanced ternary salts respectively as 

thermal energy storage medium. Steam Rankine cycle are employed as power block in 

present available CSP power plants. A state-of-the-art steam cycle with one reheat and 

multiple feed water heaters is capable to achieve cycle efficiency of 47% when cycle 

maximum temperature is 550 ℃ and ambient temperature is 15℃.  

In recent past, supercritical carbon dioxide (sCO2) power cycle are introduced as power 

block in CSP plant. The key benefits of sCO2 cycle over steam Rankine technology are 

simpler and compact cycle layout, comparatively higher cycle efficiency at medium to 

high cycle maximum temperatures i.e. 550 to 700 ℃ and acceptance to operate at higher 

maximum temperature owing to higher thermal stability of CO2.  

Nevertheless, as elaborated in Chapter 1, the cycle efficiency of supercritical carbon 

dioxide power cycle is sensitive to rise in compressor inlet temperature. To fully exploit 

the benefits of real gas effects near critical point (that are lower compressibility factor 

and lower compression work), it is essential to keep compressor inlet temperature close 

to critical point of CO2 (i.e. 31 ℃) but this require cold medium like water to cool CO2 

near to its critical point temperature. In concentrated solar power (CSP) plants, usually 

installed in arid areas with higher ambient air temperature necessitate the use of dry 

coolers in spite of cooling towers. 

This chapter considers supercritical CO2 cycle for power production from high 

temperature heat sources (for instance: CSP). The idea is to study the effect of variation 

in compressor inlet temperature, compressor inlet pressure, cycle maximum pressure and 

cycle maximum temperature on cycle efficiency and to find the operating conditions to 
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obtain maximum cycle efficiency. The main aim is to study the effect of rise in 

compressor inlet temperature (due to rise in ambient temperature) on the cycle efficiency 

of recompression sCO2 cycle. 

To enhance the thermodynamic performance of sCO2 cycle at high compressor inlet 

temperature, this chapter proposed five CO2-based binary mixtures as working fluids. 

Effect of variation in mixture composition on cycle efficiency is investigated and 

comparison with recompression sCO2 cycle and simple recuperative sCO2 cycle is 

performed. In addition, the impact of change in working fluid on cycle specific work, 

temperature difference in primary heat exchanger and relative size of recuperators are 

also studied to understand the thermodynamic potential of CO2-based binary mixtures. 

The main objectives of this chapter are: 

o Study of cycle efficiency of recompression sCO2 power cycle with rise in compressor 

inlet temperature, cycle maximum temperature, cycle minimum pressure and cycle 

maximum pressure. 

o To select appropriate additives for CO2 based binary mixtures based on critical point 

properties, environmental characteristics, thermal stability and required compressor 

inlet temperature. 

o Selection and optimization of thermodynamic property model to calculate 

thermodynamic properties of CO2 based binary mixtures 

o Apply CO2 based binary mixtures as working fluids in power cycles and compare 

thermodynamic performance with simple recuperative sCO2 cycle and 

recompression sCO2 cycle. 

5.2  Reference supercritical carbon dioxide (sCO2) power cycle 

This section analyzes thermodynamic cycle efficiency of recompression sCO2 power 

cycle. Recompression sCO2 cycle configuration is state-of-the-art cycle in the field of 

high temperature carbon dioxide cycles. At first this cycle was proposed by Angelino [9] 

for CO2 condensing cycles. Angelino proposed recompression cycle configuration with 

the purpose to reduce irreversibility in recuperators which occurs due to large difference 

of heat capacities between cold and hot streams. Later on, different research works found 

recompression cycle as the one which shows higher efficiency in high temperature 

applications like nuclear power plants and solar power tower plants. 
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Figure 62: Plant layout of supercritical carbon dioxide (sCO2) recompression power cycle 

In recompression configuration (see Figure 62), there is a mass split after low temperature 

recuperators (LTR). After mass split, one stream known as ‘x’ goes to recompressor and 

other stream ‘1-x’ goes to condenser. The stream from condenser is compressed in main 

compressor and then heated in LTR to temperature T3. On other side, stream from 

recompressor also heated to temperature T3. Two stream mixed together in mixer and 

gain heat from high temperature recuperators (HTR). After that, primary heat exchanger 

(PHE) raised the temperature of stream to maximum cycle temperature (Tmax). This is 

followed by expansion in turbine and cooling of hot stream in HTR and LTR. The 

distinctive feature of this cycle is difference of mass flow through LTR, which balances 

heat capacities between high pressure (cold stream) and low pressure (hot stream) sides 

of LTR. In this way, more heat recuperation and smaller temperature differences are 

achieved in LTR with improvement in cycle efficiency. However, smaller temperature 

differences in recuperators possibly leads to larger heat transfer area and investment cost. 

The required cycle assumptions and boundary conditions for design point analysis are 

shown in Table 40. Recuperators (LTR and HTR) are modeled using minimum internal 

temperature difference approach (MITA), the value of which is assigned as 5℃. Turbine 

and compressors are modeled using isentropic efficiencies; the values of efficiencies are 

aligned with recently available turbomachinery. 
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Cycle thermodynamic analysis is carried out at different turbine inlet pressure (Pmax), 

turbine inlet temperatures (Tmax), main compressor inlet pressures (Pmin) and main 

compressor inlet temperature (Tmin), the ranges of these variables are also given in Table 

40. The main purpose is to study the sensitivity of cycle efficiency with change in cycle 

parameters and find the optimum efficiency point. Mass flow rate of CO2 is considered 

to be 1 to develop a base design which can be translated to design with large power sizes. 

Table 40: Operating parameters and common assumptions for design point analysis 

Parameter Value 

Pmin or P1(bars) 74 to 120 

Pmax (bars) 150 to 400 

Tmax (℃) 500 to 700 

Tmin (℃) 1.03Tcr to 1.1Tcr 

𝒎̇𝑪𝑶𝟐
 (kg/s) 1 

MITArecup (℃) 5 

𝜼𝒊𝒔𝒆𝒏𝒕,𝒄𝒐𝒎𝒑/𝜼𝒎𝒆𝒄𝒉,𝒄𝒐𝒎𝒑 0.89/ 0.99 [104] 

𝜼𝒊𝒔𝒆𝒏𝒕,𝒕𝒖𝒓𝒃 /𝜼𝒎𝒆𝒄𝒉,𝒕𝒖𝒓𝒃 0.93/0.99 [104] 

 

Validation of thermodynamic model is also performed to ensure the accuracy of cycle 

model. Thermodynamic cycle efficiency is compared considering the operating 

parameters and assumptions of the literature. Table 41 shows the comparison of 

calculated and literature values. The difference of values between literature and calculated 

are due to pressure drops considered in literature works. For the sake of simplicity and to 

study the benchmark efficiency, pressure drops in cycle components are neglected in the 

thermodynamic model of this chapter. 

Table 41: Comparison of thermodynamic efficiency of sCO2 recompression cycle with literature values. 

Operating conditions 

Binotti et al [105] 

Cycle thermodynamic efficiency (𝜼𝒕𝒉) 

Calculated value 

(No pressure drops) 

Literature value 

Binotti et al [105] 

(With pressure drops) 

Tmax = 700 ℃, Tmin = 51 ℃ 

Pmin = 100 bars, Pmax = 250 bars 

𝜂𝑐= 89%, 𝜂𝑡𝑢𝑟𝑏= 93% 

MITAR = 5℃ 

50.41% 48% 
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Effect of compressor inlet pressure (Pmin) 

Figure 63 shows the trend of cycle thermodynamic efficiency (𝜂𝑡ℎ) of the recompression 

sCO2 cycle at different Pmin and Pmax with Tmax = 700℃. Cycle efficiency is increasing 

with rise in Pmin from 74 bars (Pcr of CO2) to 120 bars. Since Tmin of 50℃ is higher than 

critical temperature of CO2, the cycle efficiency is lower even though Pmin is close to 

critical temperature of CO2. This is because of increase in compressibility factor of CO2 

with increase in Tmin; this reason is elaborated in later sections. Moreover, it is quite 

notable that drop in efficiency is less sensitive to increase in Pmax for Pmin = 100 bars and 

120 bars. The optimum cycle efficiency (𝜂𝑡ℎ= 50.8%) is reached at Pmax = 250 bars and 

Pmin =100 bars. The maximum efficiency point (𝜂𝑡ℎ= 51.2%) at Pmin = 120 bars is not 

practically feasible to consider since it is occurring at rather higher Pmax of 350 bars. 

 

 

Figure 63: Influence of turbine inlet pressure (Pmax) and compressor inlet pressure (Pmin) on cycle thermodynamic 

efficiency 
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Figure 64: Influence of turbine inlet pressure (Pmax) and turbine inlet temperature (Tmax) on cycle thermodynamic 

efficiency of sCO2 recompression cycle. Horizontal dotted lines shows the efficiency of steam Rankine regenerative 

cycle with reheat at cycle maximum pressure of 120 bars taken from reference [106]. Cycle minimum temperature for 

all cases is 50℃.  

Effect of turbine inlet pressure (Pmax) and temperature (Tmax) 

With Pmin = 100 bars as the optimum pressure for Tmin = 50℃, the cycle efficiency at 

different turbine inlet temperatures (Tmax) are presented in Figure 64. Comparison with 

conventional steam Rankine cycle is also carried out in order to highlight the advantages 

of the sCO2 cycle. The steam Rankine regenerative cycle with reheat, condensation 

temperature of 50℃ and turbine inlet pressure of 120 bars taken from ref [106] is chosen 

as the standard cycle for comparison. In Figure 64, the dotted lines at different turbine 

inlet temperatures shows the efficiency of the steam cycle at constant turbine inlet 

pressure of 120 bars. It is evident that cycle efficiency of recompression sCO2 cycle 

remain higher than standard steam cycle; the gain in efficiency is more significant at 

turbine inlet temperatures higher than 600℃. The cycle process diagram of the sCO2 cycle 

at optimum conditions in temperature-entropy plane is demonstrated in Figure 65 
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Figure 65: sCO2 recompression cycle process diagram in T-s plane at optimum conditions 

 

Figure 66: Influence of rise in reduced compressor inlet temperature on cycle thermodynamic efficiency of 

recompression sCO2 power cycle 
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Effect of compressor inlet temperature (Tmin) 

The influence of compression inlet temperature (Tmin) on thermodynamic cycle efficiency 

is also assessed. Figure 66 demonstrates the effect of reduced compression inlet 

temperature (T1,r = Tmin/Tcr) on thermodynamic cycle efficiency at cycle temperature ratio 

(Tmax/Tmin) of 2.5. As evident, the efficiency is decreasing with rise in T1,r from 1.03 to 

1.13. At Pmax of 250 bars, efficiency drops from 0.44 to 0.42. Moreover, at Pmax of 300 

bars, there is 3 points drop in efficiency that is from 0.41 to 0.43. The underlying reason 

of this drop in efficiency is compressibility factor at inlet of compression which starts 

increasing at temperatures greater than critical temperature as shown in Figure 67.  

 

 

Figure 67: Influence of rise in reduced compressor inlet temperature on compressibility factor at inlet of main 

compressor of sCO2 recompression cycle 

The increase in value of compressibility factor implies increase in compression work 

which reduces cycle efficiency.  It is important to note that in this analysis constant 

temperature ratio (𝜏 = Tmax/Tmin) or constant Carnot efficiency is assumed rather than 

constant Tmax in order to investigate solely the effect of departure from critical point 

temperature on cycle thermodynamic efficiency.  

The effect of different temperature ratios (𝜏) on cycle efficiency is presented in Figure 

68. It can be observed that the decrease in efficiency is significant at lower temperature 
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ratios. At higher temperature ratios, efficiency of sCO2 cycle is less sensitive to increase 

in compression inlet temperature (Tmin). 

In addition, If Tmax is also kept constant which is typically the case of solar integrated 

power block, the ratio Tmax/Tmin of cycle decreases with rise in compressor inlet 

temperature (Tmin) which brings about appreciable decrease in cycle efficiency. Figure 69 

shows the trend of drop in cycle efficiency at constant Tmax. There is 6 points drop in 

cycle efficiency for rise in reduced compressor inlet temperature from Tcr to 1.1 times Tcr 

for Tmax of 700℃ and compressor inlet pressure of 7.4 bar. 

 

 

Figure 68: Influence of rise in reduced main compressor inlet temperature on cycle thermodynamic efficiency of 

recompression sCO2 power cycle at different temperature ratios (𝝉) 

In summary, the reduction in cycle efficiency at higher cycle Tmin (or compressor inlet 

temperature) is associated to two reasons,  

1) Rise in compressibility factor at inlet of compression which enhances compression 

work,  

2) Decrease in ratio Tmax/Tmin when Tmax is maintained constant.  

In the light of above discussion, following points can be concluded from the 

thermodynamic analysis of recompression sCO2 power cycle: 
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1. For power block operating at higher ambient temperature typical of solar power tower 

site, the design cycle minimum temperature or compressor inlet temperature is 

decided to be 50 ℃. Sensitivity analysis suggests values of 250 bars and 100 bars as 

optimum values for Pmax and Pmin respectively. 

2. sCO2 recompression power cycle yields higher cycle efficiency than steam Rankine 

cycle at turbine inlet temperatures of 500, 600 and 700℃ given the assumption that 

pressure drops are neglected in the model of the sCO2 cycle. 

3. The increase in compressor inlet temperature from critical temperature to 1.13 times 

critical temperature causes drop in cycle efficiency by 2 to 3 points. Furthermore, the 

drop in efficiency is more significant at lower cycle temperature ratios (𝜏) which 

shows that the cycle efficiency is more sensitive to compressibility effects at lower 

temperature ratios (𝜏). 

4. From technological point of view, cycle maximum temperature (Tmax) is maintained 

constant. In such scenario, profound negative impact on cycle efficiency is obtained; 

cycle efficiency drops from 0.52 to 0.46 (6 points) for increase in reduced compressor 

inlet temperature from 1 to 1.1 when the compressor inlet temperature is 74 bar (equal 

to Pcr of CO2) 

 

 

Figure 69: Influence of rise in reduced main compressor inlet temperature on cycle thermodynamic efficiency of 

recompression sCO2 power cycle at constant Tmax. 
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5.3 Transcritical power cycles utilizing CO2-based binary mixtures working 

fluid  

Previous section shows that maximum efficiency of recompression sCO2 cycle is 50.8% 

at Tmax of 700 ℃, Pmax of 250 bar, Pmin of 100 bar and Tmin of 50 ℃ when Peng Robinson 

EoS is used as property model to calculate thermodynamic properties and pressure drops 

in the cycle are ignored. 

In this section, carbon dioxide based binary mixtures are introduced as working fluid in 

transcritical power cycle considering the same temperature ratio of Tmax and Tmin i.e. 700 

℃/50 ℃. Transcritical cycle allows liquid phase compression with cycle Tmin lower than 

critical temperature of the CO2-based mixture and minimum cycle pressure is also lower 

than sCO2 cycle. The compression below critical point implies less compression work 

and improvement in cycle efficiency. In this perspective, five CO2-based binary mixtures 

are identified based on particular criteria of additive selection, thermodynamic properties 

are calculated, and thermodynamic performance of transcritical power cycle is performed. 

Selection of additive for CO2-based binary mixture 

The key parameters to take into account in choice of additives for CO2 based binary 

mixtures in case of high temperature power cycles are: 

1. Thermal stability of additive; 

It should be higher than maximum operating temperature (Tmax) of the power cycle. 

In the scenario of solar power plant, the required stability temperature is 400 to 700℃. 

(or maximum possible) 

Note: thermal stability of a working fluid is strictly correlated to materials and 

contaminants, for example the widely adopted materials for thermal stability testing 

are Inconel and stainless steel.  

2. Critical temperature (Tcr); 

Critical temperature higher than critical temperature of CO2 is crucial so that to enable 

compression below critical point of the CO2 mixture. 

3. Critical Pressure (Pcr); 

Lower critical pressure of additive is desirable compared to Pcr of CO2 to reduce 

mechanical stress in cycle components. 
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4. Molecular complexity; 

The higher molecular complexity of compound implies lower difference of heat 

capacities between hot and cold streams in recuperator of the power cycle which 

results in more effective heat exchange. Therefore, additive with higher molecular 

complexity is adequate. 

5. Environmental impact and safety; 

It is primarily important to select additive with lower harmful impact on the 

environment. So, lower values of ODP and GWP are needed. Moreover, additive 

should be safe to handle which suggests less toxic and non-flammable compounds. 

Table 42: Main physical properties of new compounds selected for CO2 mixtures.  

Working 

fluid 

Tcr 

(℃) 

Pcr 

(bars) 

Boiling 

point 

(℃) 

Molecular 

weight 

Molecular 

Complexity 

[84] 

Acentric 

factor 

Ω 

Thermal 

stability 

CO2 31.06 73.83 -78.45 44.01 -9.340 0.2236 >700 ℃ [10] 

SO2 157.6 78.84 -10 64.06 -8.239 0.2454 >700 ℃ [107] 

C6F6 243.58 32.73 80.26 186.05 12.612 0.3953 480 ℃ [108] 

TiCl4 364.85 46.61 136.5 189.69 1.919 0.2837 >550 ℃ [109] 

SO2F2 91.85 51.17 -55.4 102.06 -3.291 0.0746 n/a. 

CF3I 123.29 39.53 -21.8 195.911 -2.64 0.1763 n/a. 

 

Practically, it is quite difficult to find an additive which meet all the above-mentioned 

criteria. However, criteria numbers 1,2 and 3 regarding thermal stability, Tcr and Pcr 

together with criteria number 5 regarding environmental impact of working fluid are 

considered foremost priority during screening of different chemical compounds. Table 42 

shows the main thermodynamic properties of potential candidate compounds which are 

selected as additive for CO2 mixtures. The environmental and safety characteristics of 

these compounds are shown in Table 43 

Table 43: Safety and environmental impact characteristics of new compounds selected for CO2 mixtures. 

Working 

fluid 

ODP 

[87] 

GWP in 100 years 

[87], [88] 

Flammability 

[89] 

Health 

[89] 

Instability 

[89] 

CO2 0 1 0 2 0 

SO2 0 n/a. 0 3 0 

C6F6 n/a. n/a. 3 1 0 

TiCl4 0 0 0 3 2 

SO2F2 0 4780 0 3 1 
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CF3I <0.09 n/a. 0 2 0 

 

Experimental thermal stability data of SO2F2 and CF3I are not available. For such 

compounds, preliminary assessment of chemical stability is carried out by using standard 

enthalpy of formation per bond relative to standard enthalpy of formation per bond of 

pure CO2. Considering the fact that, in general, more negative value of standard enthalpy 

of formation (∆𝐻𝑓
𝑜) implies more stable compound. Figure 70 shows the parameter 

(∆𝐻𝐵 =  ∆𝐻𝑓
𝑜/𝑛𝐵) with respect to number of chemical bonds in the molecule of additive 

fluid. CO2 is considered as reference fluid for comparison owing to its well established 

higher chemical stability. The parameter value ∆𝐻𝐵 of both SO2F2 and CF3I are closer to 

value of pure CO2 which indicates that chemical stability of SO2F2 and CF3I are close to 

chemical stability of pure CO2. Nevertheless, the right approach to assess thermal stability 

of fluid is by performing long hour tests in a static cell at different temperatures and 

different containment materials as explained in refs [110], [111]. 

 

Figure 70: Standard enthalpy of formation per bond of some working fluids with respect to number of bonds in a 

molecule. CO2 is considered as reference fluid for comparison owing to its higher chemical stability.   
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Thermodynamic properties of CO2 mixtures 

After selection of appropriate additive with desirable thermodynamic and environmental 

properties for CO2 binary mixtures, the subsequent step is to analyze the fluid behavior 

of CO2 mixture at different molar composition. This requires an accurate property 

calculation model; activity coefficient models or equation of state (EoS) depending on 

the range of temperatures and pressure in which the properties are needed. In this chapter, 

cubic Peng Robinson equation of state (PR EoS) with van der Waals mixing rules also 

known as standard PR EoS is selected because of its applicability both at low pressures 

and higher pressures greater than critical point.  

Standard PR EoS is adopted by numerous studies in literature and it requires critical point 

temperature and pressure (Tcr, Pcr), acentric factor (𝜔) of pure fluid components and 

binary interaction parameter (k1,2) to completely describe the thermodynamic properties 

of a binary mixture (read section 2.1 about cubic PR EoS). The pure fluid properties for 

both CO2 and the additive compound are reported in Table 42. Secondly, in van der Waals 

mixing rule for a binary mixture, one binary interaction parameter (𝑘1,2) is also needed to 

determine interaction coefficient 𝑎1,2 as shown, 

𝒂𝟏,𝟐 = √𝒂𝟏𝒂𝟐(𝟏 − 𝒌𝟏,𝟐)                                                                                           Eq. 34 

Where, 𝑎1 and 𝑎2 are pure component parameters. 

The usual approach well documented in literature to calculate the optimum value of 𝑘1,2 

is by regression analysis using available experimental vapor-Liquid equilibrium (VLE) 

data. The regression analysis is carried out using the maximum likelihood method as 

optimization method. Once optimum value of 𝑘1,2 is determined, the PR-EoS is used to 

calculate pressure-temperature envelop at different mixture composition, mixture 

densities, enthalpies and entropies at different isobars from subcritical to supercritical 

phases. All the thermodynamic property calculations for pure fluids and CO2 mixtures 

are carried out in Aspen Plus V10 simulation software [112].  

The accuracy of EoS is assessed by computing mean absolute percentage error (MAPE) 

which indicates the deviation of prediction from EoS with experimental data. MAPE in 

any thermodynamic property is computed using following relation, 
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MAPEX =
1

N
 ∑ |

XEoS−Xexperimental

XEoS
| x 100N

i=1                                                          Eq. 35 

In next sections, the binary interaction parameter (𝑘1,2) is computed for each selected CO2 

mixture by regression using experimental VLE data. In addition, saturation curves (or 

limit curves) and vapor-liquid critical points are calculated at different mixture molar 

compositions. The feasible mixture compositions based on specific criteria of transcritical 

power cycle are decided. Finally, variation of density and entropy of CO2 mixture with 

change in temperature and pressure are studied for selected mixture compositions to 

evaluate the behavior of these properties in different phases. 

CO2-SO2 binary mixture 

For CO2-SO2 mixture, experimental VLE data presented by Coquelet et al [33] is 

exploited in regression analysis to compute optimum value of 𝑘1,2. Figure 71 shows 

isothermal VLE at three temperatures (-10, 60 and 80℃) computed using PR EoS with 

optimized k1,2. It is evident that the VLE from PR-EoS closely matched the experimental 

VLE data; MAPE in bubble pressures is found to be 1.3% and 0.41% at -10 ℃ and 60℃ 

respectively. However, MAPE in vapor composition of CO2 (Y) is found to be 0.59% and 

0.72% at -10 ℃ and 60℃ respectively. The final obtained value of k1,2 with standard 

deviation is 0.02431 ± 0.00117.  

P-T phase diagram at different mixture composition is shown in Figure 72. Critical point 

temperature increases from 31℃ to 157℃ for increase in molar fraction of SO2 (z2) in the 

mixture. Whereas, critical pressure first rises from 74 bars to 100 bars with increase in 

molar composition of SO2 from 0 to 0.5. Then, there is drop in critical pressure till 78 

bars for SO2 molar fraction of 0.5 to 1 in the mixture.  
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Figure 71: Vapor-Liquid equilibrium (VLE) phase diagram of CO2-SO2 binary mixture at three temperatures (-10℃, 

60℃, 80℃). Scatter points show experimental data from literature [27]. 

 

Figure 72: Pressure-temperature phase diagram of CO2-SO2 binary mixture at different molar composition. 

Diamond shape points show experimental critical points from literature [113]. Dotted line shows calculated critical 

point locus. 

Definition of mixture composition for transcritical cycle 

P-T phase diagram is very helpful in finding pump inlet pressure (P1) corresponding to 

required pump inlet temperature (Tpump). In cycle design point analysis, the main goal is 
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to design condensation cycle which involves compression at temperature lower than 

critical point temperature of the mixture (Tcr,mix). In this context, the mixture molar 

composition of interest is decided based on criteria that the critical temperature of the 

mixture should be at the minimum 15 ℃ higher than pump inlet temperature (i.e. Tcr,mix – 

Tpump ≥15℃) in order ensure compression phase below critical point of the mixture and 

to avoid operation of pump very close to critical point at which thermodynamic properties 

are difficult to compute.  

The mixture critical point temperature (Tcr,mix), difference between Tcr,mix and Tpump and 

pump inlet pressure (Ppump) are recorded in Table 44 for different molar composition of 

CO2-SO2 mixture. The mixture of CO2-SO2 which meet the above-mentioned criteria are 

0.8 CO2, 0.75 CO2 and 0.7 CO2 mixture by molar composition. Composition greater than 

0.8 CO2 for example 0.9 CO2 is not feasible to study since critical temperature at that 

composition is 48 ℃ which is less than required pump inlet temperature of 50℃. Also, 

molar composition lesser than 0.7 CO2 like 0.6 CO2 or 0.5 CO2 (or higher SO2 content) 

are not suitable to adopt considering the effect of severe toxicity of SO2 on the mixture. 

Temperature-density (T-𝜌) plot and temperature-specific entropy (T-s) plot of 80% CO2 

mixture are shown in Figure 73 and Figure 74 respectively. In these plots, two isobars 

near pump inlet pressure (P1) and two isobars corresponding to turbine inlet pressure are 

calculated and plotted. 

Table 44: Critical temperature, difference between Tcr,mix and Tpump, critical pressure (Pcr,mix) and pump inlet pressure 

(Ppump) for different molar compositions of CO2-SO2 mixture 

Molar composition 

of CO2 

Tcr,mix 

(℃) 

Tcr,mix – Tpump Pcr,mix 

(bars) 
P1@ T1=50 ℃ 

(bar) 

0.9 CO2 48.26 -1.74 83.66 Not applicable 

0.85 CO2 56.41 6.41 87.98 82 

0.8 CO2 64.32 14.32 91.77 77.5 

0.75 CO2 72.02 22.02 94.96 73 

0.7 CO2 79.51 29.51 97.48 69 

0.65 CO2 86.78 36.78 99.3 64.5 
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Figure 73: Density-temperature behavior of 80%CO2+20%SO2 mixture. Black line shows liquid vapor saturation 

line. Red point shows the critical point. 

 

 

Figure 74: Temperature-specific entropy behavior of 80%CO2+20%SO2 mixture. Black line shows liquid vapor 

saturation line. Red point shows the critical point. 
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CO2-C6F6 binary mixture 

For CO2-C6F6 mixture, the same Peng-Robinson EoS with van der Waals mixing rule is 

adopted as thermodynamic model. Following the same approach described earlier, the 

binary interaction parameter (k1,2) is obtained using the experimental bubble points data 

of Dias et al [114] and new experimental VLE data (not-published yet) taken from LEAP 

laboratories. 

The VLE behavior at 70℃ and 90℃ are shown in Figure 75 with solid lines representing 

the calculated VLE and scatter points show experimental data. Moreover, both 

experimental and calculated bubble points at temperatures from 20℃ to 60℃ are shown 

in the Figure 76. The MAPE in bubble point pressures and dew point composition are 

reported in Table 45. Finally, the value of k1,2 obtained from regression analysis is 

0.04381 ± 0.01167.  

 

Figure 75: Vapor-Liquid equilibrium (VLE) phase diagram of CO2-C6F6 binary mixture at two temperatures (70℃ 

and 90℃). Scatter points show new experimental data (not-published) 

Table 45: MAPE in bubble pressure and dew composition of CO2-C6F6 mixture at different temperature. 

Literature 

reference 
LEAP laboratory Dias et al [114] 

Quantity 

Bubble 

pressure 

 (Pbub) 

Dew composition 

of CO2 (YCO2) 

Bubble pressure  

(Pbub) 



Page 145 of 213 

 

Temperatur

e 
70℃ 90℃ 70℃ 90℃ 20℃ 30℃ 40℃ 50℃ 60℃ 

MAPE 5.3% 7.2% 0.5% 2.3% 4.5% 3.3% 2.8% 2.4% 3.2% 

 

 

Figure 76: Bubble points of CO2-C6F6 binary mixture at five temperatures (20℃, 30℃, 40℃, 50℃ and 60℃). Scatter 

points show experimental data from literature [114]. 

 

The thermodynamic behavior in P-T plane and calculated vapor-liquid critical points at 

different composition are shown in Figure 77. The difference between Tcr,mix and Tpump is 

higher than 15℃ for mixture compositions from 0.9 CO2 to 0.5 CO2. Therefore, the 

compositions relatively rich in CO2 which are 0.85 CO2, 0.9 CO2 and 0.8 CO2 are selected 

for thermodynamic analysis of the power cycle. The temperature-density and 

temperature-entropy behavior of CO2-C6F6 mixture with 0.8 CO2 are shown in Figure 78 

and Figure 79 respectively.  

 

 



Page 146 of 213 

 

 

Figure 77: Pressure-temperature phase diagram of CO2-C6F6 binary mixture at different mixture molar composition. 

Dotted line shows calculated critical point locus. 

 

 

Figure 78: Density-temperature behavior of 0.8 CO2-0.2 C6F6 mixture. Black line shows liquid vapor saturation line. 

Red point shows the critical point. 
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Figure 79: Temperature-specific entropy behavior of 0.8 CO2-0.2 C6F6 mixture. Black line shows liquid vapor 

saturation line. Red point shows the critical point. 

CO2-TiCl4 binary mixture 

For CO2-TiCl4 binary mixture, the experimental VLE data is scarce; only two VLE points 

are available to calibrate the thermodynamic model. This limited data is exploited in 

regression analysis with Peng Robinson EoS as the thermodynamic model and the usual 

binary interaction parameter (k1,2) is computed as described in previous section. The 

graphical representation of the VLE and the calculated value of k1,2 are depicted in Figure 

80. Using the regressed value of k1,2, the behavior of this mixture in P-T plane at different 

mixture composition is calculated and plotted in Figure 81. The mixture is characterized 

by higher critical temperatures and very high critical pressures (close to typical maximum 

cycle pressure of CO2 cycles i.e. 200 bars). Temperature glide between bubble and dew 

point are also greater for this mixture compared to other selected CO2-mixtures. Besides 

all, this mixture is very promising for high temperature power cycles owing to higher 

thermo-chemical stability of TiCl4.  

The mixture compositions for which the difference between Tcr,mix and Tpump is higher 

than 15 ℃ are those with CO2 molar composition lower than 0.85. Therefore, 0.8 CO2, 

0.75 CO2 and 0.7 CO2 mixtures are selected for thermodynamic analysis of the power 

cycle. Behavior of density and entropy of the CO2-TiCl4 mixture for 0.8 CO2-0.2 TiCl4 

composition are plotted in the Figure 82 and Figure 83 respectively. 
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Figure 80: Vapor-Liquid equilibrium (VLE) phase diagram of CO2-TiCl4 binary mixture at 75℃. Scatter points show 

new experimental data. 

 

 

Figure 81: Pressure-temperature phase diagram of CO2-TiCl4 binary mixture at different molar composition. Dotted 

line shows calculated critical point locus. 
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Figure 82: Density-temperature behavior of 0.8 CO2-0.2 TiCl4 mixture. Black line shows liquid vapor saturation line. 

Red point shows the vapor-liquid critical point. 

 

 

Figure 83: Temperature-entropy behavior of 0.8 CO2-0.2 TiCl4 mixture. Black line shows liquid vapor saturation 

line. Red point shows the vapor-liquid critical point. 
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CO2-CF3I binary mixture 

Tri-fluoroiodomethane (CF3I) is recently studied as a refrigerant in refrigeration and air-

conditioning cycles. Its positive characteristics are low GWP, low ODP and non-

flammability. The mixture of CF3I and CO2 is studied as insulation medium in electrical 

equipment to replace SF6 gas.  

Experimental VLE data for CO2-CF3I mixture available in literature is for very low 

temperatures (ranging from -30℃ to 0℃) only relevant to refrigeration application. 

Additional VLE measurements at high temperature and experimental data of density and 

caloric properties are needed to calibrate EoS and ensure accuracy in thermodynamic 

cycle calculations. Regarding thermochemical stability, there is no information available 

about stability of CF3I at higher temperatures (around 500℃). 

To calculate properties of CO2-CF3I mixture, PR EoS is adopted and calibrated using 

available experimental VLE data. As a result of regression with VLE data, the value of 

k1,2 is computed. The calibrated EoS is then used to compute thermodynamic behavior of 

the mixture, to compute critical points, density, enthalpy and entropy of the mixture at 

different molar composition. 

 

 

Figure 84: Vapor-Liquid equilibrium (VLE) phase diagram of CO2-CF3I binary mixture at four temperatures (0℃,-

10℃, -20℃ and -30℃). Scatter points show experimental data from ref [115]. 
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Figure 84 shows the experimental and calculated VLE data at four temperatures. Peng-

Robinson EoS represents good agreement with experimental data. The behavior of bubble 

and dew point pressures and critical points at different molar composition of the mixture 

are shown on P-T plane in Figure 85. Lastly, the behavior of density and entropy of the 

mixture in subcritical and supercritical phases for 0.6CO2-0.4CF3I mixture are calculated 

and illustrated in Figure 86 and Figure 87 respectively. 

As decided earlier in thus section. to select mixture composition for cycle thermodynamic 

analysis, the criteria for transcritical power cycle is the difference Tcr,mix-Tpump should be 

greater than 15℃. Therefore, three mixture compositions are selected which meet the 

criteria; they are 0.65 CO2, 0.6 CO2 and 0.55 CO2 mixtures. 

 

Figure 85: Pressure-temperature phase diagram of CO2-CF3I binary mixture at different mixture molar composition. 

Dotted line shows calculated critical point locus. 
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Figure 86: Temperature-entropy behavior of 0.6 CO2-0.4 CF3I mixture. Black line shows liquid vapor saturation line. 

Red point shows the vapor-liquid critical point. 

 

Figure 87: Temperature-entropy behavior of 0.6 CO2-0.4 CF3I mixture. Black line shows liquid vapor saturation 

line. Red point shows the vapor-liquid critical point. 

CO2-SO2F2 binary mixture 

Sulfuryl fluoride (SO2F2) also called as sulphonyl-difluoride gas is a colorless and 

odorless gas usually used in industry as reagent and in many other fields as a fumigant 

gas. When dry, the gas is stable up to 400℃. The long-term exposure of this gas is harmful 
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for human being. Moreover, the atmospheric life time of the gas is larger i.e. 36 years and 

a very high global warming potential i.e. 4800 according to recent estimation. Because of 

higher thermal stability and enthalpy of formation per bond value close to CO2, this gas 

is identified as an additive for CO2 mixtures. 

In open literature, there is No experimental vapor-liquid equilibrium or density data 

available for CO2-SO2F2 binary mixture. For such type of mixtures, a correlation is 

developed in Chapter 2 (section 2.3) to estimate binary interaction parameter (k1,2) using 

the data of CO2 mixtures with known values of k1,2. This approach is explained in detail 

in Chapter 2. 

Binary interaction parameter of CO2-SO2F2  

For mixture of CO2-SO2F2, the interaction parameter a1,2 is estimated using the 

correlation developed in Chapter 2 (section 2.3). The estimated value with uncertainty is, 

𝑎1,2 = 1.311 ± 0.0784,  

And using Eq.30 and uncertainty propagation rules the value of k1,2 is determined as, 

𝑘1,2 = 0.0932 ± 0.0542 

This value of k1,2 is incorporated in van der Waals mixing rules with Peng Robinson EoS 

and thermodynamic behavior is calculated at different mixture molar composition. Figure 

88 shows isothermal vapor-liquid equilibrium for three temperatures (20℃, 40℃ and 

50℃). The behavior of vapor-liquid critical points and saturation lines at different molar 

composition are shown in Figure 89. From these phase diagrams, it can be noticed that 

mixture with CO2 molar composition greater than 50% are not feasible for transcritical 

cycle with Tmin = 50 ℃ because critical temperature of the mixture is lower than 50℃ and 

the criteria of composition selection (i.e. Tcr,mix –Tpump ≥15℃) is not satisfied for these 

compositions. Therefore, one composition with 40% CO2 and 60% SO2F2 mixture is 

decided to consider in thermodynamic power cycle. At selected composition, the behavior 

of density and entropy are studied at different temperatures and pressures. Figure 90 and 

Figure 91 depicts the density-temperature and temperature-entropy diagrams of the 

mixture. 
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Figure 88: Vapor-liquid equilibrium of CO2-SO2F2 binary mixture at three temperatures. 

 

Figure 89: Vapor-liquid saturation lines and critical points of CO2-SO2F2 binary mixture for different mixture 

compositions 
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Figure 90: Temperature-density behavior of 40%CO2-60%SO2F2 mixture. The red point represents vapor-liquid 

critical point of the mixture 

 

 

Figure 91: Entropy-temperature behavior of 40%CO2-60%SO2F2 mixture. The red point represents vapor-liquid 

critical point of the mixture. 
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In summary, the binary interaction parameter (k1,2) of the studied CO2 mixtures are 

reported in Table 46 along with associated standard deviation and source of experimental 

VLE data acquired in regression analysis to compute k1,2. The important thermodynamic 

properties of selected mixtures are reported in Table 47. 

Table 46: Binary interaction parameters (k1,2) of CO2 mixtures with standard deviation and literature source of 

experimental data. 

CO2 mixture 𝒌𝟏,𝟐  
Standard 

deviation 

Source of experimental 

VLE data 

CO2- SO2 0.024312 0.00117 [33] 

CO2- C6F6 0.043816 0.01167 
[114] and new data by 

LEAP laboratory 

CO2- TiCl4 0.07907 0.0456 [116] 

CO2- CF3I 0.06323 0.00174 [115] 

CO2- SO2F2 

0.09329 ± 0.05424 (determined 

using correlation developed in 

Chapter 2) 

No experimental data 

 

Table 47: Main thermodynamic properties of selected CO2 mixtures 

CO2 mixture % mole composition of 

CO2 

Tcr,mix 

[℃] 

Pcr,mix 

[bar] 

MWmix 

[g/mol] 

Pmin 

[bar] 

CO2-SO2 70%mol 79.5 97.5 50.03 69.6 

80%mol 64.3 91.7 48.02 78.6 

CO2-C6F6 80%mol 120.6 124.6 72.42 73.4 

85%mol 100.3 121.4 65.32 78.8 

90%mol 78.6 111.5 58.21 84.4 

CO2-TiCl4 70%mol 224.4 232.5 87.71 91.2 

75%mol 192.1 247.1 80.43 95.5 

80%mol 149.6 243.6 73.15 98.7 

CO2-CF3I 50%mol 86.1 65.4 119.96 48.3 

60%mol 75.5 69.2 104.77 56.5 

70%mol 64 71.6 89.58 64.9 

CO2-SO2F2 40%mol 64.8 64.8 78.84 56.2 

 



Page 157 of 213 

 

5.4 Thermodynamic cycle results and comparison 

This section presented the thermodynamic efficiency (𝜂𝑡ℎ) of power cycles with selected 

CO2 mixtures as working fluids. The motivation is to determine the sensitivity of main 

thermodynamic parameters on cycle thermodynamic efficiency (or cycle efficiency) and 

to find the optimum mixture composition which shows higher gain in cycle efficiency. In 

solar integrated power cycle, it’s important to achieve higher cycle efficiency since it 

indicates the lower size of heat storage and solar field and also implies lower LCOE.  

The cycle thermodynamic efficiency is defined as, 

𝜂𝑡ℎ =
𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒− 𝑊̇𝑐𝑜𝑚𝑝/𝑝𝑢𝑚𝑝

𝑄̇𝑃𝐻𝐸
                                                                                      Eq. 36 

Where, 𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 gives power produced by turbine(s), 𝑊̇𝑐𝑜𝑚𝑝/𝑝𝑢𝑚𝑝 provides the 

compression work of pump or compressor (i.e. compressor in case of supercritical cycles 

and pump in case of transcritical cycles) and 𝑄̇𝑃𝐻𝐸 gives thermal power exchanged in 

primary heat exchanger. For comparison, the cycle boundary conditions for CO2 mixtures 

are the same as considered in the case of pure sCO2 recompression cycle (see Table 40). 

The only exception is the compression phase isentropic efficiency which is 88% for CO2 

mixtures (89% for pure CO2) since the cycle is transcritical cycle with pump instead of 

compressor [117]. The minimum cycle pressure (or pump inlet pressure) in CO2 mixtures 

is the bubble pressure corresponding to cycle minimum temperature of 50℃. Whereas, 

maximum cycle pressure (Pmax) is decided to be higher than critical pressure (Pcr,mix) of 

the CO2 mixture at given molar composition. For preliminary simulation, pressure drops 

in heat exchangers are ignored.  

In the next chapter, all types of non-idealities in cycle calculations are taken into account 

including the pressure drops in heat exchangers and electromechanical efficiency of 

turbomachinery for more realistic calculation of cycle efficiency. 

Moreover, for preliminary calculations in this chapter, the cycle configuration selected 

for CO2 mixtures is simple recuperative transcritical cycle. For pure CO2, simple 

recuperative and recompression cycle configurations are selected as the lower and the 

upper benchmarks respectively to evaluate cycle efficiency of different working fluids.  

Cycle efficiency at different Pmax and mixture molar composition (z1) are illustrated in 

Figure 92 to Figure 96 for all CO2 mixtures selected in this chapter. Considering CO2-
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C6F6 mixture at Tmax of 550℃, the efficiency of transcritical recuperative cycle is higher 

than sCO2 simple recuperative cycle at all Pmax and mixture compositions. Moreover, the 

cycle efficiency is closer to efficiency of sCO2 recompression cycle. Maximum cycle 

efficiency is obtained at 85% molar composition of CO2 in the mixture that is 42.1% at 

Pmax of 250 bar. While, the efficiency of sCO2 cycle at Pmax of 250 bar are 39.4% and 

44.1% for simple recuperative cycle and recompression cycle respectively.  

CO2-SO2 mixture as working fluid does not show higher cycle efficiency than sCO2 

cycles as evident from Figure 93. The reason of this is lower molecular complexity and 

lower molar mass of SO2 than other dopants. Due to lower molecular complexity, the 

difference of specific heat between hot and cold streams of recuperator tends to increase 

which results in larger temperature differences and lower effectiveness of the recuperator 

and finally the lower cycle efficiency. The heat exchange in recuperator with different 

CO2 mixtures is further elaborated in Figure 99. 

CO2-TiCl4 also provides higher cycle efficiency with rise in molar composition of CO2 

from 70% to 80%. The potential gain is obtained for 80% CO2 mixture at which cycle 

efficiency is close to recompression sCO2 cycle (50.7% versus 50.8% at Pmax of 250 bars).  

For CO2-CF3I mixture, gain in efficiency is enabled compared to sCO2 simple 

recuperative cycle but the values are lower than sCO2 recompression cycle. The trend 

shows increase in cycle efficiency with increase in the molar composition of CF3I in the 

mixture. Similarly, the cycle efficiency is higher than the sCO2 cycle in case of CO2-

SO2F2 but with the expense of larger amount of SO2F2 in the mixture (i.e. 60% molar 

SO2F2).  
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Figure 92: CO2-C6F6 mixture cycle efficiency at varying cycle maximum pressure and mixture composition. 

 

Figure 93: CO2-SO2 mixture cycle efficiency at varying cycle maximum pressure and mixture composition. 
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Figure 94: CO2-TiCl4 mixture cycle efficiency at varying cycle maximum pressure and mixture composition. 

 

 

Figure 95: CO2-CF3I mixture cycle efficiency at varying cycle maximum pressure and mixture composition. 
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Figure 96: CO2-SO2F2 mixture cycle efficiency at varying cycle maximum pressure and mixture composition. 

From the evaluation of cycle efficiency at different Pmax and composition, the mixture 

composition which enables higher cycle efficiency is selected for each CO2 mixture and 

main thermodynamic performance indicators are assessed. The efficiency gain compared 

to sCO2 simple recuperative cycle are shown in Figure 97 for all CO2 mixtures operating 

in transcritical cycle at Pmax of 250 bar.  

Efficiency gain is defined as: 

∆𝜂𝑡ℎ = (𝜂𝑡ℎ)𝐶𝑂2 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 − (𝜂𝑡ℎ)𝐶𝑂2
                                                                        Eq. 37 

Owing to well-known higher thermal stability of SO2 and TiCl4 dopants, cycle Tmax of 

700℃ is considered for mixtures with these dopants. However, Tmax of 550 ℃ is 

considered for other mixtures because of two reasons: i) Thermal stability temperature of 

C6F6 is around 500℃ and ii) prospective thermal stability temperature of CF3I and SO2F2 

are expected to be around 500℃ based on the comparable values of standard enthalpy of 

formation per bond (as shown in Figure 70). 

In perspective of cycle efficiency gain (∆𝜼𝒕𝒉), CO2-TiCl4 gives maximum gain of +5.2%, 

CO2-C6F6 comes on second priority with gain of +2.7% followed by CO2-SO2F2 and CO2-

CF3I mixtures with the gain of +1.5% and 1.1% respectively. 

In addition to cycle efficiency gain, other thermodynamic cycle indicators are also 

assessed in order to explore full thermodynamic potential of CO2 mixtures. The main 
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thermodynamic performance indicators which includes cycle specific work, pumping 

work, working fluid temperature at inlet of PHE, LMTD and UA of recuperator are 

compared among all CO2 mixtures and pure CO2 cycles as well. Table 48 reports the 

performance of CO2 mixtures and pure CO2 cycles considering constant Pmax of 250 bar 

and Tmax of 550℃ and Table 49 reports the performance at Pmax of 250 bar and Tmax of 

700℃. 

 

Figure 97: Gain in cycle efficiency of transcritical power cycles with CO2 mixtures compared to sCO2 simple 

recuperative power cycle 

Table 48: Thermodynamic performance of cycles with CO2 mixtures and pure CO2 at Tmax of 550℃ and Pmax of 250 

bar 

Parameters 

CO2-C6F6 

[85%mol 

CO2] 

CO2-CF3I 

[60%mol 

CO2] 

CO2-SO2F2 

[40%mol 

CO2] 

sCO2 

simple 

recuperative 

cycle 

sCO2 

Recompression 

cycle 

Tmax [℃] 550 550 550 550 550 

𝜼𝒕𝒉 [%] 42.1 40.6 40.8 39.4 44.1 

Wturbine [kJ/kg] 106.7 82.2 109.3 124.5 124.5 

Wcomp/pump [kJ/kg] 21.8 19.3 25.7 37.1 45.4 

Wspecific [kJ/kg] 84.9 62.9 83.6 87.4 79.1 

Tin,PHE [℃] 399.7 342 359.7 374.2 407.5 

LMTDrecup  [℃] 18.2 21.9 24.8 28.8 
6.5 (LTR) and  

16.1 (HTR) 

UArecup/QPHE [1/K] 0.136 0.065 0.063 0.061 0.196 
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Table 49: Thermodynamic performance of cycles with CO2 mixtures and pure CO2 at Tmax of 700℃ and Pmax of 250 

bar 

Parameters 
CO2-SO2 

[80%mol CO2] 

CO2-TiCl4 

[80%mol CO2] 

sCO2 

simple 

recuperative 

cycle 

sCO2 

Recompression 

cycle 

Tmax [℃] 700 700 700 700 

𝜼𝒕𝒉 43.6 50.7 45.5 50.8 

Wturbine [kJ/kg] 168.2 91.2 149.6 149.6 

Wcomp/pump [kJ/kg] 27.6 14.4 37.1 45.4 

Wspecific [kJ/kg] 140.6 76.8 112.5 104.2 

Tin,PHE [℃] 427.9 541.3 505.5 538.98 

LMTDrecup  [℃] 40.7 16.3 34.8 
6.6 (LTR) and  

19.9 (HTR) 

UArecup/QPHE [1/K] 0.039 0.227 0.064 0.196 

 

Another important implication of adopting CO2 mixtures in transcritical cycles is the 

reduction of power consumption in compression since compression is occurring below 

critical point compared to sCO2 cycles in which compression is occurring above critical 

point (in supercritical phase). The adoption of mixtures enables the use of pump hence 

almost ten times reduction in compression work is achieved as evident from Table 48 and 

Table 49. Reduction in pumping work is a positive indication of reduction in CAPEX of 

power block. 

Regarding expansion work, molecular weight and molecular complexity of the working 

fluid plays vital role. CO2-SO2 mixture possess lower molecular weight and lower 

molecular complexity than other mixtures which results in higher expansion work and 

consequently higher cycle specific work. Similar is the case of CO2-SO2F2 mixture 

showing higher expansion work than CO2-C6F6 and CO2-CF3I mixtures. In principle, 

higher cycle specific work demands lower mass flow rate of working fluid (for a constant 

power output) which leads to lower size of cycle components. 

The significant part of size and CAPEX of power cycle is contributed by recuperators. 

Table 48 and Table 49 shows the parameter UArecup/QPHE which is a relative indicator of 

size of recuperator in different cycles. Moreover, LMTD of recuperator is also shown to 

provide information about thermal match between and hot and cold streams in 
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recuperator. Lower value of LMTD implies good thermal match and larger size of the 

recuperator. As evident from results, CO2-C6F6 and CO2-TiCl4 mixture which 

demonstrate higher gain in cycle efficiency demands larger recuperator size because of 

good thermal match and effective heat exchange in the recuperator compared to other 

mixtures. For better understanding of heat exchange in recuperators, Figure 98 and Figure 

99 shows T-Q diagrams of recuperators for each CO2 mixture. 

Among all CO2 mixtures, it is quite notable that log mean temperature difference (∆𝑇𝐿𝑀) 

is the minimum in case of CO2-C6F6 and CO2-TiCl4 mixtures. This is the manifestation 

of higher molecular weight and higher molecular complexity of such dopants which 

enable lower difference of heat capacities between hot and cold streams of recuperator. 

Another effect worth mentioning in these two CO2 mixtures is the heat exchange in two-

phase region i.e. inside the dome. In case of CO2-C6F6, after 78% of heat exchange, 

minimum temperature difference (∆𝑇𝑚𝑖𝑛) occurs near dew point and then the hot stream 

enters two-phase region till point 6 (inlet of condenser). In case of CO2-TiCl4, hot stream 

enters two-phase region after 56% of heat exchange showing ∆𝑇𝑚𝑖𝑛 near dew point. This 

effect is also confirmed in T-s diagrams (Figure 100 and Figure 101) of the power cycles. 

In other CO2 mixtures, heat exchange all through the recuperator is in vapor phase with 

∆𝑇𝑚𝑖𝑛 occurring at cold side inlet (i.e. T6-T2). Recuperators in sCO2 recompression cycle 

shows best heat exchange compared to sCO2 simple recuperative cycle and transcritical 

cycles with CO2 mixtures and this again confirms the importance of mass split and 

recompression in improving the thermodynamic performance of sCO2 power cycles. 

The working fluid temperature at the inlet of PHE (i.e. T5) should be lower in order to 

achieve larger temperature differences (T4-T3) in PHE which leads to lower HTF mass 

flow rate for constant thermal power input and lower circulating pumping power of HTF. 

As seen from the T-s plots of cycles, CO2 mixtures demonstrating lower cycle efficiency 

brings lower temperature at inlet of PHE and larger temperature difference (T4-T3). For 

example, CO2-SO2 mixture with cycle efficiency of 43.6% at Tmax of 700℃ brings 

temperature difference of 272 ℃ across the PHE which is higher than temperature 

difference in CO2-TiCl4 cycle and CO2-C6F6 cycle. Therefore, CO2 mixtures showing 

lower cycle efficiency are beneficial in perspective of integration with solar receiver 

providing higher temperature difference in PHE which results in lower mass flow rate of 

HTF for constant thermal power input in PHE and higher thermal efficiency of receiver.  
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Figure 98: Temperature versus exchanged heat (T-Q) diagrams of recuperator of transcritical cycles with (a) CO2-

C6F6, (b) CO2-CF3I, (c) CO2-SO2F2 working fluids compared to recuperator of (d) sCO2 simple recuperative cycle 

and (e) sCO2 recompression cycle. Turbine inlet temperature Tmax is 550 ℃ for all working fluids. 

 

 

Figure 99: Temperature versus exchanged heat (T-Q) diagrams of recuperator of transcritical cycles with (a) CO2-

SO2, (b) CO2-TiCl4 working fluids compared to recuperator of (c) sCO2 simple recuperative cycle and (d) sCO2 

recompression cycle. Turbine inlet temperature Tmax is 700 ℃ for all working fluids. 
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Figure 100: T-s diagrams corresponding to maximum efficiency point of CO2 mixtures in simple recuperative 

transcritical power cycles compared with sCO2 simple recuperative cycle (Blue shape diagram). Cycle maximum 

temperature is 550℃. 
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Figure 101: T-s diagrams corresponding to maximum efficiency point of CO2 mixtures in simple recuperative 

transcritical power cycles compared with sCO2 simple recuperative cycle (Blue shape diagram). Cycle maximum 

temperature is 700℃. 

5.5 Chapter Summary 

The primary goal of this chapter is to investigate the cycle efficiency of supercritical CO2 

cycles and transcritical CO2-based mixture power cycles at high cycle minimum and 

maximum temperatures (Tmax/Tmin = 700°C/50°C). The presented thermodynamic 

analysis is relevant for concentrated solar power plants, which are typically installed in 

areas with high ambient temperatures (30 to 50 °C) as well as higher temperatures 

available at the solar receiver (500 to 700 °C). 

The following are the key findings from the thermodynamic analysis: 
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o If pressure drops are neglected in the cycle components, the sCO2 Recompression 

cycle can achieve maximum cycle efficiency of 50.8% considering Tmax/Tmin = 

700℃/50℃ and 44.1% for Tmax/Tmin =550℃/50℃. 

o sCO2 Recompression cycle also demonstrates cycle efficiency higher than steam 

Rankine regenerative cycle with reheat at Tmax of 500℃, 600℃ and 700℃. 

o With the aim to enhance cycle efficiency of sCO2 cycle, five CO2-based binary 

mixtures are proposed as working fluids for transcritical power cycle. The first step 

in cycle thermodynamic analysis is to select equation of state and calibrate binary 

interaction parameter and validate the accuracy of equation of state. For this, Peng-

Robinson EoS state is selected with van der Waals mixing rules (PR EoS-vdW) as 

property model to calculate thermodynamic phase behavior, enthalpy and entropy of 

CO2-based mixture. Binary interaction parameter is determined using regression of 

VLE data with PR EoS-vdW as regression model. 

o Binary interaction parameter for each CO2-C6F6, CO2-SO2, CO2-TiCl4 and CO2-CF3I 

mixtures are obtained by regression of experimental VLE data. While, the binary 

interaction parameter of CO2-SO2F2 mixture is obtained using the correlation 

developed in the chapter 2 (section 2.3) since No experimental VLE data 

corresponding to this mixture is currently available in the literature. 

o Preliminary investigation of the five CO2-based binary mixtures working fluids in 

transcritical simple recuperative cycle is performed in perspective of cycle efficiency, 

cycle specific work, size of recuperators (UA) and temperature at inlet of PHE. 

o Gain in cycle efficiency in percentage points are +5.2, +2.7, +1.5, +1.1 for CO2-TiCl4, 

CO2-C6F6, CO2-CF3I and CO2-SO2F2 working fluid mixtures respectively compared 

to simple recuperative sCO2 cycle.  

o With the exception of the CO2-TiCl4 mixture, which has a cycle efficiency close to 

that of the sCO2 recompression cycle (i.e. 50.7 percent), the cycle efficiency of all 

other mixtures is lower than that of the sCO2 recompression cycle. 

o In case of CO2-SO2 mixture working fluid in simple recuperative cycle, the cycle 

efficiency is lower than sCO2 simple recuperative and sCO2 recompression cycle. 

Albeit lower cycle efficiency, three positive impact of CO2-SO2 mixture compared to 

other CO2 mixtures are: lower temperature at inlet of PHE (or the higher temperature 

difference across PHE), higher cycle specific work and lower UA of recuperator when 

compared to sCO2 cycles.  
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o The cycle efficiency of a CO2-SO2 mixture can be improved by using a recompression 

cycle layout, and advanced cycle layouts such as precompression cycle layout and 

cycle layouts suggested in the literature for improved heat recovery should be 

investigated to determine the impact on cycle specific work, temperature difference 

across PHE, and size of recuperators. 

In lieu of above considerations and results, the next chapter investigates cycle 

performance by incorporating the effect of advanced cycle layouts on thermodynamic 

performance adopting CO2-SO2 mixture working fluid in transcritical power cycle.  

In addition to the primary goal of improving cycle efficiency, the other objectives are to 

improve cycle specific work, decrease the temperature of working fluid at the inlet of 

PHE (or increase the temperature difference across PHE), and reduce the size of 

recuperators; all these factors contribute towards lower cost of CSP power plant.  



Page 170 of 213 

 

Chapter 6:      Thermodynamic and economic assessment of 

transcritical power cycle operating with CO2-

SO2 mixture as working fluid for CSP power 

plant 

6.1 Introduction 

In previous chapter, CO2-TiCl4 and CO2-C6F6 are evidenced as promising working fluid 

mixtures because they show higher cycle efficiency compared to supercritical CO2 simple 

recuperative cycle under same maximum and minimum temperatures. Albeit higher cycle 

efficiency, the main drawback in CO2-TiCl4 mixture is the reactivity of TiCl4 with water; 

the violent reactivity of TiCl4 in the presence of even small amount of moisture induce 

clogging in pipes due to formation of solid TiO2 which is detrimental for cycle 

performance. Moreover, the CO2-C6F6 mixture is also a promising working fluid mixture, 

but due to thermal stability limit, it can only be applicable for power cycles with 

maximum temperatures lower than 550 °C. 

Sulphur dioxide (SO2) is thermally stable at high temperature since it is produced from 

combustion of fossil fuels and from smelting of mineral ores containing sulphur, naturally 

it is produced from volcanic eruptions. The molecule of SO2 consists of two strong S-O 

bonds with average bond energy of 522 kJ/mol. In addition, ozone depletion potential of 

SO2 is negligible and it is a non-flammable gas, it does not react with water, air and CO2. 

The only drawback of SO2 is higher toxicity of level 3 according to NFPA 704 standard. 

However, it can be managed in closed cycle power plants where only limited amount of 

leakage are possible which can be handled by dedicated control system and by proper 

ventilation. Nevertheless, to ensure thermo-chemical stability at high temperatures, 

experimental tests are required to investigate the material compatibility of SO2 with well-

known Stainless steel and Inconel materials used in the fabrication of cycle components. 

The experimental activity to determine the thermo-chemical stability of CO2-SO2 is 

under-investigation in Fluid test Lab of University of Brescia. 

Based on aforementioned characteristics of SO2, it is qualified as promising candidate 

dopant for CO2 based binary mixture and it can be applied to advanced solar power plants 

with maximum cycle temperature of 700 ℃ being its higher thermal stability.  
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In this chapter, CO2-SO2 mixture is investigated as working fluid in transcritical power 

cycle for advanced concentrated solar power (CSP) plant. The idea is to calculate cycle 

net efficiency of different cycle configurations and decide optimum mixture composition 

and cycle configuration assuming 100 MW net power output. The thermodynamic 

performance of transcritical power cycles with CO2-SO2 mixture working fluid is 

compared with supercritical carbon dioxide cycles under same operating conditions. 

PC-SAFT EoS is used as property model due to comparatively higher accuracy of this 

model in computing thermodynamic properties of CO2-SO2 mixture as evidenced in 

Chapter 2. In contrast to the previous chapter, pressure drops in heat exchangers are also 

considered, and six different cycle layouts are examined. 

6.2 Thermodynamic and economic model of power cycle 

Property model 

The identification of a property model for CO2-SO2 mixture and for pure CO2 is the basic 

requirement for developing a thermodynamic cycle model. In Chapter 2, PC-SAFT EoS 

is chosen as the reference property model for CO2-SO2 mixture based on its accuracy in 

predicting thermodynamic properties when compared to PR EoS and GERG 2008 EoS. 

As a result, in this chapter, PC-SAFT EoS is used for thermodynamic cycle analysis with 

a CO2-SO2 mixture. For pure CO2, Span and Wagner EoS is decided to conduct 

thermodynamic cycle analysis. The Span and Wagner EoS covers a wide temperature and 

pressure range and it has been proven to be the most accurate EoS for CO2 [118].  

Cycle boundary conditions and assumptions for simulation 

Cycle thermodynamic simulation is carried out in Aspen plus v11 simulation 

environment. The cycle maximum temperature (or turbine inlet temperature) is fixed at 

700°C both for the CO2+SO2 mixture and pure CO2. As anticipated, this temperature 

represents the target for the next generation CSP solar tower power plants. Furthermore, 

design ambient temperature of 35°C is assumed in order to replicate hot and arid 

environment typical of CSP sites and a corresponding minimum cycle temperature of 

51°C is set. Cycle maximum pressure (or turbine inlet pressure) is varied from 200 bar to 

400 bar.  

To deal with temperature differences in primary heat exchanger (PHE), it is not practical 

assumption to fix cold end temperature difference constant because the temperature of 
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working fluid entering PHE is varying depending on the cycle layout and working fluid 

composition. However, the temperature difference at hot end of PHE is maintained 

constant since the temperature of hot HTF and turbine inlet temperature are fixed. 

Therefore, the cold end temperature difference is computed by relationship given in Figure 

102. As required, the temperature difference in cold side of PHE is higher at lower 

temperature of working fluid and the difference is lower at high temperature of working 

fluid at inlet of PHE. The positive effect of larger temperature at cold end is the larger log 

mean temperature difference (Δ𝑇𝑀𝐿) which would reduce the cost of PHE. 

Other assumptions including pressure drops in heat exchangers, electro-mechanical 

efficiency of turbomachinery and auxiliary consumption in air cooled condenser are 

reported in Table 50. 

 Table 50: Assumptions in thermodynamic cycle analysis of power cycles considered in this chapter 

 

 

Figure 102: Temperature difference at hot end and cold end of PHE as a function of working fluid temperature at 

inlet of PHE. 

Cycle minimum temperature 51°C 

Cycle maximum temperature 700°C 

Compression Isentropic efficiency 88% 

Expansion Isentropic Efficiency 92% 

MITA (Minimum Internal Temperature Approach) of PCHEs 5°C 

DP/P Main PHE 2% 

DP/P Secondary PHE 2% 

DP/P PCHE HP Side 0.3% 

DP/P PCHE LP Side 1.5% 

DP/P Condenser 2% 

Expander electromechanical efficiency 98.7% 

Pump/compressor electromechanical efficiency 97% 

Air-cooled condenser auxiliary consumption 1.5% QCOND 
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Definition of CO2-SO2 mixture composition 

The molar composition of the CO2-SO2 mixture is determined using the criterion 

established for the transcritical cycle. As described in Chapter 5, the criterion is to choose 

a mixture composition with a critical temperature that is at least 15°C higher than the 

cycle minimum temperature (𝑇𝑐𝑟,𝑚𝑖𝑥 − 𝑇𝑚𝑖𝑛 ≥ 15℃). This criterion allows condensation 

of working fluid at inlet of compression phase thus enables reduction in compression 

work. Based on this criterion, the critical temperature of mixture should be greater than 

65℃ when cycle minimum temperature is set at 51℃. The criterion allows for the 

selection of a mixture of 85% molar CO2, 80% molar CO2, 75% molar CO2, and 70% 

molar CO2. Table 51 reports the critical temperature, critical pressure and difference 

between critical temperature of mixture and cycle minimum temperature for different 

mixture molar composition. 

Molar compositions greater than 85% molar CO2 are not feasible because the critical 

temperature is too close to the cycle minimum temperature. Furthermore, molar 

compositions less than 70% molar CO2 result in too high critical temperature and higher 

SO2 content, which is undesirable knowing the toxicity of SO2. 

The same composition selection criteria were used in chapter 4 with PR EoS as the 

property model. The selection of CO2 mixture composition is influenced by the use of 

different property models. As with PR EoS, 85% molar CO2 is not a viable option, but 

PC-SAFT EoS allows for this composition based on the same criteria. 

Table 51: Critical temperature, critical pressure and difference between Tcr,mix and Tmin for different molar 

compositions of CO2-SO2 mixture 

Molar 

composition of 

CO2 

Tcr,mix 

(℃) 

Pcr,mix 

(bars) 

Tcr,mix – 

Tmin 

90% molar CO2 57.7 97.9 6.7 

85% molar CO2 64.1 98.7 13.1 

80% molar CO2 70.4 101.5 19.4 

75% molar CO2 76.7 104.8 25.7 

70% molar CO2 84.1 107.4 33.1 

60% molar CO2 98.4 110.6 47.4 

50% molar CO2 111.7 111.2 60.7 
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Cycle layouts 

In the literature, various cycle layouts are proposed with the goal of improving cycle 

efficiency and heat recovery. This chapter selects seven different cycle layouts from the 

best practice in the literature. The first layout, known as the simple recuperated cycle, is 

the most basic, in which a single recuperator is used to recover heat from turbine exhaust. 

In the second layout, a reheater and a turbine are added to raise the heat introduction 

temperature of the cycle, leading to high cycle efficiency. The third layout, known as the 

partial heating cycle, consists of two primary heat exchangers with the goal of recovering 

more heat from the heat source. Recompression cycle layout is a widely accepted cycle 

layout in literature for CSP and nuclear power plants due to its higher cycle efficiency. 

Precompression cycle is known for its higher turbine specific work because the pressure 

ratio of turbine in this layout is greater than pressure ratio of main compressor. Dual 

recuperated and cascade cycle are effective in heat recovery from heat source but with 

compromise of lower cycle efficiency. Every cycle layout has its own distinct 

characteristics, and the appropriate layout is determined by the working fluid, operating 

conditions and the purpose of the study. However, given the operating conditions of this 

study, it would be interesting to investigate the potential of these layouts using a CO2-

SO2 mixture as the working fluid in perspective of thermodynamic performance and 

CAPEX of power cycle. 
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Figure 103: Cycle layouts considered in this work for power block of CSP power plant 

Performance indicators 

To evaluate thermodynamic performance of power cycles, four key performance 

indicators are decided. They are the gross cycle efficiency, the cycle specific work, the 
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temperature of the working fluid at the inlet of the PHE and the relative size of the 

recuperators. 

Three of the four indicators are defined as: 

𝜂𝑐𝑦𝑐𝑙𝑒 =
𝑃𝑜𝑤𝑒𝑟𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 − 𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛

𝑄𝐼𝑁,𝑃𝐻𝐸
 

Eq. 38 

𝑤𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐,𝐶𝑦𝑐𝑙𝑒 [𝑘𝐽/𝑘𝑔] =
𝑃𝑜𝑤𝑒𝑟𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 − 𝑃𝑜𝑤𝑒𝑟𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛

𝑚̇𝐶𝑦𝑐𝑙𝑒
 

Eq. 39 

𝑈𝐴𝑃𝐶𝐻𝐸 𝑄𝐼𝑁⁄  [1/𝐾] =
∑ 𝑈𝐴𝑃𝐶𝐻𝐸,𝑖

𝑄𝐼𝑁,𝐶𝑦𝑐𝑙𝑒
 

Eq. 40 

In definition of cycle efficiency, the power consumed or produced during the compression 

and expansion phase is computed using isentropic efficiencies of turbomachinery and 

𝑄𝐼𝑁,𝑃𝐻𝐸 is the thermal power introduced in the cycle by the hot source in PHE. In CSP 

power plants, cycle efficiency of power cycle is an important indicator which determines 

the size of solar field and specific CAPEX of power plant. 

Cycle specific work is computed using the mass flow rate of working fluid during the 

compression phase (𝑚̇𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛) to conduct a consistent comparison among all the 

plant layouts. The only exception is in recompression cycle layout, where two 

compression phases and only one expansion phase are present: in this case the specific 

work is computed using the mass flow rate in expansion phase (𝑚̇𝐸𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛). The cycle 

specific work plays key role in thermodynamic power cycle since it accounts for: 

1. The overall working fluid inventory (generating an additional cost when non-

conventional working fluids are considered). 

2. The mass flow rate of the cycle (high mass flow rates increase the size of the cycle 

components and their cost),  

3. The environmental impact of any leakage of the working fluid in case of leakages or 

damages.  
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The temperature of the working fluid at the inlet of the primary heat exchanger (PHE) is 

another important indicator of thermodynamic performance and costs in CSP power 

plants, because the lower the temperature of heat introduction, the greater the temperature 

difference of the HTF. High temperature differences of the HTF in CSP plants would 

result in: 

1. An increase in receiver thermal efficiency due to a corresponding reduction in thermal 

losses between the receiver and the environment. 

2. Lower HTF flow rates at constant thermal input, reducing the size and cost of the 

TES. 

The final parameter, Overall heat transfer coefficient times area of heat exchanger 

(𝑈𝐴𝑃𝐶𝐻𝐸) is computed in Aspen Plus by discretization of heat exchange domain into 200 

steps and summing up 𝑈𝐴 in each step. The expression UAPCHE/QIN accounts for the 

physical dimensions of the recuperators: because the various plant layouts differ 

significantly, this parameter indicates the relative size of recuperators. 

Economic model 

In a typical CSP plant, about 15% to 30% of overall plant CAPEX is shared by power 

cycle depending on the dimensions of TES and efficiency of power block. In this section, 

CAPEX of power cycle is considered as crucial indicator to study economic benefits of 

CO2-SO2 mixture cycle over sCO2 cycle. To calculate CAPEX of power cycle, equipment 

cost of each component and direct costs are summed up. The equipment cost functions of 

cycle components proposed by Weiland et al [119] has been selected as, to the authors 

knowledge, it is one of the most updated and they are based on a detailed review of cost 

functions for sCO2 power cycles considering data provided by real vendors. To calculate 

the CAPEX of a power cycle, the equipment cost of each component and the direct costs 

are added together. The equipment cost functions of cycle components proposed by 

Weiland et al [119] were chosen because, to the best of the authors' knowledge, they are 

the most up to date and are based on a thorough review of cost functions for sCO2 power 

cycles using data provided by real vendors. Except for PHE, the cost function presented 

by Carlson et al [120] has been selected since it is based on UA of PHE unlike the cost 

function presented by Weiland et al. A more conservative results are hence expected on 

the PHE side for this reason. Lastly, the cost function of sCO2 compressor presented by 

Weiland is used also adopted for pumps due to lack of available cost functions in literature 

which covers turbomachinery dealing with highly compressible liquids (slightly below 
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critical point of mixture). All cost functions with relevant references are shown in Table 

52. 

Table 52. Cost functions adopted in this work for the modelling of the CAPEX of CO2-based 

power cycles 

Component Cost Function [M$] Reference 

Turbine 3.49 ⋅ 182600 ⋅ 𝑊 [𝑀𝑊]0.5561 Weiland, 2019 [119] 

Compressor / Pump 1.23 ⋅ 𝑊 [𝑀𝑊]0.3992 Weiland, 2019 [119] 

PCHE 49.45 ⋅ 𝑈𝐴 [𝑀𝑊/𝐾]0.7544 Weiland, 2019 [119] 

PHE 3.5 ⋅ 𝑈𝐴[𝑀𝑊/𝐾] Carlson, 2017 [120] 

Condenser 32.88 ⋅ 𝑈𝐴[𝑀𝑊/𝐾]0.75 Weiland, 2019 [119] 

Generator 0.1089 ⋅ 𝑊[𝑀𝑊]0.5463 Weiland, 2019 [119] 

Motor 0.3994 ⋅ 𝑊[𝑀𝑊]0.606 Weiland, 2019 [119] 

Fraction of Direct Costs All components except PCHE: 20% 

PCHE: 5% 

Weiland, 2019 [119] 

 

6.3 Results 

Effect of working fluid mixture composition and cycle maximum pressure on 

thermodynamic performance of power block 

In first step, thermodynamic performance indicators of sCO2 cycle layouts and CO2-SO2 

cycle layouts are studied varying molar composition of CO2-SO2 mixture and maximum 

cycle pressure. This necessary step enables to decide best cycle layout and composition 

of the working fluid. Figure 104 to Figure 107 illustrate effect of maximum cycle pressure 

and working fluid composition on four performance indicators of the power block defined 

in previous section. 

Simple recuperative and reheat cycle layouts with CO2-SO2 mixture does not show 

significant improvement in cycle efficiency compared to sCO2 cycle counterparts. 

Recompression cycle layout with CO2-SO2 mixture show significant improvements in 

thermodynamic performance compared to sCO2 cycle counterpart. Increase in gross cycle 

efficiency is 2 percentage points (i.e. 50.8% versus 48.8% at Pmax of 250 bar and 85% 

molar CO2). Depending upon composition, there is less than 40℃ drop in temperature at 

inlet of PHE, more than 20% reduction in relative size of recuperators and more than 20% 

gain in gross specific work of cycle. 
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In Precompression cycle layout, use of CO2-SO2 mixture enables 0.4 percentage points 

increase in cycle efficiency (i.e. 46.9% versus 46.5% at Pmax of 250 bar and 85% molar 

CO2). In addition, depending on composition, there is less than 70℃ drop in temperature 

at inlet of PHE, more than 40% decrease in relative size of recuperators and more than 

30% gain in gross specific work of cycle.  

It is also worth noting that highest cycle specific work among all layouts is given by 

Precompression cycle layout since in this layout expansion ratio of turbine is higher than 

compression ratio of the pump. 

For all cycle layouts, overall trend shows that cycle specific work is increasing and 

relative size of recuperators is decreasing with increase in molar composition of SO2 in 

the mixture. 

The two cycle layouts which show lowest cycle efficiency are dual recuperated and 

cascade cycle layout. However, these layouts are way better than recompression and 

Precompression cycles in terms of temperature difference across PHE. For CO2-SO2 

mixture, temperature at inlet of PHE for cascade and dual recuperated cycle is around 180 

to 250℃ (see Figure 2) which results in temperature difference of working fluid in PHE 

around 450 to 520 ℃ (as turbine inlet temperature is fixed at 700℃). On other hand, this 

temperature difference in recompression cycle is within 150 to 200 ℃. 

In the same way, compared to sCO2 counterparts, dual recuperated and cascade cycle with 

CO2-SO2 mixture show comparable cycle efficiencies whereas considerable reduction in 

temperature at inlet of PHE (or gain in temperature difference in PHE). Around 100 to 

130℃ reduction in temperature at inlet of PHE is enabled by adopting CO2-SO2 mixture 

in dual recuperated and cascade cycle layouts compared to sCO2 counterparts. This 

reduction in temperature is mainly due to lower temperature difference in compression 

step of transcritical cycle compared to compression step in sCO2 cycle. 
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70% molar CO2 75% molar CO2 80% molar CO2 85% molar CO2 sCO2 

 

 

Figure 104: Effect of cycle maximum pressure and working fluid composition on cycle efficiency of power block for 

various cycle layouts. 

 

Figure 105: Effect of cycle maximum pressure and working fluid composition on temperature at inlet of PHE of the 

working fluid for various cycle layouts. 
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Figure 106: Effect of cycle maximum pressure and working fluid composition on relative size of recuperators of the 

power block for various cycle layouts. 

 

Figure 107: Effect of cycle maximum pressure and working fluid composition on gross specific work of the power 

block for various cycle layouts. 

Analysis at optimal molar composition of working fluid mixture 

Based on cycle efficiency, the most efficient mixture composition is 85% CO2-15% SO2 

mixture for all cycle layouts therefore this composition is selected as optimal one. 

Unfortunately, relative size of recuperators is higher and cycle specific work is lower at 

this composition; this is attributed to reduction in molar mass of mixture with high CO2 

content and lower molecular complexity. 

Once the thermodynamic indicators of sCO2 cycles and CO2-SO2 mixture transcritical 

cycles have been studied, the potential benefits of transcritical cycles have been 

highlighted. The next step is to conduct a detailed analysis taking into account the optimal 

mixture composition and cycle maximum pressure at a state-of-the-art value of 250 bar.  
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All thermodynamic indicators and power balance of power cycle with CO2-SO2 mixture 

and sCO2 are recorded in Table 53 and Table 54 respectively. The results shown 

corresponds to gross power output of 100 MW. The results also show power block 

electrical efficiency which is computed by incorporating electro/mechanical losses and 

heat rejection auxiliary consumption according to assumptions given in Table 50. In 

viewpoint of power block electrical efficiency, all cycle layouts with CO2-SO2 mixture 

outperforms sCO2 cycle.  

Pumping work of HTF in PHE is an important parameter in determining the net electrical 

efficiency of a CSP integrated power block. The temperature difference of the working 

fluid in PHE is greater in the CO2-SO2 mixture power block than in the sCO2 power block, 

implying a lower mass flow rate of HTF in PHE (for constant thermal power input) and 

thus less pumping work. This feature enhances the advantages of CO2-SO2 mixture in 

power block over sCO2 power block. 

The cycle process diagram are plotted in temperature-entropy thermodynamic plane for 

all cycle layouts at optimal composition and Pmax of 250 bar. For each cycle layout, 

comparison between CO2-SO2 mixture transcritical cycle and sCO2 power cycle is 

presented. The lines of heat source are also shown to illustrate differences in temperature 

difference of HTF in PHE of all cycle layouts (See Figure 108 to Figure 114).  

Table 53. Performance of the power cycles working with the innovative CO2+SO2 mixture for maximum pressure of 

250 bar 

 Transcritical CO2+SO2 Cycle – 85% Molar CO2 – Pmax = 250 bar 

 
Simple 

Recuperative 
Reheated Recompression Precompression Cascade 

Partial 

heating 

Dual 

recuperated 

Cycle Efficiency [%] 43.62 44.66 50.84 46.94 41.02 43.62 41.41 

Specific Work [kJ/kg] 129 134 114 147 116 129 118 

UAPCHE/QIN [1/K] 0.044 0.047 0.162 0.065 0.101 0.102 0.059 

UAPHE [MW/K] 9.32 11.4 9.17 8.49 7.3 11.78 7.40 

T inlet of PHE [°C] 453 521 513 437 251 - 270 

Compression power [MW] 20.7 19.8 35.1 48.6 23.0 20.7 22.6 

Expansion power [MW] 122.9 122.0 137.9 151.9 125.4 122.9 124.9 

Heat rejected [MW] 132.1 126.6 99.5 116.7 147.1 132.2 144.8 

Electro/mechanical losses 

[MW] 
2.2 2.2 2.9 3.3 2.3 2.2 2.3 

Heat rejection auxiliary 

[MW] 
2 1.9 1.5 1.7 2.2 2 2.2 

Power block electric 

efficiency [%] 
41.81 43.87 48.67 44.65 39.22 41.81 39.58 
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Table 54. Performance of the sCO2 power cycles for maximum pressure of 250 bar 

 Supercritical CO2 Cycle – PMAX = 250 bar 

 
Simple 

Recuperative 
Reheated Recompression Precompression Cascade 

Partial 

heating 

Dual 

recuperated 

Cycle Efficiency [%] 44.01 45.11 48.79 46.57 41.34 44.04 41.10 

Specific Work [kJ/kg] 111 115 95 115 97 112 97 

UAPCHE/QIN [1/K] 0.059 0.063 0.206 0.111 0.057 0.135 0.065 

UAPHE [MW/K] 11.7 11.3 10.6 11.2 8.6 11.75 8.6 

T inlet PHE [°C] 501 569 547 504 347 - 340 

Compression power 

[MW] 
45.0 42.9 50.9 59.0 39.9 49.6 45.5 

Expansion power [MW] 148.4 146.2 154.5 163.0 143.0 153.2 148.9 

Heat rejected [MW] 131.4 125.6 108.7 119.2 146.3 131.5 148.1 

Electro/mechanical losses 

[MW] 
3.4 3.3 3.6 4 3.1 3.5 3.3 

Heat rejection auxiliary 

[MW] 
2.0 1.9 1.6 1.8 2.2 2.0 2.2 

Power block electric 

efficiency [%] 
41.75 42.88 46.34 44.00 39.20 41.69 38.89 

 

 

Figure 108: T-s diagram of simple recuperative cycle layout with CO2-SO2 mixture (on left) and supercritical CO2 

(on right). Dotted red line show heat source. 
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Figure 109: T-s diagram of reheat cycle layout with CO2-SO2 mixture (on left) and supercritical CO2 (on right). 

Dotted red line show heat source. 

 

Figure 110: T-s diagram of recompression cycle layout with CO2-SO2 mixture (on left) and supercritical CO2 (on 

right). Dotted red line show heat source. 
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Figure 111: T-s diagram of Precompression cycle layout with CO2-SO2 mixture (on left) and supercritical CO2 (on 

right). Dotted red line show heat source. 

 

Figure 112: T-s diagram of Partial heating cycle layout with CO2-SO2 mixture (on left) and supercritical CO2 (on 

right). Dotted red line show heat source. 
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Figure 113: T-s diagram of dual recuperated cycle layout with CO2-SO2 mixture (on left) and supercritical CO2 (on 

right). Dotted red line show heat source. 

 

Figure 114: T-s diagram of cascade cycle layout with CO2-SO2 mixture (on left) and supercritical CO2 (on right). 

Dotted red line show heat source 

6.4 Economic assessment 

This section presented the comparison of capital cost of transcritical power cycle with 

CO2-SO2 mixture and supercritical CO2 power cycle. Figure 115 shows specific CAPEX 
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of all seven cycle layouts corresponding to optimal mixture composition and cycle 

maximum pressure of 250 bar. These specific costs are calculated for 100 MW electrical 

power output of power cycle.  Adoption of CO2-SO2 mixture in transcritical cycle brings 

lower CAPEX compared to sCO2 cycle. Following reasons can describe this trend: 

1. Lower compression work in case of CO2-SO2 mixture than supercritical CO2 which 

leads to less cost of turbomachinery. 

2. Lower mass flow rate of working fluid owing to higher cycle specific work in case of 

CO2-SO2 transcritical cycle compared to sCO2 counterparts. 

3. Lower relative size of PCHE of CO2-SO2 transcritical cycles. 

4. Lower temperature at inlet of PHE in case of CO2-SO2 transcritical cycle which leads 

to larger log mean temperature difference in PHE thus lower size and cost of PHE 

compared to sCO2. 

Due to the aforementioned reasons, transcritical power cycles with CO2-SO2 mixture 

experience lower CAPEX than sCO2 cycles. Figure 116 depicts the CAPEX of a CO2-

SO2 mixture transcritical cycle and a supercritical CO2 cycle for various power sizes. 

When compared to sCO2 power cycles, the mixture has a lower CAPEX trend at all power 

sizes. The analysis of power cycles from the points of view of thermodynamics and 

CAPEX enabled the selection of promising cycle layouts for CO2-SO2 mixtures. 

Recompression cycle layout is a promising layout for CO2-SO2 mixture in terms of higher 

cycle efficiency (above 50%). Dual recuperated cycle is also a promising layout since in 

perspective of lowest CAPEX and lowest temperature at inlet of PHE.  

Figure 117 and Figure 118 show the effect of mixture molar composition and cycle 

maximum pressure on specific CAPEX of the two promising layouts. The specific 

CAPEX of a transcritical cycle with a CO2-SO2 mixture decreases as the SO2 content in 

the mixture increases. This is primarily due to an increase in cycle specific work, which 

results in a lower mass flow rate of the working fluid mixture, resulting in a lower specific 

CAPEX of the power cycle. The increase in cycle maximum pressure improves cycle 

efficiency hence results in drop in specific CAPEX of power cycle.  
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Figure 115: Breakdown of the power block capital cost in all the plant layouts proposed for sCO2 and CO2+SO2 

(85% CO2 molar content) configurations. The calculations refer to 250 bar as maximum pressure and 100MWel of 

cycle net power 

 

Figure 116: Sensitivity analysis of the power block specific CAPEX for various cycle net electric powers: 

transcritical CO2+SO2 (85% CO2 molar content) cycle (left) and sCO2 cycle (right) 

 

Figure 117: Breakdown of specific CAPEX for the recompression plant layout at various working fluid compositions 

and cycle maximum pressures for a cycle net power of 100MWel 
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Figure 118: Breakdown of specific CAPEX for the dual recuperated plant layout at various working fluid 

compositions and cycle maximum pressures for a cycle net power of 100MWel 

6.5 Chapter Summary 

In this chapter, CO2-SO2 mixture is adopted as working fluid in transcritical power cycle 

operating in warm climate region with cycle minimum temperature of 51℃ and maximum 

temperature of 700℃. The typical application of such power cycles is in concentrated 

solar power where ambient conditions are hot and arid. Thermodynamic and preliminary 

economic assessment is carried out considering different cycle layouts.  

At the same operating conditions and with the same cycle layouts, a comparison with a 

supercritical CO2 cycle is performed to demonstrate the improvement in thermodynamic 

performance as well as the reduction in cycle specific CAPEX enabled by the use of a 

CO2-SO2 mixture. 

The main findings of the analysis presented in this chapter are as follows: 

o The use of CO2-SO2 mixture in transcritical power cycle enables decrease in heat 

introduction temperature (or temperature at inlet of PHE), rise in cycle specific work 

and reduction in relative size of recuperators as compared to sCO2 cycle for all 

considered cycle layouts. 

o From a cycle efficiency perspective, the recompression layout allows the most 

significant improvement in thermodynamic performances with respect to sCO2 

cycles,  

In the recompression configuration, the adoption of the mixture enables two 

percentage points increase in cycle efficiency (50.84% versus 48.79%) than sCO2 

recompression cycle.  
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o The dual recuperated cycle layout is presented as the promising one for heat recovery 

applications. In this layout, comparable values of cycle efficiency while a drop of 

100 ℃ in the heat introduction temperature with CO2-SO2 mixture are obtained 

compared to analogous sCO2 cycle layout.  

o Considering reasonable values for the electromechanical and auxiliary losses, the 

transcritical CO2+SO2 cycles shows a higher net electric efficiency than the 

respective sCO2 counterparts for a reference maximum pressure of 250 bar and a 

CO2 molar fraction of 85%, for any cycle layout considered. 

o In terms of cycle-specific CAPEX, the transcritical cycle with CO2-SO2 mixture once 

again outperforms the sCO2 cycle. The recompression cycle with the optimal CO2-

SO2 mixture has a specific CAPEX of 1000 $/kWel, while the sCO2 cycle with the 

same cycle layout has a value of 1160 $/kWel. Similarly, the specific CAPEX of the 

dual recuperated cycle using the optimal CO2-SO2 mixture is 718 $/kWel, which is 

lower than the sCO2 cycle, which has a value of 795 $/kWel for the same cycle 

layout. 

Based on the results of this chapter, the CO2+SO2 mixture is demonstrated as a promising 

working fluid for closed power cycles. Because of higher thermal stability, this working 

fluid can also apply in other research fields: like high temperature heat recovery from 

exhaust gases of petrochemical, iron and steel industry. In this regard, a complete techno-

economic assessment can be beneficial for industry and academia.   
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Chapter 7:      Conclusion, Challenges and Future Work 

In recent past, supercritical carbon dioxide (sCO2) thermodynamic power cycles are 

introduced for power generation to replace conventional steam Rankine cycle technology. 

They key benefits of sCO2 power cycle are compact size of heat exchangers and 

turbomachinery, higher cycle efficiency and the capability to integrate with high 

temperature heat sources (like CSP and nuclear) as well as low temperature heat sources 

(geothermal and low temperature heat recovery). Theoretically, a large body of research 

works and systematic review papers demonstrated the higher cycle thermodynamic 

efficiency (close to 48% at cycle Tmax of 700℃) and smaller size foot print of sCO2 power 

cycle compared to steam Rankine cycle. 

7.1 Application in waste heat recovery 

One of the major aims of this thesis is to explore thermodynamic potential of sCO2 power 

cycles in high temperature waste heat recovery. The underpinning objective in waste heat 

recovery plants is to enhance total efficiency (cycle efficiency x heat recovery 

effectiveness) of thermodynamic power cycle and to keep cycle configuration simpler. 

Three sCO2 cycle configurations are investigated to recover waste heat from flue gases at 

temperature of 450℃ as heat source and air coolant at inlet temperature of 15 ℃ as heat 

sink.  

Thermodynamic analysis showed that in case of single flow split-dual expansion sCO2 

cycle, the maximum total efficiency of 15.4% is achieved with heat recovery 

effectiveness of 82% at cycle Tmax of 400℃. On contrary, simple recuperative sCO2 cycle 

and partial heating sCO2 cycle showed maximum total efficiency of 13.2% (Tmax = 400℃) 

and 14.6% (Tmax = 350℃) respectively. The corresponding heat recovery effectiveness of 

simple recuperative sCO2 cycle and partial heating sCO2 cycle are 53.2% and 66.9% 

respectively.  

Among the three sCO2 cycle layouts, partial heating sCO2 cycle demonstrated a good 

compromise between total efficiency and size of the power cycle. Though, the single 

flow-split dual expansion sCO2 cycle is the best performing cycle for heat recovery from 

a thermodynamic standpoint, but the size of heat exchangers (overall heat transfer 

coefficient x area of heat exchanger) and number of components (cycle complexity) are 

larger, making it difficult to compete with simple recuperative sCO2 cycle and partial 
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heating sCO2 cycle since the rise in total efficiency is only around 2% points with the 

gross power output of 7.5 MW (i.e. smaller power size). 

Organic Rankine cycles (ORC) are also analyzed in this thesis under same heat source 

and coolant air conditions in order to understand the difference in total efficiency 

compared to sCO2 cycle technology. Considering cycle maximum temperature of 350℃, 

the total efficiency of transcritical organic Rankine cycles are rather higher than sCO2 

cycle. Transcritical ORC with CH2Cl2 working fluid demonstrated total efficiency of 

20%, similarly in case of CH3Cl working fluid the total efficiency is 19% and for NH3 

and CH3OH working fluids the total efficiencies are 20% and 18% respectively. The 

higher total efficiency is mainly due to larger temperature drop in expansion process 

because the isentropic expansion exponent (𝛾 − 1/𝛾) of considered organic fluids is 

larger. The positive outcomes of larger isentropic expansion exponent are lower 

temperature at turbine outlet, greater power output and there is No need of recuperator 

for regeneration.  

Transcritical ORCs with working fluids including C4F10, R134a and C3H8 showed lower 

temperature drop across the turbine owing to lower isentropic expansion exponent, as a 

result, recuperator is required to recover available heat at turbine outlet in order to 

enhance cycle efficiency. The total efficiencies achieved in case of C4F10, R134a and 

C3H8 working fluid at cycle maximum temperature of 350℃ are 11%, 15% and 14% 

respectively. 

In a nutshell, Organic Rankine cycles (particularly transcritical ORCs) have been 

demonstrated to be a good fit for heat recovery from flue gases at 450°C and cycle 

maximum temperature of 350℃. 

7.2 Challenges in sCO2 cycles and ORCs for waste heat recovery 

The main challenges in ORCs are high cost of working fluid, high flammability, toxicity, 

and lower thermal stability of working fluids: CH3Cl, CH2Cl2, NH3, and CH3OH. Some 

working fluids with good environmental characteristics (like negligible GWP and zero 

ODP) like hydrofluoroolefins including HFO1234yf and HFO1234ze (E) are thermally 

stable at maximum of 200℃ and therefore not suitable working fluid for cycle maximum 

temperature of 350℃. 
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Whereas, the main challenges to address in sCO2 power cycles when applied to waste 

heat recovery plants are: 

• Lower heat recovery effectiveness and total efficiency of sCO2 power cycles 

compared to organic Rankine cycles at cycle maximum temperature of 350℃. 

• Increase in the complexity of cycle layout to improve heat recovery effectiveness 

which results in larger size foot print (i.e. larger specific costs). 

• Higher operating pressures (200 to 300 bar) which demands specialized materials and 

increase the cost. 

7.3 Advanced carbon dioxide power cycles for waste heat recovery 

This thesis proposed new CO2-based binary mixtures as working fluids in transcritical 

power cycles to address challenges in ORCs and sCO2 power cycles. CO2-R134a and 

CO2-C3H8 mixtures are employed as case studies to show how novel working fluid 

mixtures affect the total efficiency of the waste heat recovery power cycle. 

From the analysis presented in Chapter 4, the following important conclusions are drawn 

from the thermodynamic analysis and comparison of transcritical ORC, sCO2 cycles, and 

transcritical cycles with CO2-based mixture working fluid: 

• Total efficiency of transcritical power cycle with CO2-R134a mixture [70% molar 

CO2] considering cycle maximum temperature of 350℃ and cycle maximum pressure 

of 200 bar is 14.3%. This value of total efficiency is 1.52 percentage points higher 

together with simple cycle layout than complex single flow split-dual expansion sCO2 

cycle under cycle maximum temperature and cycle maximum pressure. 

• At cycle maximum pressure of 150 bar, the gain in total efficiency with CO2-R134a 

[70% molar CO2] working fluid is 2.01 percentage points and in case of CO2-R134a 

[80% molar CO2], the gain is 1.3 percentage points compared to single flow split-dual 

expansion sCO2 cycle. 

• The total efficiency of the CO2-R134a mixture is slightly lower than that of the 

transcritical ORC (14.3% versus 15%), but with a lower turbine expansion pressure 

ratio, 4 in the case of the CO2-R134a mixture and 14.7 in the case of the ORC with 

R134a. Similarly, using a CO2-C3H8 mixture working fluid, total efficiency attained 

is closer to transcritical ORC total efficiency (13.4% versus 13.9%), but the turbine 
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expansion ratio is lower, 3.33 in the case of CO2-C3H8 and 11.56 in the case of C3H8 

working fluid. 

• Turbines of transcritical ORC have a larger size parameter (SP) and a higher volume 

expansion ratio (VFR), but turbine with CO2-R134a mixtures have a lower VFR and 

SP. Lower turbine SP, on the other hand, is undesirable due to increase in tip leakage 

losses. 

Overall, for heat recovery applications with Tmax of 350℃, the CO2-R134a and CO2-C3H8 

mixture demonstrated a good compromise solution between sCO2 and ORC technologies 

owing to two positive results: 

1. Higher total efficiency is obtained (gain of 2 percentage points) along with a simpler 

cycle layout compared to complex layout of sCO2 cycle (this imply lower cycle 

specific costs) 

2. Comparable total efficiencies are obtained compared to ORC with only 30% 

percentage molar fraction of R134a that is an expensive fluid with a high GWP but 

good thermal stability (this imply reduction in cost of working fluid and its harmful 

effects). 

7.4 Application in concentrated solar power (CSP) plants 

The cycle maximum temperature of 700°C can be reached in cutting-edge concentrated 

solar power plants by using ternary solar salts as the heat transfer medium. Supercritical 

carbon dioxide (sCO2) power cycles can be a good candidate as power block in CSP plants 

owing to its higher cycle efficiency at high turbine inlet temperatures compared to steam 

Rankine cycle technology as demonstrated in the works of Angelino [9] and Crespi et al 

[16].  

Challenge in CSP power block 

In CSP plants with dry cooling, the critical challenge is the significant decrease in cycle 

thermodynamic efficiency of sCO2 cycle when compressor inlet temperature rises. As 

shown in Chapter 5, cycle efficiency of sCO2 recompression cycle decreases by 6 points 

(52% to 46%) for rise in compressor inlet temperature from Tcr to 1.1xTcr. The increase 

in ambient air temperature in dry air-coolers at CSP sites is what causes the increase in 

compressor inlet temperature of the sCO2 cycle. In reality, as the compressors inlet 

temperature rises above the critical point temperature, the benefits of real gas effects, such 
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as the benefit to obtain less compression work close to the critical point (owing to lower 

compressibility factor), are lost, which results in decline in cycle efficiency.  

7.5 Advanced carbon dioxide power cycles for concentrated solar power 

(CSP) plants 

This thesis proposed CO2-based binary mixture as working fluids in sCO2 power cycles 

in order to obtain higher cycle efficiency at high ambient temperature; Overall, the main 

objectives to adopt carbon dioxide based binary mixtures are: 

1. To achieve cycle efficiency higher than supercritical CO2 cycles at high ambient 

temperature. The value of ambient temperature assumed is 35℃ which represents the 

available ambient temperature at current operational CSP sites, 

2. To reduce the temperature of working fluid at inlet of primary heat exchanger (or to 

enhance temperature difference across primary heat exchanger), 

3. To increase cycle specific work, 

4. To reduce size (UA) of recuperators, 

5. To reduce capital expenditure (CAPEX) and operational expenditure (OPEX) 

In the first phase of the analysis, as presented in the Chapter 5, five CO2 based binary 

mixtures are selected and cycle simulations are performed for cycle maximum pressure 

of 150 to 300 bar and two representative values of cycle maximum temperature which 

includes 550℃ and 700℃. Moreover, 50℃ cycle minimum temperature is assumed since 

design approach temperature is 15℃ in air condenser (so that, Tmin = Tamb + 15 ℃) 

Simple recuperative cycle configuration for CO2 mixtures working fluid is selected and 

thermodynamic cycle efficiency is compared with recompression sCO2 cycle 

configuration and simple recuperative sCO2 cycle configuration. 

• According to the findings in Chapter 5, the CO2-C6F6 mixture [85% molar CO2] 

working fluid with cycle maximum temperature of 550°C demonstrated a cycle 

efficiency that is 2.7 percentage points higher than that of simple recuperative sCO2 

cycle layout. Compared to the sCO2 recompression cycle layout, the cycle efficiency 

is 2 percentage points lower. But, with precompression cycle layout, a recent study 
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demonstrated 1.03 percentage points higher cycle efficiency with CO2-C6F6 mixture 

compared to sCO2 precompression cycle [96].  

• The maximum cycle efficiency gain of 5.2 percentage points is obtained in CO2-TiCl4 

mixture [80% molar CO2] with simple recuperative cycle layout while cycle 

efficiency obtained is also close to the value obtained in recompression sCO2 cycle 

layout considering cycle maximum temperature of 700℃.  

• Furthermore, CO2-SO2F2 [40% molar CO2] and CO2-CF3I [60% molar CO2] working 

fluids demonstrate 1.5 percentage points and 1.1 percentage points higher cycle 

efficiency respectively at cycle maximum temperature of 550℃ compared to sCO2 

simple recuperative layout. 

Downsides of using CO2-C6F6 and CO2-TiCl4 as working fluids 

Some limitations and/or downside of CO2 mixtures as working fluids should be 

highlighted. For example, in TiCl4, the main difficulty is its higher reactivity with water, 

despite the fact that it has been tested as a thermally stable fluid at T>550℃. Small 

amounts of moisture cause the formation of TiO2, which leads to clogging and serious 

issues during experiments.  

CO2-C6F6, on other hand, is a promising working fluid with high thermal stability; In a 

recent work[121], the experimental static test of CO2-C6F6 mixture at different operating 

temperatures proofs maximum allowable thermal stability temperature of 600℃ in an 

Inconel 625 vessel. Yet, the disadvantage of C6F6 is its high global warming potential and 

larger cost of the fluid.  

CO2-SO2 mixture for transcritical power cycle 

CO2-SO2 working fluid is also chosen for its favorable properties, including high thermal 

stability of SO2 at a maximum temperature of 700℃, high bond energy of the S-O bond 

compared to the C-F bond in perfluorocarbons, low flammability, low ODP, and 

negligible GWP. According to the NFPA-704 standard, one undesirable property of SO2 

is high toxicity, which can be mitigated by proper ventilation in power plants in the event 

of working fluid leakage. 

The mixture of CO2-SO2 [80% molar CO2] working fluid in simple recuperative cycle 

layout yield cycle efficiency of 43.6% at cycle maximum temperature of 700℃ and this 

efficiency value is 1.9 percentage points lower than sCO2 cycle. However, the other 
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benefits of CO2-SO2 which cannot be overlooked are higher cycle specific work, lower 

temperature of working fluid at the inlet of PHE and lower size of recuperator (UA/Qin) 

compared to sCO2 power cycle. These advantages enable a more thorough investigation 

of the CO2-SO2 mixture; as a result, six additional cycle layouts in addition to the simple 

recuperative layout are selected for thermodynamic as well as economic assessment in 

Chapter 6. 

According to results presented in Chapter 6, CO2-SO2 mixture [85% molar CO2] with 

recompression cycle layout showed significant improvement in cycle efficiency 

compared to sCO2 recompression cycle [50.84% versus 48.79%]. While the dual 

recuperated cycle with CO2-SO2 mixture compared to sCO2 counterpart also show 

comparable cycle efficiency and the advantage of using this layout is lower temperature 

at inlet of PHE (270℃ versus 340℃) which results in higher temperature difference across 

PHE (which imply smaller size of thermal energy storage). 

In additions to gain in cycle efficiency, transcritical power cycles with CO2-SO2 mixture 

working fluid also demonstrated superiority over sCO2 cycles in terms of specific capital 

expenditure (CAPEX, $/kWel). It has been discovered that the specific CAPEX of 

transcritical power cycle reduced with increase in molar content of SO2 in the mixture. 

• With a recompression cycle layout, specific CAPEX for a CO2-SO2 mixture (85% 

molar CO2) is 1000$/kWel, and for sCO2, it is 1160$/kWel.  

• Additionally, for a dual recovered cycle layout, specific CAPEX is 718 $/kWel 

using a CO2-SO2 mixture (85% molar CO2) as opposed to 795 $/kWel for a sCO2 

cycle. 

7.6 Future Work 

The previous sections discussed the potential gains in thermodynamic performance that 

could be realized by using CO2-based binary mixtures working fluids in carbon dioxide 

thermodynamic power cycles for two major applications: waste heat recovery plants and 

concentrated solar power plants. Furthermore, the use of a CO2-based binary mixture with 

an appropriate cycle layout and optimal mixture composition results in lower specific 

CAPEX and better integration with thermal energy storage and the solar field.  

However, it is also important to highlight and elaborate on the primary problems that need 

to be resolved in future in order to utilize novel working fluids in power cycles. 
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1. Thermal stability of dopants for CO2 mixtures: There are many dopants for which 

information about thermal stability is required to ensure their use as working fluids in 

high temperature power cycles.  

For some dopants (including SO2, SO2F2, Novec 649, Novec 5110 and CF3I) with No 

evidence of thermal stability, this study used standard enthalpy of formation per bond 

(∆𝐻𝐵 =  ∆𝐻𝑓
𝑜/𝑛𝐵) as a preliminary indicator to assess thermal stability relative to 

thermal stability of CO2. However, it is important to determine thermal stability of 

new dopants by experiments at high temperature and for different vessel materials 

(Stainless steel and Inconel) as done for R134a, CH2Cl2, TiCl4 and C6F6 in earlier 

works.  

In this regard, consortium of SCARABEUS project are working on determination of 

high temperature thermal stability of perfluorocarbons, sulphur dioxide, tin 

tetrachloride and some new refrigerants in Fluid Test Lab of Universita Degli Studi 

Di Brescia, Italy. 

2. Availability of experimental thermodynamic property data: The research on CO2-

based binary mixture as working fluid in power plant is in early stages, due to which 

the experimental property data including density of mixture in liquid phase and near 

critical point, vapor liquid equilibrium (VLE) at different temperatures, speed of 

sound and specific heat data is not available for some CO2 mixtures like CO2-SO2F2, 

CO2-CF3I, CO2-Novec5110, CO2-TiCl4 and CO2-C4F10. As mentioned in Chapter 2, 

this data is required to determine binary interaction parameter (k1,2) of equation of 

state (PR EoS and PC-SAFT EoS) by curve fitting. So, the need of the hour is to 

determine thermodynamic properties by doing experiments for required temperature 

and pressure range. 

3. More CO2-based binary mixture as working fluids: The thermodynamic benefit of 

using CO2-R134a and CO2-C3H8 binary mixtures in waste heat recovery power cycle 

is higher total efficiency with simple cycle layout and with only 30% molar content 

of R134a in the working fluid.  

In the light of this advantage, it is suggested to explore thermodynamic potential of 

more CO2-based mixtures (like CO2+aromatics, CO2+SO2, CO2+siloxanes) and study 
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the effect of mixture composition on total efficiency, size and economics (specific 

cost and payback period) of the power cycle. 

4. Power cycle optimization in perspective of working fluid composition and cycle 

layout: In CSP integrated power cycles, thermal efficiency gain is highly dependent 

on the particular mixture composition and the cycle layout. As in CO2-TiCl4, the 

optimum mixture composition and cycle layout is different from the CO2-C6F6 

mixture for maximum efficiency gain. Therefore, optimization study is required to 

determine the best suited cycle layout and mixture composition to achieve maximum 

efficiency. There are also other goals to achieve, such as increasing the temperature 

difference in PHE and reducing the size of recuperators. This demonstrates that the 

problem is multi-objective, and that finding an optimal solution is only possible when 

all objectives are considered, and multi-objective optimization should be performed.  
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