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Περίληψη 
Την στιγμή που η συγκέντρωση του διοξειδίου του άνθρακα αυξάνεται στην ατμόσφαιρα, η 

δέσμευση και αποθήκευσή του θεωρείται μία από τις πιο σημαντικές μεθόδους που 

υπάρχουν για την αντιμετώπιση αυτού του φαινομένου. Παράλληλα, καθώς οι παγκόσμιες 

ενεργειακές απαιτήσεις αυξάνονται και αρκετά πεδία πετρελαίου βρίσκονται στο τελευταίο 

στάδιο παραγωγής τους, έχει προκύψει η ανάγκη για την ύπαρξη μιας τεχνολογίας που να 

οδηγεί σε μία βελτιωμένη ανάκτηση πετρελαίου.     

Η έγχυση ανθρακούχου νερού θεωρείται ως μία από τις πιο βιώσιμες λύσεις ως απάντηση 

στα παραπάνω ζητήματα στις διεργασίες πετρελαίου και φυσικού αερίου. Η μέθοδος αυτή 

έχει τη δυνατότητα να αποθηκεύει CO2, μειώνοντας με αυτό τον τρόπο το αποτύπωμα 

άνθρακα, και ταυτόχρονα οδηγεί στην ενίσχυση της ανάκτησης του πετρελαίου. Η χρήση του 

CO2 αποτελεί ένα σημαντικό πλεονέκτημα συγκριτικά με άλλες μεθόδους ενισχυμένης 

ανάκτησης πετρελαίου. Σε αυτή την τεχνολογία, η ανάκτησή του επιτυγχάνεται μέσω της 

διάλυσης του CO2 σε νερό, το οποίο μεταφέρεται στην φάση του πετρελαίου βελτιώνοντας 

την κινητικότητά του και προκαλώντας την διόγκωσή του, φαινόμενα που ενισχύουν την 

αποδοτικότητα της εκτόπισής του. 

Η παρούσα διπλωματική ασχολείται με την ανάπτυξη και προσομοίωση της διεργασίας 

έγχυσης υδατικών διαλυμάτων ορισμένης αλατότητας κορεσμένα με διοξείδιο του άνθρακα. 

Η διαθεσιμότητα ενός μοντέλου, το οποίο προβλέπει ικανοποιητικά την διαλυτότητα του 

διοξειδίου του άνθρακα σε υδατικά διαλύματα με άλατα για ένα μεγάλο εύρος πιέσεων, 

θερμοκρασιών και αλατοτήτων καθίσταται πολύ σημαντική για την ανάπτυξή της. Αρχικά 

μελετάται η μοντελοποίηση της ισορροπίας φάσεων των μιγμάτων και στη συνέχεια γίνεται 

προσομοίωση της παραγωγής υδατικών διαλυμάτων ορισμένης αλατότητας κορεσμένα με 

διοξείδιο του άνθρακα, με χρήση κατάλληλου εμπορικού πακέτου. Γίνεται ανάλυση της 

επίδρασης των παραμέτρων της διεργασίας ως προς τις ενεργειακές απαιτήσεις της και τα 

οικονομικά της διεργασίας.  

Τα μίγματα που συναντώνται σε μια τέτοια διεργασία είναι μίγματα CO2 με νερό ή άλμη, 

καθώς το νερό το οποίο χρησιμοποιείται είναι θαλασσινό. Επίσης, επειδή το CO2 προέρχεται 

από τη διεργασία επεξεργασίας πετρελαίου, παρά τον προηγούμενο καθαρισμό του, μπορεί 

να περιέχει «ρυπαντές», με σημαντικότερους το Ν2 και το Ο2. Όσο αφορά την ισορροπία 

φάσεων των μιγμάτων αυτών, και συγκεκριμένα τον υπολογισμό της διαλυτότητας του 

ρεύματος του CO2 σε νερό ή άλμη, οι κλασσικές καταστατικές εξισώσεις δεν μπορούν να 

χρησιμοποιηθούν, λόγω της αδυναμίας τους να περιγράψουν τους δεσμούς υδρογόνου που 

χαρακτηρίζουν την ισορροπία εξαιτίας της παρουσίας του νερού αλλά και την επίδραση των 

ιόντων που προέρχονται από τα ανόργανα άλατα (NaCl) που είναι παρόντα.  

Σε αυτή την διπλωματική, εξετάζονται δύο υπάρχοντα μοντέλα για την πρόβλεψη της 

διαλυτότητας του CO2 σε νερό και άλμες NaCl. Το πρώτο μοντέλο είναι το μοντέλο των Duan 

και Sun, το οποίο εξισώνοντας το χημικό δυναμικό του διοξειδίου του άνθρακα στην υγρή 

φάση και την αέρια φάση οδηγεί στον υπολογισμό της διαλυτότητας του CO2 

χρησιμοποιώντας, για την υγρή φάση, εξισώσεις τύπου Pitzer για τον υπολογισμό των 

παραμέτρων αλληλεπίδρασης μεταξύ των ιόντων και του CO2 και του χημικού δυναμικού του 

CO2 σε υποθετικά ιδανικό διάλυμα. Η ατμώδης φάση περιγράφεται μέσω μιας σχέσης 

έκφρασης του συντελεστή τάσης διαφυγής του CO2 συναρτήσει της πίεσης και της 

θερμοκρασίας. Το δεύτερο μοντέλο είναι το μοντέλο των Li et al., το οποίο περιγράφει την 

ισορροπία φάσεων χρησιμοποιώντας την καταστατική εξίσωση Peng-Robinson για την αέρια 



VI 
 

φάση, ενώ η υδατική φάση περιγράφεται μέσω της σταθεράς Henry και του συντελεστή 

ενεργότητας που υπολογίζεται μέσω εξισώσεων τύπου Pitzer. 

Επίσης, στην παρούσα εργασία αναπτύσσεται ένα τρίτο μοντέλο, στο οποίο για την αέρια 

φάση χρησιμοποιείται η t-m Peng-Robinson. Για την υγρή φάση, η τάση διαφυγής του νερού 

περιγράφεται όπως παρουσιάζεται από τους Prausnitz et al. και αυτή του CO2 μέσω του 

συντελεστή Henry. Για τον υπολογισμό του αναπτύσσονται σχέσεις συναρτήσει της 

θερμοκρασίας και της αλατότητας του νερού, οι σταθερές των οποίων υπολογίζονται με 

συσχέτιση πειραματικών δεδομένων. 

Το βασικό πλεονέκτημα του μοντέλου των Duan and Sun, συγκρινόμενο με το μοντέλο της 

παρούσας εργασίας, είναι ο εύκολος υπολογισμός του συντελεστή τάσης διαφυγής του 

διοξειδίου του άνθρακα στην ατμώδη φάση που δεν απαιτεί επαναληπτική διαδικασία. Από 

την άλλη μεριά, το νέο μοντέλο προβλέπει καλύτερα την διαλυτότητα του CO2 σε υψηλές 

συγκεντρώσεις άλατος, υψηλότερες των 4 mol/kg διαλύτη. Τέλος, το πλεονέκτημα του 

μοντέλου των Li et al. είναι ότι, παρά την όχι τόσο ακριβή πρόβλεψη της διαλυτότητας του 

CO2 σε συστήματα CΟ2-νερού-αλάτων, περιλαμβάνει επίσης την επίδραση των προσμείξεων, 

όπως του O2 και του N2. 

Στη συνέχεια χρησιμοποιώντας το εμπορικό πακέτο Unisim Design της Honeywell 

αναπτύσσεται και προσομοιώνεται η διεργασία παραγωγής ανθρακούχου νερού έγχυσης. 

Δεδομένου ότι τα ενσωματωμένα στο Unisim θερμοδυναμικά μοντέλα δεν περιγράφουν 

καλά την ισορροπία του συστήματος CO2-O2-N2-νερού και αλάτων, το μοντέλο των Li et al. 

εισάγεται στο Unisim μέσω του CAPE-OPEN Interface Standard. Περαιτέρω, επειδή το 

μοντέλο αυτό δεν είναι ικανό να υπολογίσει τις θερμοδυναμικές ιδιότητες του ρευστού, 

πραγματοποιείται σύγκριση μεταξύ των δύο κλασσικών καταστατικών εξισώσεων, της Peng-

Robinson και της Soave-Redlich-Kwong, προκειμένου να βρεθεί ποια προσομοιώνει με 

καλύτερο τρόπο τη συμπεριφορά του μοντέλου των Li et al., ώστε να χρησιμοποιηθεί για τον 

υπολογισμό των υπόλοιπων ιδιοτήτων. 

Η προσομοίωση της διεργασίας βασίζεται σε μία μελέτη περίπτωσης η οποία παρέχεται από 

την εταιρεία πετρελαίου και φυσικού αερίου Equinor, Νορβηγία. Συγκεκριμένα, αναφέρεται 

σε μία παράκτια διεργασία, η οποία παράγει ανθρακούχο νερό, αναμειγνύοντας ένα ρεύμα 

νερού και ένα διοξειδίου του άνθρακα, σε πίεση 180 bar. Από τη στιγμή, που η συγκεκριμένη 

έγχυση δεν είναι μία ώριμη διεργασία, δεν υπάρχουν διαθέσιμες εκτενείς 

μοντελοποιήσεις/προσομοιώσεις της.  

Στην παρούσα εργασία, μελετώνται δύο διαμορφώσεις της διεργασίας. Η πρώτη αφορά την 

συμπίεση του νερού και του διοξειδίου του άνθρακα στην πίεση των 180 bar και στη συνέχεια 

την ανάμιξή τους. Στη δεύτερη το νερό και το διοξείδιο του άνθρακα συμπιέζονται αρχικά σε 

μία ενδιάμεση πίεση, που να εξασφαλίζει την πλήρη διάλυση του CO2, και μετά την ανάμιξή 

τους, το ανθρακούχο νερό συμπιέζεται εκ νέου στην πίεση των 180 bar. Η περίπτωση της 

ενδιάμεσης πίεσης αναπτύχθηκε εφόσον παρατηρήθηκε ότι η δεδομένη ποσότητα του CO2 

μπορεί να διαλυθεί στη δεδομένη ποσότητα νερού σε πίεση χαμηλότερη αυτής των 180 bar. 

Τα κριτήρια, στα οποία βασίζεται η τελική επίλογη του βέλτιστου σεναρίου, είναι η σύγκριση 

των ενεργειακών απαιτήσεων για την  ψύξη και την συμπίεση διοξειδίου του άνθρακα και 

του νερού καθώς και του συνολικού κόστους της διεργασίας.   

Τα αποτελέσματα υποδεικνύουν ότι οι ενεργειακές απαιτήσεις για την συμπίεση του νερού 

για τις δύο περιπτώσεις παίρνουν παρόμοιες τιμές. Συνεπώς, οι απαιτήσεις για την συμπίεση 
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και την ψύξη του διοξειδίου του άνθρακα είναι αυτές που καθορίζουν την τελική επιλογή. 

Με όρους ενεργειακών απαιτήσεων, η περίπτωση της ενδιάμεσης πίεσης είναι συμφέρουσα.  

Επιπλεόν, πραγματοποιείται ανάλυση ευαισθησίας για να εξεταστεί η επίδραση ορισμένων 

από τις πιο σημαντικές λειτουργικές παραμέτρους του επιλεχθέντος σεναρίου ανάμιξης στις 

προαναφερθείσες ενεργειακές απαιτήσεις. Έτσι, μελετώνται η επίδραση του τύπου της 

συμπίεσης (μονοβάθμια έναντι πολυβάθμιας), το ποσοστό της προσέγγισης στην 

θερμοδυναμική ισορροπία, η πτώση πίεσης στους εναλλάκτες και στον μίκτη και ο λόγος 

συμπίεσης. 

Οι ενεργειακές απαιτήσεις για συμπίεση είναι χαμηλότερες όταν ο λόγος συμπίεσης των 

διαφόρων σταδίων είναι ίδιος και επιλέγεται η πολυβάθμια συμπίεση. Η απαιτούμενη πίεση 

για την πλήρη διάλυση της δεδομένης ποσότητας του CO2 μειώνεται με το ποσοστό της 

προσέγγισης στη θερμοδυναμική ισορροπία και αυξάνεται με την πτώση πίεσης στους 

εναλλάκτες και στον μίκτη. Όσο υψηλότερη είναι η τελική πίεση του CO2,  τόσο υψηλότερες 

είναι οι ενεργειακές απαιτήσεις για την ψύξη και τη συμπίεση.  

Τέλος, πραγματοποιείται προκαταρκτική οικονομική ανάλυση των διαφορετικών σεναρίων. 

Έγκειται στη σύγκριση του κόστους πάγιου κεφαλαίου, του συνολικού κόστους παραγωγής 

και των τιμών τους ανά τόνο διοξειδίου του άνθρακα και παραγόμενου ανθρακούχου νερού. 

Διαπιστώνεται ότι οι περιπτώσεις οι οποίες περιλαμβάνουν την συμπίεση του νερού και του 

διοξειδίου του άνθρακα στην πίεση των 180 bar και στη συνέχεια την ανάμιξή τους είναι 

συμφέρουσες από οικονομική άποψη. Παρατηρείται, επίσης, ότι λόγω της οικονομίας 

κλίμακας, το κόστος ανά μονάδα παραγόμενου ανθρακούχου νερού μειώνεται όσο 

αυξάνεται η δυναμικότητα της μονάδας. 

Λαμβάνοντας υπ’ όψη και τα δύο κριτήρια αλλά και το γεγονός ότι η επίδραση των 

ενεργειακών απαιτήσεων περιλαμβάνεται στο κόστος, συμπεραίνεται ότι ο πιο συμφέρων 

τρόπος για την παραγωγή ανθρακούχου νερού έγχυσης είναι η συμπίεση του νερού και του 

διοξειδίου του άνθρακα στην πίεση των 180 bar και στη συνέχεια η ανάμιξή τους.  

ΛΕΞΕΙΣ ΚΛΕΙΔΙΑ: Παραγωγή ανθρακούχου νερού έγχυσης, Διοξείδιο του άνθρακα, 

Θερμοδυναμική προσομοίωση του συστήματος διοξειδίου του άνθρακα-νερού-άλμης 
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Abstract 
While the concentration of the carbon dioxide has been rising in the atmosphere, its capture 

and storage is considered as one of the most important methods in the fight against this 

phenomenon. At the same time, as the global energy demands continue to increase and many 

of the existing oil fields are in the tail end production, the need has risen for development of 

improved oil recovery methods.  

Carbonated Water Injection (CWI) is considered as one of the most sustainable solutions in 

response to CO2 emissions in oil and gas processes. This method has the potential to store CO2 

in geological formations, reducing this way the carbon footprint, and at the same time leading 

to enhanced oil recovery. The use of carbon dioxide is a key asset of CWI, comparing to other 

enhanced oil recovery methods (EOR). In this technology, its recovery is achieved through the 

dissolution of CO2 in water, which transfers to the oil phase improving the oil mobility and 

causing oil swelling, both enhancing the sweep efficiency. 

This diploma thesis deals with the development and simulation of the aqueous solutions’ 

injection process, of constant salinity, saturated with carbon dioxide. The availability of a 

model that accurately predicts the solubility of CO2 in saline aqueous solutions for a wide 

range of pressures, temperatures and salinities is very important for its development. At the 

beginning, the modelling of the mixtures’ phase equilibrium is studied and then the 

production simulation of saline aqueous solutions takes place, through a software of process 

design and simulation. Τhe effect of the operational parameters of the CWI process on the 

energy demands and the economics of the process are also studied. 

The mixtures in this process are mixtures of carbon dioxide with water or brine, since the 

water that is used is seawater. Furthermore, since CO2 comes from oil and gas processes, 

despite its sweetening, it may contain impurities, like those of O2 and N2. Regarding the phase 

equilibrium of these mixtures, and more specifically the calculation of the CO2 solubility in 

water or brine, the standard equations of state cannot be used, since they are not able to 

describe the hydrogen bonding that characterizes the equilibrium and the effect of polar 

molecules, like the inorganic salts (NaCl) that are present. 

In this diploma thesis, two existing models are examined for the prediction of the CO2 solubility 

in water and NaCl brines. The first model is the model of Duan and Sun, which, by equalizing 

the chemical potential of CO2 in the liquid and the vapor phase, leads to the calculation of its 

solubility making use, for the liquid phase, of Pitzer type equations for the calculation of the 

interaction parameters between the carbon dioxide and the ions and the CO2’s chemical 

potential in a hypothetically ideal solution. The vapor phase is described through an 

expression of the CO2’s fugacity coefficient as a function of pressure and temperature. The 

second model is the model of Li et al., which describes the phase equilibrium using the Peng-

Robinson equation of state for the vapor phase, while the liquid phase is described through 

the Henry constant and the activity coefficient, which is calculated by Pitzer type equations. 

In this work, a third model is also presented, in which the t-m Peng-Robinson is used for the 

vapor phase. For the liquid phase, the fugacity of water is described as presented by Prausnitz 

et al. and that of CO2 through the Henry coefficient. It is expressed as a function of 

temperature and salinity through correlation of their values to solubility data of CO2 in pure 

water and NaCl solutions. 
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The basic advantage of Duan and Sun’s model, compared to the model of this work, is the easy 

calculation of the CO2’s fugacity coefficient in the vapor phase, which does not require an 

iterative method. On the other hand, the new model predicts in a better way the CO2 solubility 

at higher salt concentrations, higher than 4 mol/kg solvent. Finally, the advantage of Li et al.’s 

model is that, despite the not so accurate prediction of the CO2 solubility in CO2-water-brine 

systems, it includes the effect of the impurities, such as O2 and N2. 

Then the production process of the carbonated water to injection is developed and simulated 

using the Honeywell’s commercial package Unisim Design. Taking into consideration that the 

already integrated thermodynamic models in Unisim don’t describe well the equilibrium of 

the CO2-O2-N2-water and salts system, the model of Li et al. is introduced in Unisim through 

the CAPE-OPEN Interface Standard. Furthermore, since the model is not able to calculate the 

thermodynamic properties of the fluid, a comparison is made between the two classical 

equations of state, Peng-Robinson and Soave-Redlich-Kwong, so as to be found which one 

simulates in a better way the Li et al.’s model, in order to be used for the calculation of the 

rest of the properties.  

The process simulation is studied based on a case study provided by the oil and gas company 

Equinor, Norway. More specifically, it is referring to an offshore process, that produces 

carbonated water, by mixing a water and a carbon dioxide stream, in the pressure of 180 bar. 

Since, the CWI is not a mature process, the available modelling/simulation studies are not 

extensive.  

In the present work, two considerations of the process are studied. The first one refers to the 

pumping of the water and the compression of the carbon dioxide in the pressure of 180 bar 

and then their mixing. In the second one the water is pumped and the carbon dioxide is 

compressed initially in an intermediate pressure, which secures the complete dissolution of 

CO2, and after their mixing, the carbonated water is pumped in the pressure of 180 bar. The 

case of the intermediate pressure was developed since it was observed that the given amount 

of CO2 can be dissolved in the given amount of water in lower pressure than this of 180 bar. 

The criteria, on which the final selection of the optimal case is based, are the energy 

requirements concerning the cooling and the compression of the CO2 stream, the pumping of 

the water stream and the overall cost of the process. 

The results indicate that the energy requirements for the water pumping have similar values 

for both cases. Thus, the compression and the cooling duties are those which define the final 

selection. In terms of energy requirements, the intermediate pressure case is profitable.  

Furthermore, a sensitivity analysis is conducted in order to examine the effect of some of the 

most important operational parameters of the selected production process on the 

aforementioned duties. Therefore, the effect of the type of compression (single vs multi-

stage), the approach to thermodynamic equilibrium at the mixer, the pressure drop at the 

heat exchangers and the mixer and the pressure ratio is studied.  

The compression requirements are lower when the pressure ratio of the compression stages 

is the same and the multistage compression is chosen. The required pressure for the complete 

dissolution of the given amount of CO2 decreases with the approach to thermodynamic 

equilibrium and increases with the pressure drop at the heat exchangers and the mixer. The 

higher the compression pressure, the higher the cooling and the compression duties. 
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A preliminary evaluation of the economics of the alternate cases takes place. It consists of the 

comparison of the fixed capital investment (FCI), the total product cost (TPC) and their values 

per tonne of injected carbon dioxide and produced carbonated water. It is indicated that the 

cases, which consist of the pumping of water and the compression of carbon dioxide in the 

pressure of 180 bar and then their mixing, are profitable from an economic perspective. It is 

also observed that, due to the economy of scale, the cost per unit of produced carbonated 

water decreases as the capacity of the unit rises.  

Taking into consideration both these criteria and that the effect of the energy requirements 

for cooling, compression and pumping is included in the cost evaluation, it is concluded that 

the most profitable way of producing the carbonated water is by pumping the water and 

compressing the carbon dioxide stream in the pressure of 180 bar and then mixing them. 

KEY WORDS: Production of Carbonated Water to Injection, Carbon dioxide, Thermodynamic 

Modelling of carbon dioxide-water-brine system  
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1 Introduction 
As the global energy demand continues to increase and many of the existing oil fields are in 

the tail end production, the need has risen for development of improved oil recovery 

methods. At the same time, as the global concentration of CO2 in the atmosphere has been 

rising, carbon geo-sequestration has been considered as one of the most important 

technologies to reduce the carbon footprint. In order to overcome these two phenomena, 

methods such as CO2, after water injection, water alternating gas (WAG), simultaneous water 

alternating gas and carbonated water injection (CWI) have been developed. 

From the aforementioned techniques, carbonated water injection presents some very 

important advantages over the others. During CWI, CO2 stays dissolved both in the oil and the 

water phases, as a result it leads to a better sweep efficiency in comparison with CO2 injection. 

In addition, CWI needs less amount of CO2 than the CO2 injection. This is a very critical factor 

for offshore processes where the supply of CO2 is limited. Moreover, at the end of the CWI 

process a significant amount of CO2 is stored in the reservoir as it is dissolved in the remaining 

oil and water. On the other hand, in the CO2 injection, the CO2 sequestration may fail because 

of gas leakage due to the fact that CO2 is free and mobile. Premature gas breakthrough caused 

by gas overriding puts some additional risk to the process. WAG injection, as mentioned above 

is another viable method that can be used. The main disadvantage is that water shielding 

could have a negative effect in the oil recovery efficiency. Efficiency decreases if diffusion 

process is not completely accomplished.  The water between the oil and gas phases can be an 

obstacle to gas diffusion.  

The availability of a model that accurately predicts the solubility of CO2 in saline aqueous 

solutions for a wide range of pressures, temperatures and salinities is very important for the 

CWI simulation and process development. In this work two approaches for the prediction of 

CO2 solubility in water and NaCl brines are presented. The first one is the model proposed by 

Duan and Sun 2003 and the second one is a model based on the methodology followed by 

Pappa. A third approach is also studied, that consists of the model proposed by Li et al. 2018. 

This model predicts the solubility of CO2 in water and NaCl brines, while impurities as oxygen 

and nitrogen are present.  

Furthermore, the simulation of carbonated water production process is developed. In this 

thesis, multistage compression of the carbon dioxide followed by mixing with the water 

injection stream is suggested. The pressure is considered as the most critical design variable 

and is calculated using the Li et al. model, so that the carbon dioxide is fully dissolved in the 

water injection stream. The compression, cooling and water pumping duties are estimated. 

The effect of the type of the compression, the approach to thermodynamic equilibrium at the 

mixer, the pressure drop at the heat exchangers and the mixer and the pressure ratios at the 

compressors on the dissolution pressure and the aforementioned duties is studied. An 

indicative cost evaluation of the process also takes place.    

In the beginning of this diploma thesis (Chapter 2), the existing thermodynamic models for 

the systems: CO2-NaCl brines (or pure water) and CO2-N2-O2-NaCl brines (or pure water) are 

presented. Moreover, the effect of pressure, temperature, salinity and impurities’ content on 

the CO2 solubility is studied. In Chapter 3, the solubility data of CO2 in these systems are 

reviewed and the performance of the model of Li et al. 2018 for CO2 solubility prediction is 

studied. Next, in Chapter 4, the thermodynamic model, for the prediction of CO2 solubility in 



2 
 

water-NaCl brines, that is developed in this work, is introduced. The implementation of Li et 

al.’s 2018 model in Unisim via CAPE-OPEN is shown in Chapter 5. In Chapter 6, the theoretical 

development of the carbonated water injection process is presented. Chapter 7 represents 

the Case Study provided by Equinor and its process flow diagram in Unisim. The simulation 

results of this Case Study are presented in Chapter 8. In Chapter 9, the sensitivity analysis 

studying the effect of the different factors on the dissolution pressure is presented. The cost 

evaluation of the process takes place in Chapter 10. The discussion of the results and the 

conclusions are presented in Chapters 11 and 12 respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

2 Thermodynamic Models 
The solubility of CO2 in water is described by the equilibrium between the vapor and the liquid 

phase. This equilibrium is usually expressed by the equality of fugacities of CO2 and water in 

the vapor and liquid phase: 

𝑓𝑖
𝑙 = 𝑓𝑖

𝑣 

𝑥𝑖𝜑𝑖
𝑙𝑃 = 𝑦𝑖𝜑𝑖

𝑣𝑃 

where 𝑓𝑖
𝑙 and 𝑓𝑖

𝑣 are the fugacities of the component i in the water-rich and the CO2-rich phase 

respectively, 𝜑𝑖
𝑙  and 𝜑𝑖

𝑣 are the fugacity coefficients of the component i in the water-rich and 

the CO2-rich phase respectively, 𝑥𝑖 and 𝑦𝑖  are the mole fractions of component i in the water-

rich and the CO2-rich phase respectively and P is the pressure. 

In systems without strong interactions the calculation of the fugacity coefficient can be 

achieved through a cubic equation of state. This calculation can also be done in the case of 

slightly polar molecules, like CO2, by using the binary interaction parameter kij in the 

calculation of the attraction term αij (Tassios, 2001, p.358). In the systems studied in this 

thesis, CO2-water, CO2-brine and CO2-N2-O2-brine, the standard equations of state cannot be 

used. The main reasons for that is that they can neither describe the hydrogen bonding that 

characterizes the equilibrium nor the effect of polar molecules, like the inorganic salts (NaCl) 

that are present. 

After reviewing the literature, the main modifications in a standard cubic equation of state 

that are proposed, are the following: a) introduction of a new expression for the dependence 

of the attraction parameter a from the temperature and b) different values of binary 

interaction parameters for the aqueous and non-aqueous phase (Søreide and Whitson, 1992; 

Firoozabadi et al., 1988; Peng and Robinson, 1980). Some other more advanced 

thermodynamic models have also been used (Pappa et al., 2009; Ji et al., 2005). 

Another common strategy that is used for the description of the aforementioned systems is a 

activity coefficient-fugacity methodology (Li and Nghiem, 1986; Enick and Klara, 1990; 

Diamond and Akinfiev, 2003; Spycher and Pruess, 2003; Nighswander and Kalogerakis, 1986; 

Duan and Sun, 2003; Duan et al., 2006; Sørensen et al., 2002). Their main advantages are that 

they are simpler methods and they require less computational time. 

As a result, in this work, the model of Duan and Sun (2003) is presented and studied. The effect 

of impurities like N2 and O2 in the CO2 solubility is described by the model of Li et al. (2018). 

 The model of Duan and Sun 
Duan and Sun (2003) presented a thermodynamic model for the calculation of CO2 solubility 

in pure water and NaCl brines for a temperature range 273-533 K, a pressure range 0-2000 

bar and an ionic strength range 0-4.3 m. Their work is based on the study made by Duan et al. 

(1992). The theoretical basis of their model is that at equilibrium the chemical potential of CO2 

in the liquid phase is equal with the chemical potential of CO2 in the vapor phase. The equation 

obtained is the following: 

ln
𝑦𝐶𝛰2

𝑃

𝑚𝐶𝛰2

=
𝜇𝐶𝑂2

𝑙(0)(𝑇, 𝑃) − 𝜇𝐶𝑂2

𝑣(0)
(𝑇)

𝑅𝑇
− ln 𝜑𝐶𝛰2

(𝛵, 𝑃, 𝑦) + ln 𝛾𝐶𝛰2
(𝛵, 𝑃, 𝑚) 
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where 𝜇𝐶𝑂2

𝑙(0)
 is the chemical potential in hypothetically ideal solution of unit molality, 𝜇𝐶𝑂2

𝑣(0)
 is 

the hypothetically ideal gas chemical potential when the pressure is equal to 1 bar, 𝜑𝐶𝛰2
 is 

the fugacity coefficient of CO2 in the vapor phase and 𝛾𝐶𝛰2
 is the activity of CO2 in the liquid 

phase. 

The mole fraction of CO2 in the vapor phase, due to the lack of experimental measurements, 

assuming that water vapor pressure of the mixtures is the same as pure water saturation 

pressure, is calculated from the following equation: 

𝑦𝐶𝑂2
=

(𝑃 − 𝑃𝐻2𝑂)

𝑃
 

where 𝑃𝐻2𝑂 is the pure water pressure. 

The fugacity coefficient of CO2 in the vapor phase is calculated from the equation of state for 

pure CO2, as it is observed that it differs very little from that in the CO2-H2O mixture, proposed 

by Duan et al. (1992).  

The activity of CO2 in the liquid phase is calculated from a virial expansion of excess Gibbs 

energy proposed by Pitzer (1973) and described by the following equation: 

ln 𝛾𝐶𝛰2
= ∑ 2𝜆𝐶𝑂2−𝑐

𝑐

𝑚𝑐 + ∑ 2𝜆𝐶𝑂2−𝑎

𝑎

𝑚𝑎 + ∑ ∑ 𝜁𝐶𝑂2−𝛼−𝑐

𝑎𝑐

𝑚𝑐𝑚𝛼 

where λ is a second-order interaction parameter, ζ is a third-order interaction parameter, c 

denotes cations and a denotes anions.  

In the parameterization, 𝜇𝐶𝑂2

𝑣(0)
(𝑇) is set to zero and following Pitzer et al. (1984) the 

parameters λ,ζ and 
𝜇𝐶𝑂2

𝑙(0)
(𝑇,𝑃)

𝑅𝑇
, are described by the following equation: 

Par(T,P)=𝑐1 + 𝑐2𝑇 +
𝑐3

𝑇
+ 𝑐4𝑇2 +

𝑐5

(630−𝑇)
+ 𝑐6𝑃 + 𝑐7𝑃𝑙𝑛𝑇 +

𝑐8𝑃

𝑇
+

𝑐9𝑃

(630−𝑇)
+

𝑐10𝑃2

(630−𝑇)2 + 𝑐11𝑇𝑙𝑛𝑃 

Duan et al. (2006) presented an improved model over the aforementioned for a temperature 

range 273-533 K, a pressure range 0-2000 bar and an ionic strength range 0-4.5 m. They 

ameliorated their previous model by developing a non-iterative method for the calculation of 

the fugacity coefficient of CO2 in the vapor phase, instead of using the equation of state as 

mentioned above, and by also improving their accuracy below 288 K, through fitting of new 

solubility data. 

The non-iterative equation that is proposed in order to calculate the fugacity coefficient as a 

function of temperature and pressure is the following: 

𝜑𝐶𝑂2
= 𝑐1 + [𝑐2 + 𝑐3𝑇 +

𝑐4

𝑇
+

𝑐5

(𝑇 − 150)
] 𝑃 + [𝑐6 + 𝑐7𝑇 +

𝑐8

𝑇
] 𝑃2 + 

[𝑐9 + 𝑐10𝑇 +
𝑐11

𝑇
] 𝑙𝑛𝑃 +

[𝑐12 + 𝑐13𝑇]

𝑃
+

𝑐14

𝑇
+ 𝑐15𝑇2 

The parameters 𝑐1, 𝑐2, … , 𝑐14, 𝑐15 were fitted to the fugacity, that is calculated by the equation 

of state, proposed by Duan et al. (1992). The T-P range has been divided into six sections and 

there is a set of parameters for each one of them. The coefficients that are used in the 

equations of Duan and Sun’s model are presented in Appendix A. 
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 The model of Li 
Li et al. (2018) presented a thermodynamic model that is based on a fugacity-activity method. 

The gas fugacity coefficients are calculated using a cubic model and the activity coefficients 

are calculated using the Pitzer theory. The equation obtained, that describes the model, is the 

following: 

𝑚𝑖 =
𝑃 ∗ 𝑦𝑖 ∗ 𝜑𝑖

𝛾𝑖 ∗ 𝐾𝐻(𝑇, 𝑃𝑟𝑒𝑓) ∗ exp (
𝑉𝑚,𝑖
̅̅ ̅̅ ̅(𝑃 − 𝑃𝑟𝑒𝑓)

𝑅𝑇
)

 

where P is the pressure, yi is the mole fraction in the vapor phase, φi is the fugacity coefficient 

in the vapor phase, γi is the activity coefficient of component i, KH(T,Pref) is the equilibrium 

constant at reference state, usually set  as 1 atm, 𝑉𝑚,𝑖
̅̅ ̅̅ ̅ is the average partial molar volume and 

𝑉𝑚,𝑖̅̅ ̅̅ ̅̅ (𝑃−𝑃𝑟𝑒𝑓)

𝑅𝑇
 is the poynting factor.    

The fugacity coefficients are calculated based on the Peng-Robinson equation of state as 

described above.  

The equilibrium constant for the component i is expressed by the following equation: 

𝐾𝑖 = 𝐾𝐻(𝑇, 𝑃𝑟𝑒𝑓) ∗ exp (
𝑉𝑚,𝑖
̅̅ ̅̅ ̅(𝑃 − 𝑃𝑟𝑒𝑓)

𝑅𝑇
) 

For H2O, the following equation is used: 

𝐾𝐻2𝑂 = (𝑎1 + 𝑎2𝑇 + 𝑎3𝑇2 + 𝑎4𝑇3 + 𝑎5𝑇4)exp (
(𝑃−1)(𝑎6+𝑎7𝑇)

𝑅𝑇
). 

For CO2, O2 and N2, the following equation is used: 

log (𝐾𝐻(𝑇, 𝑃𝑟𝑒𝑓)) = 𝐴0 + 𝐴1 +
𝐴2

𝑇
+ 𝐴3 ∗ log(𝑇) +

𝐴4

𝑇2 + 𝐴5𝑇2. 

The average partial molar volume is expressed by the following equation: 

𝑉𝑚,𝑖
̅̅ ̅̅ ̅ = 41.84(0.1𝑎1,𝑖 +

100𝑎2,𝑖

2600+𝑃
+

𝑎3,𝑖

𝑇−288
+

104𝑎4,𝑖

(2600+𝑃)(𝑇−288)
− 𝜔𝑖 ∗ 𝑄𝐵𝑟𝑛). 

The Born function as presented by Helgeson et al. (1981) is the following: 

𝑄 =
1

𝜀𝜊 (
𝜕𝑙𝑛𝜀𝜊

𝜕𝑃
)

𝑇

 

where εο denotes the dielectric constant of the solvent-water. The dielectric constant (εο=EPS) 

of water as a function of pressure at constant temperature is described by the following 

equation suggested by Bradley and Pitzer (1979): 

𝐸𝑃𝑆 = 𝐸𝑃𝑆1000 + 𝐶 ∗ ln (
𝐵 + 𝑃

𝐵 + 1000
) 

where P is the pressure, EPS is the dielectric constant and EPS1000 was chosen arbitrarily as a 

reference value (EPS at 1000 bar). EPS1000, B and C are temperature dependent parameters 

described by the following equations: 

𝐸𝑃𝑆1000 = 𝑈1 exp(𝑈2𝑇 + 𝑈3𝑇2) 
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𝐵 = 𝑈4 +
𝑈5

𝑈6 + 𝑇
 

𝐶 = 𝑈7 +
𝑈8

𝑇
+ 𝑈9𝑇 

The activity of component i in the liquid phase is calculated from a virial expansion of excess 

Gibbs energy proposed by Pitzer (1973) and described by the following equation: 

ln 𝛾𝑖 = ∑ 2𝜆i−𝑐

𝑐

𝑚𝑐 + ∑ 2𝜆i−𝑎

𝑎

𝑚𝑎 + ∑ ∑ 𝜁i−𝛼−𝑐

𝑎𝑐

𝑚𝑐𝑚𝛼 

where λ is a second-order interaction parameter, ζ is a third-order interaction parameter, c 

denotes cations and a denotes anions. The parameters that are used in the equations of Li et 

al.’s model are presented in Appendix A. 

The main factors that affect the dissolution of CO2 in the water-brine stream are the pressure, 

the temperature, the salinity and the impurities’ content. These factors are studied through 

the model of Li et al. (2018). 

2.2.1 CO2 solubility as a function of pressure  
With increasing pressure, at constant temperature, salinity and impurities’ content, the 

solubility of CO2 in solution increases. The solubility is more affected by pressure at lower 

ones. As a result, the pressure effect diminishes with increasing pressure (Hangx, 2005; Esene 

et al., 2019). 

The conditions that are studied, are presented in the following table:  

Table 2.1 Conditions studied for the pressure's effect 

Temperature (K) P (bar) Salinity (mol/kg solvent) 

293.15-303.15 1-200  0-1 

  

In the following diagram (see also Appendix B), the relation between the carbon dioxide 

solubility and the pressure is presented for standard conditions of temperature, salinity and 

impurities’ content. 
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Figure 2.1 CO2 solubility using Li et al.’s (2018) model for the different temperatures (S=1 mol/kg solvent) as a 
function of pressure 

2.2.2 CO2 solubility as a function of temperature 
The effect of the temperature varies according to the pressure and salinity. In general, with 

increasing temperature, at temperatures below 100 oC and at constant pressure, salinity and 

impurities’ content, the solubility of CO2 in solution decreases. Regarding the pressure, the 

solubility could either decrease or increase over this temperature (Hangx, 2005; Esene et al., 

2019). 

The conditions that are studied, are presented in the following table:  

Table 2.2 Conditions studied for the temperature's effect 

Temperature (K) P (bar) Salinity (mol/kg solvent) 

273.15-473.15 1-300  0-1 

 

In the following diagrams (see also Appendix B), the relation between the carbon dioxide 

solubility and the temperature is presented for standard conditions of pressure, salinity and 

impurities’ content. 
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Figure 2.2 CO2 solubility using Li et al.’s (2018) model for the different pressures (S=0 mol/kg solvent) as a function 
of temperature 

 

Figure 2.3 CO2 solubility using Li et al.’s (2018) model for the different pressures (S=1 mol/kg solvent) as a function 
of temperature 

2.2.3 CO2 solubility as a function of salinity 
Salinity is one of the most significant factors that affects the solubility of carbon dioxide in 

aqueous phases. Sodium chloride and other salts enhance the structuring of aqueous phases 

and thus the cohesive energy in water due to their strong interactions with water dipoles. As 

the salt content increases, the partition equilibrium of neutral organic solutes is shifted 

toward nonaqueous phases (salting-out effect). In a brine formation, except sodium chloride 

(NaCl), potassium chloride (KCl) and calcium chloride (CaCl2) may be dissolved. Pure sodium 

chloride is the worst case regarding the lowering of the carbon dioxide’s solubility. The 

hydration action of K+ is smaller than that of Na+ and there are more free H2O molecules 

interacting with the CO2 molecules in aqueous KCl solution. The reason for this is that the size 
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of K+ is larger than that of Na+. Furthermore, the molecular weight of NaCl is smaller than that 

of KCl, therefore there are less ions in the KCl solution. Comparing NaCl and CaCl2, Ca2+ has 

two positive charges, that make the salting-out effect greater. However, the size of Ca2+ is 

close to that of Na+. Moreover, the molecular weight of CaCl2 is about twice as large as that of 

NaCl, which means lower salting-out effect. These lead to the conclusion that, the salting-out 

effect of NaCl is greater than this of KCl and similar to that of CaCl2. This means that mixtures 

of different salts will be less challenging than pure NaCl, considering that the g/litre 

concentration is the same (Liu et al., 2011; Bostr�̈�m and Ninham, 2004; Ervik, Westman, 

Hammer, Skaugen and Lilliestrale, 2012). As a result, all the salts are considered to be NaCl. 

The conditions that are studied, are presented in the following table:  

Table 2.3 Conditions studied for the salinity's effect 

Temperature (K) P (bar) Salinity (mol/kg solvent) 

293.15-303.15 1-200  0-4 

 

In the following diagram (see also Appendix B), the relation between the carbon dioxide 

solubility and the salinity is presented for standard conditions of pressure, temperature and 

impurities’ content. 

 

Figure 2.4 CO2 solubility using Li et al.'s (2018) model for the different salinities (T=303.15 K) as a function of 
pressure 

From these diagrams, it is shown that as the salinity increases and considering that the other 

conditions remain constant the solubility of carbon dioxide decreases.  

2.2.4 CO2 solubility as a function of impurities’ content 
Nitrogen and oxygen are considered non-condensable gases which leads to the increase of 

vapor-liquid saturation pressures and the decrease of the critical temperature, regarding their 

lower critical ones. As a result, their solubilities are negligible at low pressures. Therefore, 

when they are mixed with carbon dioxide, they cause a decrease in its solubility in water. 

Another reason for this, is the decrease in the partial pressure of carbon dioxide due to their 

presence, since they have lower solubilities in water than it. Thus, the higher the impurities 
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content in a nitrogen-oxygen-carbon dioxide mixture, the lower is the carbon dioxide partial 

pressure (Wang, Ryan, Anthony and Wigston, 2011; Nguyen and Ali, 1998). 

The effect of oxygen is studied considering the following streams that enter a flash separator. 

The cases of 100, 500, 1000, 5000 and 10000 ppm are studied.   

The conditions that are studied, are presented in the following table:  

Table 2.4 Conditions studied for the O2 content’s effect 

Temperature (K) P (bar) Salinity (mol/kg solvent) 

293.15-303.15 1-200  0-1 

 

In the following diagrams, the relation between the carbon dioxide solubility and the O2’s 

content is presented for standard conditions of pressure, temperature and salinity. 

 

Figure 2.5 CO2 solubility using Li et al.'s (2018) model for the different O2’s contents (T=303.15 K and S=1 mol/ kg 
solvent) as a function of pressure 

From these diagrams, it is validated that as the oxygen’s content increases and considering 

that the other conditions remain constant the solubility of carbon dioxide decreases.  

The effect of nitrogen is studied considering the following streams that enter a flash separator. 

The cases of 500, 1000, 5000, 10000 and 50000 ppm are studied.   

The conditions that are studied, are presented in the following table:  

Table 2.5 Conditions studied for the N2 content’s effect 

Temperature (K) P (bar) Salinity (mol/kg solvent) 

293.15-303.15 1-200  0-1 

 

In the following diagrams, the relation between the carbon dioxide solubility and the N2’s 

content is presented for standard conditions of pressure, temperature and salinity. 
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Figure 2.6 CO2 solubility using Li et al.'s (2018) model for the different N2’s contents (T=303.15 K and S=1 mol/kg 
solvent) as a function of pressure 

From these diagrams, it is validated that as the nitrogen’s content increases and considering 

that the other conditions remain constant the solubility of carbon dioxide decreases. From 

Figure 2.5 and Figure 2.6, it is observed that for the same concentration, the effect of N2 is like 

that of O2. In higher concentrations the effect of O2 is a little bit greater. 

The effect of the simultaneous presence of oxygen and nitrogen is studied considering the 

following streams that enter a flash separator.  

The conditions that are studied, are presented in the following table:  

Table 2.6 Conditions studied for the impurities content’s effect 

Temperature (K) P (bar) Salinity (mol/kg solvent) 

293.15-303.15 1-200  0-1 

 

In the following diagrams, the relation between the carbon dioxide solubility and the 

impurities’ content is presented for standard conditions of pressure, temperature and salinity. 
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Figure 2.7 CO2 solubility using Li et al.'s (2018) model for the different impurities’ content (T=303.15 K and S=1 
mol/kg solvent) as a function of pressure 

From these diagrams, it is validated that as the oxygen and nitrogen’s contents increase and 

considering that the other conditions remain constant the solubility of carbon dioxide 

decreases. 

Since the theoretical presentation of the most crucial thermodynamic models in the literature 

has taken place, their performance is examined in the next Chapter, through their ability to 

predict the CO2 solubility, as given by studies on experimental and generated data. 
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3 CO2 solubility data and model comparisons 

 Solubility Data 
The review of solubility data of CO2 is carried out. In the following table the studies of CO2 

solubility in pure water and in aqueous NaCl solutions, that are studied in this work, are 

presented. The covered ranges of temperature, pressure and salinity are also presented. 

Table 3.1 CO2 solubility data 

Generated data Temperature (K) Pressure (bar) Salinity (m) 

Duan and Sun (2003) 273.15-483.15 1-1000 0-4 

Experimental data Temperature (K) Pressure (bar) Salinity (m) 

Takenouchi and 
Kennedy (1965) 

423.15 100-1000 4.2779 

Rumpf et al. (1994) 313.254-433.065 6.02-92.01 5.999 

Yan et al. (2011) 323.2-413.2 50-400 5 

Bando et al. (2003) 303.15-333.15 100-200 0.1711-0.5292 

King et al. (1992) 288.15-298.15 60.8-243.2 0 

Wiebe and Gaddy 
(1940) 

285.15-313.15 25.3313-506.625 0 

 

The work of Duan and Sun (2003) is the most extensive study of CO2 solubilities in pure water 

and in brines. The data sets of Takenouchi and Kennedy (1965); Rumpf et al. (1994); and Yan 

et al. (2011) cover the higher ionic strengths, while those of King et al. (1992); and Wiebe and 

Gaddy (1940) are some of the most comprehensive at low temperatures. The data set of 

Bando et al. (2003) is one of the most trustworthy close to the sea water’s salinity and that of 

the application that is going to be studied. 

For the study of the behavior of the model of Li et al. (2018), the data sets of O2 and N2 

solubilities that are used, are presented in the following table. The covered ranges of 

temperature, pressure and salinity are also presented. 

Table 3.2 O2 and N2 solubility data 

Generated data Temperature (K) Pressure (bar) Salinity (m) 

Geng and Duan (2010) 
273-603 1-1000 0 

273-513 1-400 1-4 

Mao and Duan (2006) 
273.15-573.15 1-600 0 

273.15-473.15 1-600 2-6 

Experimental data Temperature (K) Pressure (bar) Salinity (m) 

Liu et al. (2012) 
308.15-318.15 80-160 0 

308.15 80 0.9 

 

The generated data of Geng and Duan (2010); and Mao and Duan (2006) are considered to be 

the most thorough for the solubilities of O2 and N2 respectively. In the work of Liu et al. (2012) 

the solubility of a N2+CO2 mixture in water at different pressures, temperatures and salinities 

is determined. 
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 Results and discussion 
The main disadvantage of the models of Duan (Duan and Sun, 2003; and Duan et al., 2006) is 

that they are only able to calculate the CO2 solubility in the liquid phase of the CO2-water-NaCl 

system. They are not able to calculate the fugacities of CO2 in the vapor phase and these of 

water-NaCl brine in both phases (vapor-liquid). This is a very important fact, since they are 

needed for the process simulations, when implementing a model through CAPE-OPEN. This 

leads to the creation of a new model (see Chapter 4), which is able to predict the fugacities of 

both components (CO2 and H2O), in both the liquid and the vapor phase.  

The behavior of the model of Li et al. (2018) is studied in the conditions of the carbonated 

water injection. The temperature range is 293.15-303.15K, the pressure range is 1-200 bar 

and the salinity range is 0-1 mol/kg solvent. The errors in each component’s solubility for each 

experimental or generated point are presented. The model was compared both to binary and 

ternary systems.  

The main advantage of Li et al.’s (2018) model is that it includes the effect of O2 and N2 on the 

CO2 solubility. It is also able to predict in a very good way the solubilities of O2 and N2 in both 

binary and ternary systems, as it can be observed from the following figures and tables (see 

also Appendix C). On the other hand, as it is also noticed its main disadvantage is that it 

underestimates the solubility of CO2.   

Table 3.3 Errors % in O2 solubility in binary system: Model of Li et al. (2018) 

O2 solubility (mol/kg solvent) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et al. 

(2018) 

Geng and Duan 
(2010) % error 

1 303 10 0.01949 0.02072 5.92 

50 0.03784 0.04035 6.20 

100 0.07151 0.07572 5.55 

200 0.12967 0.13358 2.93 

Average (%) error 5.03 

 

Table 3.4 Errors % in N2 solubility in binary system: Model of Li et al. (2018) 

N2 solubility (mol/kg solvent) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et al. 

(2018) 

Mao and Duan 
(2006) % error 

0 303.15 50 0.02879 0.02787 3.27 

100 0.05393 0.05173 4.25 

150 0.07628 0.07239 5.38 

200 0.09650 0.09056 6.55 

Average (%) error 4.86 
 

Table 3.5 Errors % in CO2 solubility in binary system: Model of Li et al. (2018) 

CO2 solubility (mol/kg solvent) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et al. 

(2018) 

Duan and Sun 
(2003) % error 

1 303.15 10 0.21010 0.22940 8.41 

50 0.79400 0.87290 9.04 
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100 0.99783 1.09580 8.94 

200 1.11697 1.19900 6.84 

Average (%) error 8.31 

 

Table 3.6 Errors % in CO2 solubility in ternary system: Model of Li et al. (2018) 

CO2 solubility (mol/mol) in the ternary system (CO2-N2-H2O) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et al. 

(2018) Liu et al. (2012) %error 

0 308.15 80 0.01777 0.01980 10.27 

0.01708 0.01910 10.57 

0.01592 0.01740 8.49 

0.01323 0.01500 11.79 

0.01012 0.01100 8.00 

Average (%) error 9.82 

 

Table 3.7 Errors % in N2 solubility in ternary system: Model of Li et al. (2018) 

N2 solubility (mol/mol) in the ternary system (CO2-N2-H2O) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et al. 

(2018) Liu et al. (2012) % error 

0 308.15 80 0.00012 0.00012 0.63 

0.00015 0.00014 9.68 

0.00020 0.00022 8.82 

0.00031 0.00032 2.37 

0.00043 0.00043 0.39 

Average (%) error 4.38 

 

 

Figure 3.1 Comparison of Li et al. (2018) model’s predictions with the generated data of Geng and Duan (2010) 
(T=303 K, S=1 molality) as a function of pressure 
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Figure 3.2 Comparison of Li et al. (2018) model’s predictions with the generated data of Mao and Duan (2006) 
(T=303.15 K, S=0 molality) as a function of pressure 

 

Figure 3.3 Comparison of Li et al. (2018) model’s predictions with the generated data of Duan and Sun (2003) 
(T=303.15 K, S=1 molality) as a function of pressure 
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Figure 3.4 Comparison of Li et al. (2018) model’s predictions with the experimental data of Liu et al. (2012) 
(T=308.15 K, P=80 bar, S=0 molality) as a function of pressure 
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4 Development of Thermodynamic Model 

 The model developed in this work 
The model developed in this work for the calculation of the solubility of CO2 in water and 

brines is based on the methodology followed by Pappa (2019, pers. comm., 1 October). The 

basic idea is the calculation of CO2 solubility via the equality of fugacities of CO2 and water in 

the vapor and liquid phase.  

The vapor phase is described by the equation of state t-mPeng-Robinson: 

𝑃 =
𝑅𝑇

𝑉 + 𝑡 − 𝑏
−

𝛼𝑐𝑎(𝑇)

(𝑉 + 𝑡)(𝑉 + 𝑡 + 𝑏) + 𝑏(𝑉 + 𝑡 − 𝑏)
 

where P is the pressure, T is the temperature, V is the volume, t is the translation factor 

correcting the volume in a cubic EoS, b is the EoS covolume parameter and α is the EoS 

attractive term (cohesion) parameter. 

The expressions for the calculation of its parameter values are: 

a=[1 + m(1 − √𝑇𝑟)]2 

m=0.384401+1.52276ω-0.213808𝜔2+0.034616𝜔3-0.001976𝜔4 

t=to+(tc-to)exp(β|1 − 𝑇𝑟|) 

to=
𝑅𝑇𝑐

𝑃𝑐
(-0.014471+0.067498ω-0.084852𝜔2+0.067298𝜔3-0.017366𝜔4) 

β=-10.2447-28.6312ω 

tc=
𝑅𝑇𝑐

𝑃𝑐
(0.3074 − 𝑍𝑐) 

The EoS has a cubic form with respect to the compressibility factor as follows: 

Z3-(1-B)Z2+(A-3B2-2B)Z-(AB-B2-B3)=0 

where: 

Z=
𝑃𝑉

𝑅𝑇
 ; A=

𝑎𝑃

𝑅2𝑇2 ; B=
𝑏𝑃

𝑅𝑇
 

For the calculation of the critical compressibility factor Zc the following expression has been 

assumed (Czerwienski et al., 1988): 

Zc=0.289-0.0701ω-0.0207ω2 

For the calculation of the parameters 𝑎𝑚, 𝑏𝑚 and the translation factor 𝑡𝑚 of the t-mPR EoS 

for binary mixtures, the following mixing rules have been assumed: 

- for the 𝑎𝑚 parameter: 

𝑎𝑚 = 𝑥1
2𝑎1 + 𝑥2

2𝑎2 + 2𝑥1𝑥2𝑎12 

where 𝑎1 and 𝑎2 are the pure component “energy parameters” of the t-mPR EoS and 𝑎12 is 

defined through the following expression: 

𝑎12 = √𝑎1𝑎2(1 − 𝑘12) 
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where k12 is the binary interaction coefficient (𝑘𝐻2𝑂−𝐶𝑂2
=0.2); 

- for the bm parameter the following linear expression is used: 

bm=x1b1+x2b2 

A similar linear expression is also used for the translation factor of the binary mixture, tm: 

tm=x1t1+x2t2 

The fugacity coefficients of CO2 and H2O in the vapor phase are calculated by the following 

equation: 

ln𝜑�̂�=
𝐵𝑖

𝐵
(z-1)-ln(z-B) - 

𝐴

2𝐵√2
(
2 ∑ 𝑥𝑖𝐴𝑖𝑗

𝐴
 - 

𝐵𝑖

𝐵
)ln(

𝑧+2.414𝐵

𝑧−0.414𝐵
) 

The fugacities of each component are calculated by the following equation: 

𝑓𝑖
𝑣=yiPφi 

The asymmetric convention is used for the aqueous phase. The fugacity of CO2 (𝑓𝐶𝛰2

𝑙 ) in the 

liquid phase is described by the Henry Law: 

𝑓𝐶𝛰2

𝑙 = 𝑥𝐶𝛰2
𝐻𝐶𝛰2

 

where 𝑥𝐶𝑂2
is the mole fraction of CO2 in the liquid phase and 𝐻𝐶𝑂2

is the Henry’s constant of 

CO2 in the liquid phase. 

The fugacity of H2O (𝑓𝑤
𝑙 ) in the liquid phase is described as presented by Prausnitz, 

Lichtenthaler, and Azevedo (1999): 

𝑓𝑤
𝑙 = 𝑥𝑤𝜑𝑤

𝑠𝑎𝑡𝑃𝑤
𝑠𝑎𝑡𝑒𝑥𝑝 [∫

𝑉𝑤

𝑅𝑇
𝑑𝑝

𝑃

𝑃𝑤
𝑠𝑎𝑡

] 

where xw is the mole fraction of H2O in the liquid phase, 𝜑𝑤
𝑠𝑎𝑡 and 𝑃𝑤

𝑠𝑎𝑡 is the fugacity 

coefficient and the vapor pressure of saturated water in the temperature of the mixture 

respectively and Vw is the molar volume of pure water. 

The fugacity coefficient of saturated water is calculated from the following equation (Canjar 

and Manning, 1967): 

 𝜑𝑤
𝑠𝑎𝑡 = 0.9958 + 9.68330 ∙ 10−5 𝛵′ − 6,17050 ∙ 10−7 𝛵′2

 

               −3.08333 ∙ 10−10 𝛵′3  𝛵′ > 90  

 𝜑𝑤
𝑠𝑎𝑡 = 1  𝛵′ ≤ 90 

where Τ’ is the temperature in F. 

Both the vapor pressure of saturated water and the molar volume of pure water is calculated 

from the DIPPR equations: 

𝑃𝑤
𝑠𝑎𝑡 =exp((7.3649E+1) - 

7.2582E+3

T
 – 7.3037ln(T)+(4.1653E-6)T2) 

𝑉𝑤 =
1

𝐿𝑖𝑞𝑢𝑖𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
=

0.26214
(1+(1−

𝑇
647.29

)0.23072)

4.6137
 

where 𝑃𝑤
𝑠𝑎𝑡is in Pa and Vw is in lit/mol. 
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The dependence of Henry’s constant (𝐻𝐶𝑂2
) from pressure and temperature is expressed 

through the Henry’s reference constant (𝐻𝐶𝑂2

∗ ) and the molar volume of CO2 in infinite dilution 

(�̅�𝐶𝛰2

∞ ) by the equation: 

ln 𝐻𝐶𝛰2
= ln 𝐻𝐶𝛰2

∗ +
�̅�𝐶𝛰2

∞ 𝑃

𝑅𝑇
 

In this diploma thesis, Henry’s reference constant (𝐻𝐶𝑂2

∗ ) and molar volume of CO2 in infinite 

dilution (�̅�𝐶𝛰2

∞ ) are expressed as a function of temperature and salinity through correlation of 

their values to solubility data of CO2 in pure water and NaCl solutions. The aforementioned 

values are calculated by minimizing the error in the calculated bubble point pressure.  
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The data used for the model development are presented in Table 3.1. 

The expressions derived for 𝐻𝐶𝑂2

∗  and �̅�𝐶𝛰2

∞  are the following: 

𝑯𝑪𝑶𝟐

∗ = a1 + a2 * T + a3 * T2 + a4 * T3 + a5 * S * T + a6 * S * T2 + a7 * S * T3 + a8 * T * S3 + a9 * T * 

ln(T) + a10 * T * exp(S) + a11 * T * S * exp(S) + a12 * exp(S) * ln(T)  

�̅�𝑪𝜪𝟐

∞ = A1 + A2
 * S + A3 * S2 + A4

 * T + A5 * T3 + A6 * S * T + A7 * S * T2 + A8 * T * S2 + A9 * S2 * T2  

where 𝐻𝐶𝑂2

∗  in (bar), �̅�𝐶𝛰2

∞  in (lt/mol), salinity (S) in (mol/kg solvent) and temperature (T) in (K). 

The parameters that are used for the calculation of 𝐻𝐶𝑂2

∗  and �̅�𝐶𝛰2

∞  are presented in Appendix 

A. 

These expressions occurred after many tries and the conception of the more complicated 

terms was based on the graphical observation of the values of  𝐻𝐶𝑂2

∗  as a function of 

temperature and salinity.  

 Results and discussion 
In Appendix D, the errors in CO2 solubility for each experimental point are presented. It is 

observed that both the Duan et al. (2006) and the model presented in this work give similar 

results. Based on the performance of the models in the data of Rumpf et al. (1994), it is noticed 

that the new model has an advantage over the model of Duan et al. (2006) at salinities higher 

than 4 molality. As we can see from Appendix D, the experimental data of Takenouchi and 

Kennedy (1965) for S=4.2779 are not described well by both models. From the indicative figure 

4.5, it is observed that the experimental data of Yan et al. (2011) don’t follow a trend, so we 

are uncertain about their validity.     

In the indicative figures 4.2-4.6 (see also Appendix D), the graphical comparison between the 

new model and the model of Duan et al. (2006) is presented.  

However, due to the fact that the inclusion of the impurities’ effect on the CO2 solubility is 

considered of first priority, the implementation of Li et al.’s model (2018), in the Honeywell’s 

commercial package Unisim Design, is studied. 
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Figure 4.2 Comparison of models’ predictions with the experimental data of Takenouchi and Kennedy (1965) 
(T=423.15 K, S=1.0922 molality) as a function of pressure 

 

Figure 4.3 Comparison of models’ predictions with the experimental data of Takenouchi and Kennedy (1965) 
(T=423.15 K, S=4.2779 molality) as a function of pressure 
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Figure 4.4 Comparison of models’ predictions with the experimental data of Rumpf et al. (1994) (T=313.25 K, 
S=5.999 molality) as a function of pressure 

 

Figure 4.5 Comparison of models’ predictions with the experimental data of Yan et al. (2011) (T=323.2 K, S=5 
molality) as a function of pressure 
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Figure 4.6 Comparison of models’ predictions with the experimental data of Bando et al. (2003) (T=303.15 K, 
S=0.5292 molality) as a function of pressure 
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5 Model implementation in Unisim 
As it is also mentioned in Chapter 2, the standard equations of state cannot be used for the 

thermodynamic description of the O2-N2-CO2-H2O-NaCl brines system. The main reasons for 

that is that they can neither describe the hydrogen bonding that characterizes the equilibrium 

nor the effect of polar molecules, like the inorganic salts (NaCl) that are present. As a result, 

it is necessary that the model of Li et al. (2018) is implemented in Unisim via CAPE-OPEN. 

 Unisim 
Unisim is an intuitive process modeling software that is used for the creation of steady-state 

and dynamic models for plant design, performance monitoring, troubleshooting, business 

planning and asset management. In this work, the version R460.1 is used. 

 CAPE-OPEN 
For the implementation of the thermodynamic model in Unisim, as mentioned above, CAPE-

OPEN is used. It is a free available set of standards for communication between chemical 

engineering software components. There are many facets to the CAPE-OPEN standards, but 

the most important ones focus on thermodynamics and unit operations.  

An application can access thermodynamics that are implemented and served by third party 

software, by using the CAPE-OPEN thermodynamic standards. Similarly, flowsheet simulation 

environments can use unit operations served and implemented by third party software via the 

CAPE-OPEN Unit Operation interfaces (Van Baten, 2020).  

 NeqSim 
NeqSim (Non-Equilibrium Simulator) was developed by Even Solbraa at the Department of 

Refrigeration and Air Conditioning, NTNU (NeqSim, 2020). It is a library for estimation of fluid 

behavior for oil and gas production. It can also be used as a stand-alone tool via Excel or a web 

interface. It can easily be integrated in computer programs via available interfaces in Java, 

Python, .NET and Matlab. The basis for NeqSim is fundamental mathematical models related 

to phase behavior and physical properties of oil and gas.  

In this diploma thesis, the model of Li et al. (2018) is written in Java code (see Appendix E) and 

then, by creating a dynamic link library (DLL) in Visual Studio 2019 written in C++, the model 

is imported in NeqSim Excel.  

 

Figure 5.1 Creation of fluid-NeqSim Excel 

For the creation of the fluid, the following steps are followed: 
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1. Go to ‘fluid’ tab 

2. Select the mol% composition of the fluid 

3. Select in the ‘Model selection’ the model of Li et al. 2018 

4. Press ‘Ok’ 

After creating the fluid, the tab ‘Startup’ is selected and then the Import/Export button is 

selected. The user, finally, saves the fluid, which is ready for use. NeqSim Excel is linked to 

Unisim via the CAPE-OPEN option in the fluid packages. 

 

Figure 5.2 CAPE-OPEN option in Unisim 

After selecting CAPE-OPEN 1.1, the created fluid is selected. CAPE-OPEN 1.1 is used for both 

the liquid and the vapor phase. For the liquid phase, the eThermoFlash option is chosen and 

the extended PropPkg Setup.  

 

Figure 5.3 Options: eThermoFlash-Extended PropPkg Setup 

 Thermodynamic Model used in Unisim 
It is very important to be clarified that a model, in order to be implemented in Unisim through 

CAPE-OPEN, must provide the properties presented in the following figure. 
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Figure 5.4 Properties provided by implemented model 

Since, the model of Li et al. (2018) is only used for the calculation of the CO2 solubility in a 

flash separator, all these properties except LnFugacity and LnFugacityCoeff, are calculated by 

default expressions. The way of calculating the fugacity-fugacity coefficients through the Li et 

al. (2018) model is presented in Appendix F. 

The model of Li et al. (2018) is not able to calculate the thermodynamic properties of the fluid, 

such as the heat capacity, liquid density and others. In order to run the simulation and be able 

to calculate the different variables, like the compression, cooling and pumping duties, a more 

complete model should be used. Therefore, the comparison between the model of Li et al. 

and some already existing models, such as Peng-Robinson and Soave-Redlich-Kwong, is made.   

The comparison lies on the results of the CO2 solubilities that are produced in a flash separator. 

The first stream that enters the flash and is studied, is the following: 

Table 5.1 Composition of stream 1 for the comparison of Li et al. (2018) model with Peng-Robinson and Soave-
Redlich-Kwong 

 Composition (mol/mol) 

H2O 0.25 

CO2 0.25 

N2 0.25 

O2 0.25 

 

The results, concerning the CO2 solubility, are presented in the respective tables (Appendix 

G):   

The second stream that enters the flash and is studied, is the following: 

Table 5.2 Composition of stream 2 for the comparison of Li et al. (2018) model with Peng-Robinson and Soave-
Redlich-Kwong 

 Composition (mol/mol) 

H2O 9.94E-01 

CO2 5.74E-03 

N2 2.87E-06 

O2 2.87E-07 
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The results, concerning the CO2 solubility, are presented in the respective tables (Appendix 

G):   

The graphical comparison of Peng-Robinson and Soave-Redlich-Kwong with the model of Li et 

al. (2018) is presented in the following diagrams. 

 

Figure 5.5 Comparison of PR’s and SRK’s predictions with the model of Li et al. (2018) (T=293.15 K, S=0 molality) 
as a function of pressure 

 

Figure 5.6 Comparison of PR’s and SRK’s predictions with the model of Li et al. (2018) (T=298.15 K, S=0 molality) 
as a function of pressure 

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0 20 40 60 80 100 120 140 160 180 200

C
O

2
so

lu
b

ili
ty

 (
m

o
l/

m
o

l)

Pressure (bar)

Li Peng-Robinson Soave-Redlich-Kwong

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0 20 40 60 80 100 120 140 160 180 200

C
O

2
so

lu
b

ili
ty

 (
m

o
l/

m
o

l)

Pressure (bar)

Li Peng-Robinson Soave-Redlich-Kwong



29 
 

 

Figure 5.7 Comparison of PR’s and SRK’s predictions with the model of Li et al. (2018) (T=303.15 K, S=0 molality) 
as a function of pressure 

 

Figure 5.8 Comparison of PR’s and SRK’s predictions with the model of Li et al. (2018) (T=293.15 K, S=0 molality) 
as a function of pressure 

As it is observed from the previous tables and diagrams, both models underestimate the CO2 

solubility. The Peng-Robinson model, though, approaches in better way the Li et al. (2018) 

model. The setup that the fluid package of Peng-Robinson uses is presented in the following 

figure.   
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Figure 5.9 Setup for the fluid package of Peng-Robinson 

At this point, it is worth noting that the salinity is introduced in Unisim through a 

pseudocomponent by the name of ‘Na+*’, which represents the sodium chloride. The 

properties of this pseudocomponent are presented in the following table. 

 

Figure 5.10 Properties of pseudocomponent Na+* 

Particular attention needs to be paid in the fact that this pseudocomponent should follow the 

water in a flash separator and have similar behavior to it.   

Considering that the study on the implementation, via the CAPE-OPEN Interface Standard, of 

the Li et al.’s model is concluded, the production process of the carbonated water to injection 

and its operational parameters is examined.  
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6 Carbonated Water Production Process 
Some of the most important operational parameters of the carbonated water injection 

process are presented in this Chapter. As a process it consists of mixing a water-brine with a 

CO2 stream. The water-brine stream is a mixture of sea water and produced water from the 

well. Its quantity is defined by the mass balance of water between the offshore installation 

and the well. Hydrocarbons are less dense than water, so as the drilling takes place, the gas, 

the oil and the water are extracted in this order. This results in a pressure drop in the well. In 

order to maintain the well’s pressure constant, so that the flow assurance is accomplished, 

the necessary amount of water is injected in each life stage of the well. As its life is advancing, 

the amount of saline water mixed with hydrocarbons that are produced come to the surface. 

As a result, the amount of the produced water increases.  

The CO2 stream contains some amount of water and impurities like O2 and N2. It comes as a 

flue gas out of a turbine after combusting hydrocarbons with air and it goes through CO2 

conventional capture processes, like amine scrubbing. Even though the impurities exist in a 

ppm level, they play an important role. O2 specifically is considered as a very corrosive gas. Its 

allowable composition limit varies globally and some indicative values range from 10 ppm to 

<1% by volume. The commercially available technologies for oxygen removal are catalytic 

oxidation and solid scavengers. The catalytic removal of oxygen from a natural gas stream is 

achieved by passing the gas at an elevated temperature over a catalyst bed where the oxygen 

reacts with a portion of the natural gas to form CO2 and water (Oxygen Measurement in 

Natural Gas, 2016; Jones, McIntush, and Wallace, 2010). 

 Process Flow Diagram 
The usual method, for the process design, includes injection of compressed CO2 in the water-

brine stream (Eke et al., 2011). Since, the ranges of temperature, salinity and impurities’ 

content remain pretty much standard, the most critical design variable is the mixing pressure 

of the CO2 and water streams. The value of the mixing pressure is set so as the whole quantity 

of the CO2 is dissolved in the water-brine stream. The desired pressure is reached by pumping 

the water-brine stream and compressing the CO2 stream.  

In order to compress the stream of carbon dioxide, the scheme of multistage compression is 

used. This offers serious advantages over single-stage compression. Intercooling is used 

between each compression stage. By cooling the gas between stages, the process reduces the 

gas volume, and, thus, the compression duties. Furthermore, by multistage compression, the 

temperature of the gas stream is not so high, so there are not any problems faced with 

material limitations. On the other hand, it should be noted that the intercoolers will have a 

pressure drop that will increase the compression work, but this effect is usually small 

compared with the reduction in work from gas cooling. After each cooler, a flash vessel is used 

to ensure the removal of condensates. A general process flow diagram of the process, that 

involves a 5-stage compression, is presented in the following figure. 
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Figure 6.1 General Process Flow Diagram 
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Instead of the final compression stage, a pump is used, if the fluid in these conditions is liquid. 

In the final separation process, when the production of the carbonated water takes place, a 

recycling of the gas stream can be done, if the pressure is not enough for the complete 

dissolution of the carbon dioxide. Else, the gas stream is led to the flare system. 

 Pressure for complete CO2 dissolution  
The relation between the injection rate of water and the dissolution pressure, as predicted by 

the model of Li et al., is presented in the following figures, for standard quantities of CO2 and 

different values of salinity. 

 

Figure 6.2 Needed amount of injection water for the dissolution of 14 t/hr CO2 as a function of pressure for 
different salinities (mol/kg solvent)-(T=303.15 K) 

 

Figure 6.3 Needed amount of injection water for the dissolution of 28 t/hr CO2 as a function of pressure for 
different salinities (mol/kg solvent)-(T=303.15 K) 
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As it can be observed from these figures, at some point, the curves become asymptotic. This 

means that, for standard quantities of water-brine and CO2, the raise of pressure doesn’t not 

have an impact on the increase of the CO2 solubility. As a result, the unnecessary compression 

to a higher pressure should be avoided. 

In the following figures, the relation between the injection water quantity and the dissolution 

pressure is presented, for standard salinities and different quantities of CO2. These salinities 

are selected, because they represent the range of the salinities, that are studied in the case 

study. 

 

Figure 6.4 Needed amount of injection water for the dissolution of different quantities of CO2 as a function of 
pressure (S=0.25 mol/kg solvent)-(T=303.15 K) 

 

Figure 6.5 Needed amount of injection water for the dissolution of different quantities of CO2 as a function of 
pressure (S=0.56 mol/kg solvent)-(T=303.15 K) 
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Figure 6.6 Needed amount of injection water for the dissolution of different quantities of CO2 as a function of 
pressure (S=0.64 mol/kg solvent)-(T=303.15 K) 

As it can be observed from these figures, for constant salinity and injection water flowrate, 

the dissolution pressure increases with CO2 flowrate.  

 Compression Work 
Considering that this process is an offshore one, the access to sea water for cooling is way 

easier than this to power needed for compression. As a result, the compression duties are of 

greater importance. In the following diagram, the compression work is presented as a function 

of pressure, for the different amounts of CO2. 

 

Figure 6.7 Compression work as a function of dissolution pressure (T=303.15 K) 

From these figures, it is observed that for constant compression pressure, the compression 

work increases as the CO2 quantity increases. 
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 Pressure Ratio in Compression Stage 
A very significant design parameter is the pressure ratio of each compression stage. The 

minimum work is obtained when each stage of a multistage unit does the same amount of 

work (Appendix H), and, thus, most compressors will have approximately the same pressure 

ratio for each stage. In this case, the pressure ratio for m stages is computed by: 

PR=(P2/P1)(1/m) 

where P2: the outlet and P1: the inlet pressure (Kidnay and Parrish, 2006, p. 68). 

As also stated before, with an increasing compression ratio, compression efficiency decreases 

and mechanical stress as well as temperature problems become more severe. Speaking of an 

offshore process, the space is limited, so this should be taken into consideration for the 

needed space for the compressors. (El-Suleiman et al., 2016; Witkowski and Majkut, 2012; 

and Bahadori, 2014, p. 225). 

The aforementioned production process of the carbonated water to injection is simulated in 

Unisim. It is based on a case study provided by the oil and gas company Equinor, Norway, and 

is referring to an offshore process, that produces carbonated water, by mixing a water and a 

carbon dioxide stream, in the pressure of 180 bar. 
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7 Case Study 
In this Chapter the case study provided by Equinor for the carbonated water injection is 

presented. 

 Case Study description  
The pressure needed for the carbonated water to be injected in the well is 180 bar. The 

injection water (H2O) has a temperature of 20-30 oC and an inlet pressure of 3.5 bar. The 

injection carbon dioxide (CO2) has a temperature of 30 oC and a pressure of 1.5 bar. The 

composition of the CO2 stream, coming from the capture plant, is presented in the following 

table: 

Table 7.1 Composition of injection CO2 stream 

Water Saturated at 30oC and 1.5 bar 

Nitrogen 500 ppmv 

Oxygen 50 ppmv 

 

Injection water is a mixture of produced water and sea water. More sea water is injected at 

the beginning of the field lifetime, while produced water will increase at later stages. Table 

7.2 shows the relative rates of sea water and produced water at different stages of the field 

lifetime.  

 
Table 7.2 Composition of injection water stream 

 

Early life Max injection Late life 

Sea water (Sm3/d) 23 850 27 030 1 450 

Produced water (Sm3/d) 0 6 360 19 700 

Injection water (Sm3/d) 23 850 33 390 21 147 

 

 

Figure 7.1 Composition of injection water stream 
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Table 7.3 Case studies: injection CO2 

 Injection carbon dioxide (t/hr) 

Case 1 14 

Case 2 28 

 

For this specific field, the formation water has a salinity of ~13 g/litre, while sea water has a 
salinity of ~36 g/litre. The salinity of injection water will also change during the field lifetime 
since the relative rates of sea water and produced water change. Table 7.4 shows the salinity 
of injection water, in terms of molality ≡ mol/kg solvent, at different stages of the field 
lifetime. 

Table 7.4 Salinity in each stage of the life of the field 

 Early life Max injection Late life 

Salinity (mol/kg solvent) 0.64 0.56 0.25 

 

Two cases are studied in order to reach the pressure of 180 bar. The first one is pumping the 

water and compressing the carbon dioxide to the pressure of 180 bar and then mix them. The 

second one is pumping the water and compressing the carbon dioxide to an intermediate 

pressure, mix them, and then pumping the carbonated water to the pressure of 180 bar.  

As it is also mentioned in Chapter 6, the scheme of multistage compression is used. In Case 1, 

the volume flowrate of the CO2 stream is 3174 ft3/min and in Case 2, it is 6351 ft3/min. For 

these values the use of centrifugal compressor is proposed (Stewart, 2019, p.510). Centrifugal 

compressors are a subdivision of dynamic ones and they are usually used for constant 

operating conditions due to their narrow operating range (Stewart p.527). The discharge 

temperature of centrifugal compressors is set to the typical range of 250-300 oF (121-149 oC) 

(Stewart, 2019, p.528). If the calculated discharge temperature is high, cooling should be 

considered to avoid problems with compressor materials, seal components, and clearances. 

The exact temperature limit is dependent on factors such as the gas compressed, compressor 

materials, allowable temperature of the seal oil, and the type of seals.  

The criteria, on which the selection between the intermediate and the high pressure case is 

based, are the comparison of the required duties for the whole process and the cost. As it can 

be noticed from the process flowsheet of Figure 6.1 (see Chapter 6), the energy requirements 

of the process are related to the duties for compression, cooling and water pumping. In the 

following analysis (see Chapter 8), these duties are thoroughly examined.   

 Process Flow Diagram in Unisim 
The overall process flow diagram that is made in Unisim is presented in Appendix I. The unit 

operations that compose the process are described next.  

In Figure 7.2, the unit operation Saturate is presented where the initial CO2 stream becomes 

saturated in water.  
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Figure 7.2 Saturate-100 

ADJ-1 is used to adjust the mass flow of stream 1 so that stream 3 has the mass flow of either 

14 t/hr or 28 t/hr. In the following figure, the SETs in the multistage compression are 

explained.  

 

Figure 7.3 Explanation of SETs-Multistage Compression 

SETs 1,3,5,7,9 (black circles) are used for defining the temperature in the outlet of the heat 

exchanger. SETs 2,4,6,8 (red circles) are used for defining the pressure drop in the heat 

exchangers.  

The adiabatic efficiencies of compressors K100-K104, are considered to be 75% and, as 

mentioned before, the pressure ratios are equal.  

In the following diagram, the pump that is needed for the pumping of water in an intermediate 

or in the pressure of 180 bar is presented.  

 

Figure 7.4 P-100 

For the pump P-100, the adiabatic efficiency is considered to be 75%. ADJ-2 is used to adjust 

the mass flow of the inlet water stream 13 so that its actual liquid flow takes the values of 
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Table 7.2, i.e. 23850 (Sm3/d), 33390 (Sm3/d) or 21147 (Sm3/d). SET-10 is used to equalize the 

water and CO2 pressures before mixing.  

In the following figure, the part of the process after the mixing of the two streams is 

presented.  

 

Figure 7.5 Part of the process after the mixing of the two streams 

Most of this part of the process is artificial. Normally, the stream 24, after MIX-100, would 

enter the flash separator and then the carbonated water would be produced. Now, though, 

the simulation previous to MIX-100 contains traces of Na+*, due to the fact that the estimated 

thermodynamic properties of the pseudocomponent don’t correspond to the reality and thus 

a higher concentration of ions, from the beginning of the simulation, would affect its results 

significantly. As a result, the artificial stream 28 is used for fixing the salinity at the right level, 

through a simple mass balance (Appendix J). The visual stream (VS-1) option is used so that 

stream 30 has the following properties. 

Table 7.5 Properties of Stream 30 

 Stream 30 

Temperature T24 

Pressure P29 – ΔPmixer 

Mole Composition Mole Composition29 

Overall Mole flow Overall Mole flow24 

  

Then, CUT-100 is used for the transition from the Peng-Robinson to Li et al. (2018) model. 

After the production of the carbonated water is done, the Li et al. (2018) model is transitioned 

back to the model of Peng-Robinson, so that the duty Pump2 is calculated. For the pump P-

101, the adiabatic efficiency is considered to be 75% and its delta P is defined so that the 

pressure of stream 32 is 180 bar. 

Since the simulation and the explanation of the process flow diagram has been completed, its 

results regarding the energy requirements for the cooling and the compression of the carbon 

dioxide and the pumping of water are presented in the following Chapter. 
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8 Simulation Results 
As also mentioned in Chapter 7, the criteria, on which the selection between the intermediate 

and the high pressure cases is based, are the energy requirements and the cost of the process. 

In this Chapter, the behavior of the compression, cooling and water pumping duties of the 

aforementioned Case Study-Unisim simulation, is presented. 

Four cases are taken into consideration, for this case study. These cases are presented in the 

following table. 

Table 8.1 Cases of the case study 

 Injection carbon dioxide (t/hr) Pressure (bar) 

HP-14 14 180 

IP-14 14 Intermediate Pressure 

HP-28 28 180 

IP-28 28 Intermediate Pressure 

  

The pressure of 180 bar is high enough, so that the carbon dioxide is dissolved in the injection 

water stream. For the intermediate pressure cases, the pressure so that all carbon dioxide is 

dissolved is calculated through the model of Li et al. (2018). Considering the worst case, which 

is that the mixing takes place at 30o C, the pressure is calculated for each life-stage of the well. 

The results are presented in the following table. 

Table 8.2 IP cases: pressures for complete CO2 dissolution 

 
Pressure(bar)        

Early life 
Pressure(bar)                     
Max injection 

Pressure(bar)    
Late life 

IP-14 15 11 16 

IP-28 35 23 37 

 

For the dissolution to take place in each life-stage of the field, the compression pressure is set 

to the highest value. In case IP-14, the selected compression pressure is 16 bar and in case IP-

28, the selected compression pressure is 37 bar. 

 Case HP-14 
Considering the analysis made in 7.1, particular attention should be paid to the discharge 

temperature of the compression. Supposing that the possible number of compressors, that 

are needed to reach the pressure of 180 bar, ranges between 1 and 5, the discharge 

temperatures, for this range, are studied and presented in the following table. 

Table 8.3 HP-14: discharge temperatures 

Compression stages Discharge Temperature (oC) 

1 625.7 

2  280.6 289.5 

3  187.7 189.6 192.6 

4 144.9 145.5 147.9 142 

5 120.3 120.6 121.6 123.3 101.9 
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Considering a conservative discharge temperature of 130 oC, the compression stages that are 

needed for this case are 5. As a result, in order to reach the pressure of 180 bar, the pressure 

ratio is set to 2.605. The process flow diagram is presented in the following figure. 

 

 

 

 

 

 

 



43 
 

 

 

 

Figure 8.1 Process Flow Diagram (HP-14) 
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The required compression, cooling and water pumping duties for this simulation are 

presented in the following table. 

Table 8.4 Required Duties for case (HP-14) 

 HP-14 

Compression Duties (kW) 1354 

Cooling Duties (kW) 2449 

 Early life Max Injection Late life 

Water Pumping Duties (kW) 6496 9095 5760 

 

The amount of seawater that is used for the cooling of the CO2 stream is estimated. It is 

calculated through the following equation: 

�̇� =
𝑄

𝐶𝑝 ∗ 𝛥𝑇
 

where �̇�=mass flow rate (kg/s), Q=duty of each heat exchanger (kW), Cp=specific heat 

capacity of seawater (=4 kJ/kg/oC) and ΔT=temperature difference between the inlet and the 

outlet of the seawater stream (oC). 

The countercurrent scheme is used and the temperature differences (Th,in – Tc,out) and (Th,out – 

Tc,in) are set to the typical value 10 oC. 

 

Figure 8.2 Countercurrent flow - Heat Exchanger 

The needed mass flow of water for the cooling duties is estimated to be 7.22 kg/s. 

 Case IP-14 
Also for Case IP-14 and for the corresponding intermediate pressure of 16 bar, the cases of 1 

to 5 compressors are studied. Discharge temperatures are presented in the following table.  

Table 8.5 IP-14: discharge temperatures 

Compression Stages Discharge Temperature (oC) 

1 277.4 

2 143.5 144.1 

3 103.5 103.6 104.1 

4 84.4 84.4 84.5 84.9 

5 73.1 73.1 73.2 73.3 73.6 

 

Considering again a conservative discharge temperature of 130 oC, the compression stages 

that are needed for this case are 3. As a result, in order to reach the pressure of 180 bar, the 

pressure ratio is set to 2.201. The process flow diagram is presented in the following figure. 
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Figure 8.3 Process Flow Diagram (IP-14) 
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The required compression, cooling and water pumping duties for this simulation are 

presented in the following table. 

Table 8.6 Required Duties for case (IP-14) 

 IP-14 

Compression Duties (kW) 752 

Cooling Duties (kW) 907 

 Early life Max Injection Late life 

Water Pumping Duties (kW) 6570 9167 5832 

 

The needed mass flow of water for the cooling duties is estimated to be 3.08 kg/s. 

 Case HP-28 
A similar analysis of the compressor discharge temperatures for case HP-28 and CO2 

compression to 180 bar is given in Table 8.7, for number of compressors from 1 to 5.   

Table 8.7 HP-28: discharge temperatures 

Compression stages Discharge Temperature (oC) 

1 625.7 

2  280.6 289.5 

3  187.7 189.6 192.6 

4 144.9 145.5 147.9 142 

5 120.3 120.6 121.6 123.3 101.9 

 

For discharge temperature up to 130 oC, the compression stages that are needed for this case 

are 5. As a result, in order to reach the pressure of 180 bar, the pressure ratio is set to 2.605. 

The process flow diagram is presented in the following figure. 
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Figure 8.4 Process Flow Diagram (HP-28) 
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The required compression, cooling and water pumping duties for this simulation are 

presented in the following table. 

Table 8.8 Required Duties for case (HP-28) 

 HP-28 

Compression Duties (kW) 2707 

Cooling Duties (kW) 4897 

 Early life Max Injection Late life 

Water Pumping Duties (kW) 6496 9095 5760 

 

The needed mass flow of water for the cooling duties is estimated to be 14.45 kg/s. 

 Case IP-28 
For Case IP-28, the compressors’ discharge temperatures, for CO2 compression to 37 bar and 

number of compressors from 1 to 5, are presented in Table 8.9. 

Table 8.9 IP-28: discharge temperatures 

Compression stages Discharge Temperature (oC) 

1 385.8 

2  188.5 190.4 

3  131.6 132 133.5 

4 104.8 104.9 105.4 106.4 

5 89.1 89.1 89.4 89.8 90.5 

 

In order to ensure discharge temperature up to 130 oC, the compression stages that are 

needed for this case are 4. As a result, in order to reach the pressure of 37 bar, the pressure 

ratio is set to 2.229. The process flow diagram is presented in the following figure. 
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Figure 8.5 Process Flow Diagram (IP-28) 
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The required compression, cooling and water pumping duties for this simulation are 

presented in the following table. 

Table 8.10 Required Duties for case (IP-28) 

 IP-28 

Compression Duties (kW) 1996 

Cooling Duties (kW) 2506 

 Early life Max Injection Late life 

Water Pumping Duties (kW) 6623 9219 5887 

 

The needed mass flow of water for the cooling duties is estimated to be 8.31 kg/s. 

 Discussion 
The simulation results of the case study indicate that, for the production of carbonated water, 

the water pumping duties play a more significant role than the carbon dioxide compression 

ones. However, it is observed that the pumping duties are of similar values in both 

intermediate and high pressure cases. In the intermediate pressure cases, they are a little bit 

higher because the volume that has to be pumped is larger than the high pressure one. 

Therefore, the energy requirements for the cooling and the compression of the carbon dioxide 

are the ones which define the profitable case. It is observed that, since, the cooling and the 

compression duties in the intermediate pressure cases are lower in comparison with the high 

pressure ones, in terms of energy, the compression of the CO2 stream in an intermediate 

pressure has the advantage over the compression at 180 bar. 

An overview table of the compression and the cooling duties for all the cases, supposing that 

the mixing temperature is 30oC, is presented in Table 8.11. 

Table 8.11 Overview of compression and cooling duties for IP and HP cases 

 HP-14 IP-14 HP-28 IP-28 

Compression Duties (kW) 1354 752 2707 1996 

Cooling Duties (kW) 2449 907 4897 2506 

 

The energy savings on these duties are calculated from the following equation: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 =
𝐷𝑢𝑡𝑦𝐻𝑃 − 𝐷𝑢𝑡𝑦𝐼𝑃

𝐷𝑢𝑡𝑦𝐻𝑃
 

They are presented in the following table. 

Table 8.12 Percentage Energy Savings (%) for IP compared to HP cases: Compression and Cooling Duties 

CO2 injection: 14 t/hr – Energy Savings 

Compression 44.4% 

Cooling 63.0% 

CO2 injection: 28 t/hr – Energy Savings 

Compression 26.2% 

Cooling 48.8% 
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An overview table of the water pumping duties for all the cases, supposing that the mixing 

temperature is 30oC, is presented. 

Table 8.13 Overview of water pumping duties for IP and HP cases 

Water Pumping 
Duties (kW) 

HP-14 IP-14 HP-28 IP-28 

Early life 6496 6570 6496 6623 

Max Injection 9095 9167 9095 9219 

Late life 5760 5832 5760 5887 

 

The pumping energy differences between the high and intermediate pressure cases are 

calculated from the following equation. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠 =
𝐷𝑢𝑡𝑦𝐼𝑃 − 𝐷𝑢𝑡𝑦𝐻𝑃

𝐷𝑢𝑡𝑦𝐼𝑃
 

They are presented in the following table. 

Table 8.14 Percentage Energy Differences (%) for IP compared to HP cases: Water Pumping Duties 

CO2 injection: 14 t/hr – Energy Savings 

 Early life Max Injection Late life 

Pumping 1.1% 0.8% 1.3% 

CO2 injection: 28 t/hr – Energy Savings 

 Early life Max Injection Late life 

Pumping 2.0% 1.4% 2.2% 

 

From these tables, it is noticed that the smaller the quantity of CO2 that is about to be 

dissolved and as a result the compression pressure, the larger are the energy savings on the 

compression and cooling duties. These energy savings of the latter are higher.  

At this point, is should be noticed that the intermediate pressure cases require a second 

pump, so they present less flexibility than the high pressure ones. On the other hand, the 

compressors that are needed are smaller in size.  

Moreover, in the intermediate pressure cases, taking into consideration the possibility that 

the model doesn’t predict accurately the pressure needed for the dissolution of CO2 in the 

water stream, there is the possibility of vapor CO2 entering the second pump and therefore 

leading to cavitation. 

A sensitivity analysis is conducted in order to examine the effect of some of the most 

important operational parameters of the selected production process on the aforementioned 

duties. 
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9 Sensitivity Analysis 
In this Chapter, a sensitivity analysis is made to evaluate the effect of the most important 

structural or operational parameters on the energy requirements, studied in Chapter 8, of the 

carbonated water production process. These parameters are the type of compression (one vs 

multi-stage), the approach to thermodynamic equilibrium at the mixers, the pressure drop in 

the mixer and the heat exchanger, and the compressors’ pressure ratio.  

 One vs multi-stage compression 
The multi-stage is preferable over the one-stage compression, as the overall power needed 

for compression is lower and the temperature of the outlet streams doesn’t become 

prohibitive, as shown in the following tables. 

Table 9.1 Compression Duties: one vs multi-stage compression 

 Compression Duties (kW) 
Multi-stage 

Compression Duties (kW) 
One-stage 

HP-14 1354 2423 

IP-14 752 916 

HP-28 2707 4847 

IP-28 1996 2716 

 

The energy savings on the compression duties are presented in the following table.  

Table 9.2 One vs multi-stage compression: Percentage energy savings 

CO2 injection: 14 t/hr – Energy Savings 

HP 44.1% 

IP 17.9% 

CO2 injection: 28 t/hr – Energy Savings 

HP 44.2% 

IP 26.5% 

 

It is observed that the higher the pressure the higher the energy savings for compression.  

Table 9.3 Outlet Temperature: one vs multi-stage compression 

 Outlet Temperature (oC) 
Multi-stage (Highest) 

Outlet Temperature (oC) 
One-stage 

HP-14 123.3 625.7 

IP-14 104.1 277.4 

HP-28 123.3 625.7 

IP-28 106.4 385.8 

 

Due to material limitations, the outlet temperatures in the one-stage compression are 

considered prohibitive. 
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 Effect of Approach to Thermodynamic Equilibrium 
The results for the duties, that are presented in Chapter 8, are calculated having made the 

assumption, that in the mixing process thermodynamic equilibrium is achieved between 

carbon dioxide and water. In reality, thermodynamic equilibrium attainment requires a long 

time and very good mixing. Thus, the effect of not reaching it has to be also considered. In this 

study, the approach to thermodynamic equilibrium is defined as follows: 

𝐴𝑝𝑝𝑟𝑜𝑎𝑐ℎ 𝑡𝑜 𝑇ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 =
𝐶𝑂2 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑖𝑛 𝑟𝑒𝑎𝑙 𝑚𝑖𝑥𝑖𝑛𝑔 

𝐶𝑂2 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑖𝑛 𝑖𝑑𝑒𝑎𝑙 𝑚𝑖𝑥𝑖𝑛𝑔
 

The cases of 85%, 90% and 95% approach to equilibrium are studied. The quantity of CO2 in 

real mixing is set to the quantity of CO2 of the case study. Considering, for example, that the 

approach is 95% and the CO2 injection rate is 14 t/hr, the quantity of CO2 before the mixer is 

13.8 t/hr (real mixing) and as a result the respective one in equilibrium mixing would be 14.5 

t/hr (=13.8/0.95). For this new CO2 flowrate, the new pressure for complete CO2 dissolution is 

estimated.  

These values of approach to equilibrium are consistent with the ones proposed by Meijer et 

al. 2011. In their work, the mixing measure is based on the intensity of segregation I. It is a 

first-order statistic moment that quantifies the deviation of the composition of the mixture to 

the ideal case. Its value is scaled such that it ranks from 1 (poor mixing) < I < 0 (ideal mixing). 

It is connected with the approach to thermodynamic equilibrium of this study as follows: 

𝐼 = 1 − 𝐴𝑝𝑝𝑟𝑜𝑎𝑐ℎ 𝑡𝑜 𝑇ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 

Since, the pressure of 180 bar is high enough for the dissolution to happen, no matter the 

aforementioned approaches, only the intermediate pressure cases are considered. The 

pressure, for the dissolution of carbon dioxide in ideal mixing in the water stream, is calculated 

from the Li et al. (2018) model. These pressures are presented in the following table. 

Table 9.4 Pressures for the dissolution of CO2 for the different levels of approach to thermodynamic equilibrium 

Approach to 
thermodynamic equilibrium 

Pressure (bar) IP-14 Pressure (bar) IP-28 

100% 16 37 

95% 17 40 

90% 18 43 

85% 19 46 

 

In Appendix K, the pressure ratios, for each case, and the necessary compression stages are 

presented. 

For each level of approach to equilibrium, the behavior of the compression, cooling and water 

pumping duties is studied. In the following tables, a comparison is made for all the cases. 

Table 9.5 Compression Duties (kW) - Approach to Thermodynamic Equilibrium 

Compression Duties (kW) 

Approach to 
Equilibrium 

Cases 

IP-14 IP-28 

100% 752 1996 

95% 772 2045 
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90% 792 2090 

85% 810 2131 
 

Table 9.6 Cooling Duties (kW) - Approach to Thermodynamic Equilibrium 

Cooling Duties (kW) 

Approach to 
Equilibrium 

Cases 

IP-14 IP-28 

100% 907 2506 

95% 932 2587 

90% 956 2665 

85% 978 2742 

 

As it can be observed, for both cases, from these tables, the compression and the cooling 

duties are becoming greater, in a similar trend, as the approach to equilibrium lowers. The 

approach to equilibrium doesn’t have any significant effect on the water pumping duties. The 

energy differences, for the compression and the cooling duties, according to the approach to 

equilibrium are presented in the following table. 

Table 9.7 Percentage Energy Differences: Compression and Cooling Duties – Approach to Thermodynamic 
Equilibrium 

Energy Differences 

Approach to 
Equilibrium 

Compression Duties Cooling Duties 

IP-14 IP-28 IP-14 IP-28 

95% 2.7% 2.4% 2.8% 3.2% 

90% 5.2% 4.7% 5.4% 6.3% 

85% 7.7% 6.8% 7.9% 9.4% 

 

It is noticed that the intermediate cases, with 85% approach to equilibrium, are still profitable, 

in terms of the energy requirements, than the high-pressure ones (Tables 9.5, 9.6, 8.4 and 

8.8). 

 Effect of Pressure Drop 
Another factor that should be examined is the effect of the pressure drops in the intercoolers 

and the mixer. 

9.3.1 Pressure Drop in Heat Exchanger 
Considering that we have shell and tube heat exchangers, in the absence of a specific retrofit 

constraint for pressure drop, for gases, the maximum allowable pressure drop varies typically 

between 1 bar for high-pressure gases (10 bar and above) down to 0.01 bar for gases under 

vacuum conditions (Smith, 2005, p. 321). 

Following the procedure that is presented in Appendix L and assuming that the fluid velocity 

for the tube-side is 5 m/s, the number of tube passes is 2 and that the heat transfer area is 5 

m2,  the pressure drop in the tubes is estimated to be 0.003 bar. Considering that the tube 

pitch is 0.025 m, the baffle cut is 0.25 m and the pitch configuration factor is 1 m, the pressure 

drop in the tubes is estimated to be 0.102 bar. Since the estimated pressure drop is 0.105 bar, 

the case studies from to 0.1 to 0.5 bar are studied. Some other typical values for the pressure 
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drop in the cooler have been presented by El-Suleiman et al. (2016); and Witkowski and 

Majkut (2012). 

9.3.2 Pressure Drop in Mixer 
The pressure drop in the mixer is calculated by the following formula: 

ΔΡ=(f/2)*ρ*(v2)*(L/D) 

where f/2=the friction factor, ρ=density of the fluid (kg/m3), v=superficial velocity (m/s), 

L=mixer length (m) and D=inner pipe diameter (m) (Yang and Park, 2004). 

The Reynold’s number is calculated, as follows: 

Re=
3157∗𝑄∗𝑆𝐺

𝜇∗𝐷
 

where Q=flow rate (m3/s), SG=specific gravity, μ=absolute viscosity (kg/m/s) and D=pipe inside 

diameter (m) (Sizing the AdmixerTM Static Mixer and Sanitary Static Blender, 1998). 

The friction fanning factor f/2 is correlated to the Reynold’s number by the following 

expression: 

f/2=0.4+110/Re0.8 (Li et al., 1996) 

Considering that the superficial velocity is 3 m/s and the length:diameter ratio is 4 m, the 

estimated pressure drop in the mixer is 3.76 bar. Since the estimated pressure drop is 3.76 

bar, the case studies from to 1 to 5 bar are studied. 

9.3.3 Pressure Drop - Results 
Taking into consideration these pressure drops, the compression’s pressures that are studied 

are presented in Appendix M. The values of the pressure ratios and the necessary compression 

stages are also presented, for each case. 

The following table presents the compression duties for all the cases, considering that the 

mixing temperature is 30o C. 

Table 9.8 Compression Duties (kW) – Pressure Drop 

HP-14 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 1442 1424 1406 1387 1369 

3 1442 1424 1406 1388 1370 

1 1442 1424 1406 1388 1371 

IP-14 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 922 907 890 875 859 

3 892 875 859 842 826 

1 859 841 824 807 789 

HP-28 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 2884 2848 2811 2775 2738 

3 2884 2848 2812 2776 2740 
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1 2884 2848 2812 2777 2741 

IP-28 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 2255 2218 2182 2146 2110 

3 2228 2190 2153 2117 2081 

1 2199 2161 2123 2086 2049 

 

The effect of the pressure drops in the mixer and each heat exchanger is studied. This effect 

is calculated through this type: 

𝐶𝑜𝑚𝑝.𝐷𝑢𝑡𝑦0,0−𝐶𝑜𝑚𝑝.𝐷𝑢𝑡𝑦𝑖,𝑗 

𝐶𝑜𝑚𝑝.𝐷𝑢𝑡𝑦𝑖,𝑗
  

where i: pressure drop in the mixer and j: pressure drop in the heat exchanger. 

Table 9.9 Percentage Energy Differences: Compression Duties – Pressure Drop 

HP-14 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 6.5% 5.2% 3.8% 2.4% 1.1% 

3 6.5% 5.2% 3.8% 2.5% 1.2% 

1 6.5% 5.2% 3.8% 2.5% 1.3% 

IP-14 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 22.6% 20.6% 18.4% 16.4% 14.2% 

3 18.6% 16.4% 14.2% 12.0% 9.8% 

1 14.2% 11.8% 9.6% 7.3% 4.9% 

HP-28 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 6.5% 5.2% 3.8% 2.5% 1.1% 

3 6.5% 5.2% 3.9% 2.5% 1.2% 

1 6.5% 5.2% 3.9% 2.6% 1.3% 

IP-28 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 13.0% 11.1% 9.3% 7.5% 5.7% 

3 11.6% 9.7% 7.9% 6.1% 4.3% 

1 10.2% 8.3% 6.4% 4.5% 2.7% 

  

Thus, the pressure drops in the mixer and each heat exchanger can have some important 

effect on the compression duties in the intermediate pressure cases. In the high pressure 

ones, their effect is not so important.  

The following table presents the cooling duties for all the cases, considering that the mixing 

temperature is 30o C. 
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Table 9.10 Cooling Duties (kW) – Pressure Drop 

HP-14 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 2540 2522 2503 2485 2467 

3 2539 2521 2503 2485 2467 

1 2538 2520 2502 2484 2466 

IP-14 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 1100 1084 1068 1053 1037 

3 1061 1044 1027 1011 995 

1 1018 1001 983 966 949 

HP-28 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 5080 5044 5007 4970 4933 

3 5078 5041 5006 4970 4934 

1 5075 5039 5003 4967 4933 

IP-28 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 2819 2782 2746 2710 2675 

3 2770 2732 2695 2659 2622 

1 2719 2681 2644 2607 2570 

 

The effect of the pressure drops in the mixer and each heat exchanger is studied. This effect 

is calculated through this type: 

𝐶𝑜𝑜𝑙.𝐷𝑢𝑡𝑦0,0−𝐶𝑜𝑜𝑙.𝐷𝑢𝑡𝑦𝑖,𝑗 

𝐶𝑜𝑜𝑙.𝐷𝑢𝑡𝑦𝑖,𝑗
  

where i: pressure drop in the mixer and j: pressure drop in the heat exchanger. 

Table 9.11 Percentage Energy Differences: Cooling Duties – Pressure Drop 

HP-14 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 3.7% 3.0% 2.2% 1.5% 0.7% 

3 3.7% 2.9% 2.2% 1.5% 0.7% 

1 3.6% 2.9% 2.2% 1.4% 0.7% 

IP-14 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 21.3% 19.5% 17.8% 16.1% 14.3% 

3 17.0% 15.1% 13.2% 11.5% 9.7% 

1 12.2% 10.4% 8.4% 6.5% 4.6% 

HP-28 

Pressure Drop Heat Exchanger (bar) 
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Pressure Drop 
Mixer (bar) 

0.5 0.4 0.3 0.2 0.1 

5 3.7% 3.0% 2.2% 1.5% 0.7% 

3 3.7% 2.9% 2.2% 1.5% 0.8% 

1 3.6% 2.9% 2.2% 1.4% 0.7% 

IP-28 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.5 0.4 0.3 0.2 0.1 

5 12.5% 11.0% 9.6% 8.1% 6.7% 

3 10.5% 9.0% 7.5% 6.1% 4.6% 

1 8.5% 7.0% 5.5% 4.0% 2.6% 

  

Thus, the pressure drops in the mixer and each heat exchanger can have some important 

effect on the cooling duties in the intermediate pressure cases. In the high pressure ones, 

their effect is not so important.  

In the following table, the water pumping duties for all the cases, considering that the mixing 

temperature is 30o C, are presented. 

Table 9.12 Water Pumping Duties (kW) – Pressure Drop 

HP-14/HP-28 

Pressure Drop 
Mixer (bar) 

Life-stages of the well 

Early life Max injection Late life 

5 6681 9353 5923 

3 6601 9241 5853 

1 6535 9149 5794 

0 6496 9095 5760 

IP-14 

Pressure Drop 
Mixer (bar) 

Life-stages of the well 

Early life Max injection Late life 

5 6755 9425 6032 

3 6681 9322 5966 

1 6607 9219 5901 

0 6570 9167 5832 

IP-28 

Pressure Drop 
Mixer (bar) 

Life-stages of the well 

Early life Max injection Late life 

5 6807 9477 6050 

3 6733 9374 5985 

1 6660 9271 5920 

0 6623 9219 5887 

 

From this table, it can be observed that, in all the cases, the effect of the pressure drop in the 

mixer is minimal. In the intermediate pressure cases the water pumping duties are greater 

because the volume that has to be pumped is greater than this in the high pressure ones. 

 Effect of Pressure Ratio 
The minimum compression work is obtained when each stage of a multistage unit does the 

same amount of work, and, thus, most compressors will have approximately the same 
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pressure ratio for each stage. Some alternative cases for case HP-14 are presented, assuming 

that the mixing temperature is 30o C. 

Table 9.13 Alternative Case 1 for pressure ratios 

Compression Stage Pressure Ratios – Alternative Case 1 

1 2.809 

2 2.709 

3 2.709 

4 2.209 

5 2.635 

 

Table 9.14 Alternative Case 2 for pressure ratios 

Compression Stage Pressure Ratios – Alternative Case 2 

1 2.554 

2 2.754 

3 2.254 

4 2.854 

5 2.654 

 

The compression and cooling duties for these cases are presented in the following table.  

Table 9.15 Compression and Cooling Duties – Alternative Cases for pressure ratios 

Cases 
Compression Duties (kW) Cooling Duties (kW) 

HP-14 HP-14 

1 1356 2451 

2 1362 2457 

Initial 1354 2449 

 

It is observed that the compression and the cooling duties are greater when the pressure ratio 

is not the same in each compression stage. Its effect though, as it can be seen from Table 9.15, 

is not important. 

As the study on the energy requirements of the whole process and the effect of its structural 

or operational parameters on them has been concluded, a preliminary evaluation of the 

economics of the alternate cases takes place.  
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10 Cost evaluation 

 Bare Module Cost (CBM) 
A preliminary evaluation of the economics of the process is made. More specifically, the late 

stage of the well’s life is studied. The equipment purchase cost Cp (f.o.b.), the cost of the 

installed equipment CBM, the fixed capital investment (FCI) and the total product cost (TPC) 

are estimated. The equipment purchase cost Cp is characterized as free on board cost in the 

literature. The cost of the installed equipment (CBM) is estimated by the following equation: 

𝐶𝐵𝑀 = [(𝐹𝐵𝑀 − 1) + 𝑓(𝐹𝑑 , 𝐹𝑚, 𝐹𝑃)]𝐶𝑝
𝑜 

𝐶𝑝 = 𝑓(𝐹𝑑 , 𝐹𝑚, 𝐹𝑃)𝐶𝑝
𝑜 

𝛥𝐶𝐵𝑀 = (𝐹𝐵𝑀 − 1)𝐶𝑝
𝑜 

where FBM is the factor of the installed equipment’s cost, Fd is the factor of the equipment’s 

type, Fm is the factor of the equipment’s material, Fp is the factor of the pressure, 𝐶𝑝
𝑜 is the 

purchase cost of equipment constructed from carbon steel and ΔCBM is the related to the rest 

of direct and indirect cost. CBM consists of the costs presented in the following table. 

Table 10.1 Bare module cost (CBM) analysis 

Direct Costs 

Purchase Equipment Cost (f.o.b.) 𝐶𝑝 

Material Cost for the installation 𝐶𝑀 

Labor Cost for the installation 𝐶𝐿 
Indirect Costs 

Freight, Insurance and Taxes Cost 𝐶𝐹𝐼𝑇 

Overhead Cost 𝐶𝑂𝐶 

Engineering Cost 𝐶𝐸 

  

The cost of the installed pumps, compressors, heat exchangers and flash separators is 

estimated. In the following table, values of FBM (Koukos, 2009, p.42) are presented for the 

aforementioned equipment. 

Table 10.2 Factors of the installed equipment’s cost 

Equipment FBM 

Pump 3.38 

Compressor 2.93 

Shell and Tube Heat Exchanger 3.29 

Flash Separator 2.96 

 

10.1.1 Pump 
The f.o.b. cost of a centrifugal pump is estimated by the diagram presented by (Peters, 

Timmerhaus and West, 2006, p.649). The estimated f.o.b. cost of the pumps (𝐶𝑝
𝑜) for each 

case is presented in the following table. 

Table 10.3 Pumps: Basic f.o.b. cost ($/y @2002) 

 𝑪𝒑
𝒐  ($/y @2002) 

IP-14 22,786 
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IP-28 22,887 

HP-14 & HP-28 11,344 

 

This cost refers to single-stage centrifugal pumps constructed from cast iron and does not 

include the effect of pressure and the cost of the electric motor. For pumps with different 

attributes the following equation is used: 

𝐶𝑝 = 𝐹𝑇𝐹𝑀𝐹𝑃𝐶𝑝
𝑜 

where FT is dependent on the rotation speed and the number of stages, FM is dependent on 

the material and FP is dependent on the pressure.  

The higher manometric head that can be achieved by an one-stage centrifugal pump is 120 m 

(Peters, Timmerhaus and West, 2006, p.641). The manometric head (H) of each pump is 

calculated from the following equation: 

𝐻 =
𝑃𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑃𝑖𝑛𝑙𝑒𝑡

𝜌𝑔
 

where H is the manometric head (m), Pinlet is the pressure of the fluid in the inlet (Pa), Poutlet is 

the pressure of the fluid in the outlet (Pa), ρ is the density of the fluid that is pumped (kg/m3) 

and g is the gravitational acceleration (m/s2). For the pumps examined in this study, the 

manometric head is greater than 120 m. As a result, a multi-stage pump must be used. Since 

the fluid that is pumped contains salts, 300-series stainless steel is used so as to increase the 

corrosion-resistance. Considering that the rotation speed is 3550 rpm, the correction factors 

can be calculated from the following equations: 

𝐹𝑇 = exp [2.0798 − 0.0946(lnS) + 0.0834(𝑙𝑛𝑆)2] 

𝐹𝑀 = 4 

𝐹𝑃 = {
2.1, 𝑃 ≤ 5000 𝑘𝑃𝑎

2.8, 𝑃 ≤ 10000 𝑘𝑃𝑎
3.5, 𝑃 ≤ 20000 𝑘𝑃𝑎

 

where S is the characteristic size of a pump and is given by the following equation: 

𝑆 = 𝑄√𝛥ℎ 

where Q is the volumetric flow in m3/s and Δh is the manometric head expressed in m2/s2 

(manometric head in m multiplied by the gravitational acceleration 9.81 m/s2) (Peters, 

Timmerhaus and West, 2006, p.649; The Impact of Component Material Selection on Pump 

Reliability, 2014).  

The equipment purchase cost Cp (f.o.b.) of the pumps for each case is presented in the 

following table. 

Table 10.4 Pumps: f.o.b. cost ($/y @2002) 

 𝑪𝒑($/y @2002) 

IP-14 3,420,074 

IP-28 3,525,903 

HP-14 & HP-28 2,510,694 
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The f.o.b. cost of an electric motor is estimated by the diagram presented by (Peters, 

Timmerhaus and West, 2006, p.650). The estimated f.o.b. cost of the electric motors (𝐶𝑝
𝑜) for 

each case, taking into the consideration the required duties, is presented in the following 

table. 

Table 10.5 Electric motors: f.o.b. cost ($/y @2002) 

 𝑪𝒑($/y @2002) 

IP-14 187,360 

IP-28 204,850 

HP-14 & HP-28 146,400 

 

The cost is adjusted to 2019 by using the Chemical Engineering Plant Cost Indexes (CE) 

(CE@2002=396 & CE@2019=608). 

𝐶𝑜𝑠𝑡($@2002)

𝐶𝑜𝑠𝑡($@2019)
=

𝐶𝐸(@2002)

𝐶𝐸(@2019)
 

The overall purchase cost of the pumps and the adjusted cost in euros (€) of the installed 

pumps (CBM), which is estimated by the following equation: 

𝐶𝐵𝑀 = 𝐹𝐵𝑀𝐶𝑝 

are presented, for each case, in the following table. 

Table 10.6 Pumps: overall f.o.b. cost ($/y @2019) 

 𝑪𝒑($/y @2019) 𝑪𝑩𝑴(€/y @2019) 

IP-14 5,538,687 16,680,199 

IP-28 5,728,024 17,250,404 

HP-14 & HP-28 4,079,579 12,285,977 

 

In each case, the pump that is used in order to reach the bar of 180 bar is substituted by the 

scheme of 3 pumps in parallel connection. Centrifugal pumps in parallel are used to overcome 

larger volume flows that one pump can handle alone. Following the aforementioned 

methodology, the cost of the installed pumps (CBM) is estimated and is presented in the 

following table. 

Table 10.7 Pumps in parallel: bare module cost (€/y @2019) 

 𝑪𝑩𝑴(€/y @2019) 

IP-14 19,642,828 

IP-28 20,239,829 

HP-14 & HP-28 15,258,335 

 

10.1.2 Compressor 
The f.o.b. cost of a compressor is described by the following equation: 

𝐶𝑝
𝑜($@1968) = 515𝑃0.82 

where P is the required power in bhp (bhp=hp/compressor efficiency & 1kW=1.341hp) 
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The cost of the compressors for each case is presented in the following table. 

Table 10.8 Compressors: Basic f.o.b. cost ($/y @1968) 

 𝑪𝒑
𝒐  ($/y @1968) 

IP-14 230,709 

IP-28 541,129 

HP-14 408,135 

HP-28 720,543 

 

The cost of an installed compressor (CBM) is estimated by the following equation: 

𝐶𝐵𝑀 = [(𝐹𝐵𝑀 − 1) + 𝐹𝑑]𝐶𝑝
𝑜 

For a centrifugal compressor that functions with a motor, Fd=1. As a result, the cost of the 

installed compressors in euros (€) adjusted to 2019 (CE@1968=114), for alternate 

compression stages, is presented in the following table. 

Table 10.9 Compressors: bare module cost (€/y @2019) 

CBM (€/y @2019) 2 Compression Stages 3 Compression Stages 4 Compression Stages 

IP-14 3,111,648 3,212,251 3,314,550 

IP-28 7,260,779 7,369,021 7,534,340 

CBM (€/y @2019) 3 Compression Stages 4 Compression Stages 5 Compression Stages 

HP-14 5,842,199 5,767,067 5,682,609 

HP-28 10,312,518 10,180,925 10,032,376 

 

10.1.3 Heat Exchanger 
The f.o.b. cost of a shell and tube heat exchanger is described by the following equation: 

𝐶𝑝
𝑜($@1979) = exp (8.202 + 0.01506(𝑙𝑛𝐴) + 0.06811(𝑙𝑛𝐴)2) 

where A is the heat transfer area in m2 

The heat transfer area for the specific defined temperature differences is estimated to be 

60.32 oC. The f.o.b. cost of the heat exchangers for each case is presented in the following 

table. 

Table 10.10 Heat Exchangers: Basic f.o.b. cost ($/y @1979) 

 𝑪𝒑
𝒐  ($/y @1979) 

IP-14 36,574 

IP-28 48,765 

HP-14 & HP-28 60,957 

 

The cost of an installed shell and tube heat exchanger (CBM) is estimated by the following 

equation: 

𝐶𝐵𝑀 = [(𝐹𝐵𝑀 − 1) + 𝐹𝑚(𝐹𝑑 + 𝐹𝑃)]𝐶𝑝
𝑜 
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Considering that the heat exchanger is constructed from carbon steel, Fm=1. The correction 

factor for the type of the heat exchanger FD and the pressure FP are calculated from the 

following equations: 

(𝑈 − 𝑡𝑢𝑏𝑒) 𝐹𝐷 = exp [−0.7844 + 0.083(lnA)] 

𝐹𝑃 = {

0.8955 + 0.04981(𝑙𝑛𝐴), 7 𝑏𝑎𝑟 ≤ 𝑃 ≤ 21 𝑏𝑎𝑟
1.2002 + 0.07140(𝑙𝑛𝐴), 21 𝑏𝑎𝑟 ≤  𝑃 ≤ 42 𝑏𝑎𝑟
1.4272 + 0.12088(𝑙𝑛𝐴), 42 𝑏𝑎𝑟 ≤  𝑃 ≤ 62 𝑏𝑎𝑟

 

As a result, the cost of the installed heat exchangers in euros (€) adjusted to 2019 

(CE@1968=239), for alternate compression stages, is presented in the following table. 

Table 10.11 Heat Exchangers: bare module cost (€/y @2019) for alternate compression stages 

CBM(€/y@2019) 2 Compression Stages 3 Compression Stages 4 Compression Stages 

IP-14 122,435 186,560 244,871 

IP-28 151,178 209,489 273,613 

CBM(€/y@2019) 3 Compression Stages 4 Compression Stages 5 Compression Stages 

HP-14 263,296 346,672 433,725 

HP-28 263,296 346,672 433,725 

 

10.1.4 Flash Separator 
The f.o.b. cost of a flash separator can be estimated as the one of an horizontal pressure 

vessel. As a result, it is described by the following equation: 

𝐶𝑝
𝑜($@1968) = 645.4𝐻0.78𝐷0.98 

where H is the height (m) and D is the diameter (m).  

Considering a typical value for the diameter and the H/D ratio, they are set to 2.5 m and 4 

respectively. The f.o.b. cost of the flash separators for each case is presented in the following 

table. 

Table 10.12 Flash Separators: Basic f.o.b. cost ($/y @1968) 

 𝑪𝒑
𝒐  ($/y @1968) 

IP-14 28,637 

IP-28 38,183 

HP-14 & HP-28 38,183 

 

The cost of an installed flash separator (CBM) is estimated by the following equation: 

𝐶𝐵𝑀 = [(𝐹𝐵𝑀 − 1) + 𝐹𝑚𝐹𝑃]𝐶𝑝
𝑜 

Considering that the flash separator is constructed from carbon steel, Fm=1. The correction 

factor for the pressure FP takes the following values: 

𝐹𝑃 = 1(𝑃 ≤ 3.5 𝑏𝑎𝑟), 1.05(𝑃 ≤ 6.7 𝑏𝑎𝑟), 1.15(𝑃 ≤ 13.8 𝑏𝑎𝑟), 1.20(𝑃 ≤ 20.7 𝑏𝑎𝑟), 1.35(𝑃

≤ 27.6 𝑏𝑎𝑟), 1.45(𝑃 ≤ 34.5 𝑏𝑎𝑟), 1.6(𝑃 ≤ 41.4 𝑏𝑎𝑟), 1.8(𝑃 ≤ 48.3 𝑏𝑎𝑟) 

As a result, the cost of the installed flash separators in euros (€) adjusted to 2019, for alternate 

compression stages, is presented in the following table. 
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Table 10.13 Flash Separators: bare module cost (€/y @2019) for alternate compression stages 

CBM(€/y@2019) 2 Compression Stages 3 Compression Stages 4 Compression Stages 

IP-14 279,880 418,686 555,224 

IP-28 302,561 439,099 580,173 

CBM(€/y@2019) 3 Compression Stages 4 Compression Stages 5 Compression Stages 

HP-14 302,561 450,439 598,317 

HP-28 302,561 450,439 598,317 

 

 Fixed Capital Investment (FCI) 
Fixed capital investment consists of the onsite-offsite direct and the indirect costs. An 

indicative analysis of FCI is presented in Appendix N. FCI is approximately estimated by the 

following equation: 

𝐹𝐶𝐼 = 1.2𝐶𝐵𝑀 

It is presented for each case and the alternate compression stages in the following table. 

Table 10.14 FCI (€/y @2019) for alternate compression stages 

FCI(€/y@2019) 2 Compression Stages 3 Compression Stages 4 Compression Stages 

IP-14 24,232,995 24,597,235 24,953,812 

IP-28 29,957,905 30,321,614 30,766,235 

FCI(€/y@2019) 3 Compression Stages 4 Compression Stages 5 Compression Stages 

HP-14 22,432,839 22,620,185 22,800,754 

HP-28 27,797,222 27,916,816 28,020,474 

 

 Fixed Capital Investment (FCI) per unit 
The fixed capital investment per tonne of injected CO2 and carbonated water is presented in 

the following table. 

Table 10.15 FCI per tonne of injected CO2 and carbonated water (€/t inj. CO2 - €/t carb. water) 

FCI (€/t inj. CO2) 2 Compression Stages 3 Compression Stages 4 Compression Stages 

IP-14 208.55 211.68 214.75 

IP-28 128.91 130.47 132.38 

FCI (€/t inj. CO2) 3 Compression Stages 4 Compression Stages 5 Compression Stages 

HP-14 193.05 194.67 196.22 

HP-28 119.61 120.12 120.57 

FCI (€/t carb. water) 2 Compression Stages 3 Compression Stages 4 Compression Stages 

IP-14 3.25 3.30 3.35 

IP-28 3.96 4.01 4.07 

FCI (€/t carb. water) 3 Compression Stages 4 Compression Stages 5 Compression Stages 

HP-14 3.01 3.03 3.05 

HP-28 3.67 3.68 3.70 

 

 Total Product Cost (TPC) 
Total product cost consists of the direct, the indirect costs and the general expenses. An 

indicative analysis of TPC is presented in Appendix N. TPC is approximately estimated by the 

following equation: 
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𝑇𝑃𝐶 = 1.25(𝐶𝑅𝑀 + 𝐶𝑈𝑇 + 𝐶𝑊𝑇) + 1.66𝐶𝑂𝐿 + 0.44𝐹𝐶𝐼 

CRM and CWT are set equal to 0. The operating labor cost is estimated as follows. The number 

of the workers per shift is calculated through the Alkayat and Gerrard method.  

𝑁𝑂/𝑆 = √6.29 + 0.23(𝑁ℎ𝑒𝑎𝑡𝑒𝑥+𝑁𝑓𝑙𝑎𝑠ℎ𝑠𝑒𝑝. + 𝑁𝑐𝑜𝑚𝑝.) 

The number of workers per shift and their overall one, considering that 4.5 are needed for a 

working place, for each case and the alternate compression stages are presented in the 

following table. 

Table 10.16 Number of workers per shift and their overall one 

 NO/S NO 

Compression Stages 2 3 4 2 3 4 

IP-14 3 3 4 14 14 18 

IP-28 3 3 4 14 14 18 

Compression Stages 3 4 5 3 4 5 

HP-14 3 3 4 14 14 18 

HP-28 3 3 4 14 14 18 

 

Considering that the average salary per year of a worker is 25000$, the cost of operating labor 

for each case is estimated. The cost of the utilities (water and electric power) is estimated as 

follows. The cost of water and electric power is considered to be $0.067/t and $0.06/kWh 

respectively. The operating hours of a unit per year is set to 8300h. The aforementioned costs 

are presented in the following table.  

Table 10.17 Operating labor cost – Utilities cost (€/y @2019) 

 COL (€/y @2019) CCW (€/y @2019) CE (€/y @2019) 

Compression Stages 2 3 4 2 3 4 2 3 4 

IP-14 311,850 311,850 400,950 3,710 5,494 7,260 2,938,744 2,921,439 2,913,009 

IP-28 311,850 311,850 400,950 7,634 11,238 14,823 3,598,109 3,530,620 3,497,829 

Compression Stages 3 4 5 3 4 5 3 4 5 

HP-14 311,850 311,850 400,950 7,385 9,882 12,879 3,248,238 3,196,367 3,156,610 

HP-28 311,850 311,850 400,950 14,752 19,782 25,775 3,940,438 3,836,874 3,756,960 

 

Therefore, the total product costs for each case are presented in the following table. 

Table 10.18 TPC (€/y @2019) for alternate compression stages 

TPC(€/y@2019) 2 Compression Stages 3 Compression Stages 4 Compression Stages 

IP-14 14,858,257 14,999,121 15,295,590 

IP-28 18,206,329 18,286,503 18,593,535 

TPC(€/y@2019) 3 Compression Stages 4 Compression Stages 5 Compression Stages 

HP-14 14,457,648 14,478,364 14,659,769 

HP-28 17,692,435 17,621,889 17,723,005 
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 Total Product Cost (TPC) per unit 
The total product cost per tonne of injected CO2 and carbonated water is presented in the 

following table. 

Table 10.19 TPC per tonne of injected CO2 and carbonated water (€/t inj. CO2 - €/t carb. water) 

TPC (€/t inj. CO2) 2 Compression Stages 3 Compression Stages 4 Compression Stages 

IP-14 127.87 129.08 131.63 

IP-28 78.34 78.69 80.01 

TPC (€/t inj. CO2) 3 Compression Stages 4 Compression Stages 5 Compression Stages 

HP-14 124.42 124.60 126.16 

HP-28 76.13 75.83 76.26 

TPC (€/t carb. water) 2 Compression Stages 3 Compression Stages 4 Compression Stages 

IP-14 1.99 2.01 2.05 

IP-28 2.41 2.42 2.46 

TPC (€/t carb. water) 3 Compression Stages 4 Compression Stages 5 Compression Stages 

HP-14 1.94 1.94 1.96 

HP-28 2.33 2.32 2.34 

 

 Discussion  
The aforementioned cost analysis suggests that, from an economic perspective and for the 

cases studied in this diploma thesis, mixing of water and compression of carbon dioxide at the 

final pressure of 180 bar is advantageous comparing to mixing them at an intermediate 

pressure and then compress the mixture to the final one. The cost savings on FCI and TPC are 

calculated from the following equation. 

𝐶𝑜𝑠𝑡 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 =
𝐶𝑜𝑠𝑡𝐼𝑃 − 𝐶𝑜𝑠𝑡𝐻𝑃

𝐶𝑜𝑠𝑡𝐼𝑃
 

They are presented in the following table. 

Table 10.20 Percentage Cost Savings (%): FCI/TPC per unit 

 Cost Savings 

FCI (€/t inj. CO2) 7.30 

FCI (€/t carb. water) 7.45 

TPC (€/t inj. CO2) 2.26 

TPC (€/t carb. water) 2.42 

 

The cost savings on the fixed capital investment and the total product cost per unit of injected 

carbon dioxide and produced carbonated water are not the same, since the amount of the 

CO2 stream that is removed in the form of condensates at the flash vessels, differs in each 

case. As a result, the amount of the produced carbonated water to injection varies from one 

case to another. 
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11 Discussion 
The production process for the carbonated water to injection is developed and simulated. The 

availability of a model that accurately predicts the CO2 solubility in the CO2-O2-N2-water-salts 

system is necessary for its development. In the present work, two models are presented and 

one is developed for this purpose. 

The model of Duan and Sun is based on the equality of the chemical potentials of carbon 

dioxide between the liquid and the vapor phase. The chemical potential of CO2 in the liquid 

phase is described by the specific interaction model of Pitzer. Their approach proposes a non-

iterative equation to calculate 𝜑𝐶𝑂2
as a function of temperature and pressure. As a result, all 

the parameters that are needed for the calculation of the CO2 solubility can be calculated 

directly without any iteration. 

The model of Li et al. is based on the Henry constant, which correlates the gas fugacity of a 

component with its activity in the water phase. The liquid phase is described by the Pitzer 

model, which is used to calculate aqueous species activity coefficients. For the vapor phase, 

the fugacity coefficients of gaseous species are calculated using the Peng-Robinson equation 

of state. The CO2 solubility is calculated through an iterative method. The convergence 

criterion is the equality of the fugacities in the liquid and the vapor phase. 

The model developed in this work is based on the Henry coefficient. For the liquid phase, the 

fugacity of water is described as presented by Prausnitz et al. and that of CO2 through the 

Henry coefficient. It is expressed as a function of temperature and salinity through correlation 

of their values to solubility data of CO2 in pure water and NaCl solutions. The vapor phase is 

described by the t-m Peng Robinson. The CO2 solubility is calculated through an iterative 

method. The convergence criterion is the equality of the fugacities in the liquid and the vapor 

phase. 

The basic advantage of Duan and Sun’s model, compared to the model of this work, is the easy 

calculation of the CO2’s fugacity coefficient in the vapor phase, as it does not require an 

iterative method, requiring this way less computational time. Their model is not able to 

calculate the fugacities of CO2 in the vapor phase and these of water-NaCl brine in both phases 

(vapor-liquid). This is a very important fact, since they are needed for the process simulations, 

when implementing a model through CAPE-OPEN. On the other hand, the developed model 

of this work is able to calculate the fugacities in both phases and predict in a better way the 

CO2 solubility at higher salt concentrations, higher than 4 mol/kg solvent. Finally, the 

advantage of Li et al.’s model is that, despite the not so accurate prediction of the CO2 

solubility in CO2-water-brine systems, it includes the effect of the impurities, such as O2 and 

N2. 

The inclusion of the impurities’ effect on CO2 solubility is considered of first priority and, thus, 

the model of Li et al. 2018 is studied and used for the simulation. After comparing it with both 

binary and ternary systems, it is shown that its main disadvantage is that it underestimates 

the CO2 solubility.  

The most important factors that affect the CO2 solubility in water are the pressure, the 

temperature, the salinity and the impurities’ content. It is observed that the solubility 

increases with pressure, decreases with salinity and impurities’ content. The influence of the 

temperature is more complex. Its effect varies according to the values of the aforementioned 
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factors. In general, in temperatures below 100o C the solubility decreases, whereas over 100oC 

it increases with it. 

The model of Li et al. 2018 is implemented in Unisim for the thermodynamic description of 

the system CO2-N2-O2-water-NaCl brines in the carbonated water injection process, because 

of the incapability of the already existing thermodynamic models to predict the effect of 

salinity and hydrogen bonding. The salinity is introduced in the simulator through the addition 

of a pseudocomponent that represents the concentration of ions that form NaCl. NaCl is 

considered to be the salt that has the greater influence on the CO2 solubility.  It should be 

noted that, despite that the model of Li et al. (2018) predicts the equilibrium in the 

aforementioned system, it is not able to calculate the thermodynamic properties of the fluid 

and therefore Peng-Robinson is used. It is proven that Peng-Robinson simulates in a better 

way the behavior of Li et al.’s model than the other available models, like Soave-Redlich-

Kwong.  

The modelling of the carbonated water injection process that is proposed consists of mixing a 

water-brine with a CO2 stream. The CO2 stream is compressed through a multi-stage 

compression with intercooling scheme and the water is pumped to the same pressure. This 

takes place, so that the whole amount of CO2 is dissolved. Then, the final stream enters 

through a flash separator and the liquid product of it is the carbonated water. 

One of the most important characteristics of the CWI process is that, for standard quantities 

of water-brine and CO2, the raise of pressure doesn’t not have the same impact, and after a 

point any, on the increase of the CO2 solubility (Figures 6.2-6.6). As a result, since the access 

to compression’s power in an offshore installation is difficult, the unnecessary compression 

to a higher pressure needs to be avoided.  

The simulation results of the case study indicate that, for the production of carbonated water, 

the energy requirements for the pumping of water play a more significant role than the carbon 

dioxide compression ones. The pumping duties, though, are of similar values in both 

intermediate and high pressure cases. The comparison of the compression and cooling duties 

suggests that the pumping of water and the compression of the CO2 to an intermediate 

pressure and after their mixing, the pumping of the carbonated water in the pressure of 180 

bar has the advantage over the pumping of the water and the compression of the carbon 

dioxide in the pressure of 180 bar and then their mixing. 

More specifically, the energy savings are 25-45% for compression and 49-63% for cooling. It is 

observed that the lower the CO2 quantity that is about to be dissolved, the greater are the 

energy savings on compression and cooling.   

It should be noted, though, that the intermediate pressure cases require a second pump, 

which increases the CAPEX of the process. In terms of cost, despite the fact that the 

compressors in the high pressure cases are larger in size, the cost of the second pump in the 

intermediate pressure ones plays a critical role. The most important costs of a pump are the 

maintenance and the energy ones.  

The sensitivity analysis indicates that the type of compression (one vs multi-stage) is very 

crucial, since 18-27 and 44% savings on the compression duties can be achieved in the 

intermediate and high pressure cases respectively. Moreover, the outlet temperature, in the 

one-stage compression, is very high and can lead to the degradation of the materials used.  
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The approach to thermodynamic equilibrium in the mixing process plays an important role in 

the intermediate pressure cases, since 2-8 and 3-9% losses on the compression and the 

cooling duties can take place, as it ranges from 95 to 85%, which are typical values as mixing 

measures. 

The pressure drops in the heat exchangers and the mixer are considered to be the most critical 

factor that affects the compression and cooling duties. Their effect on the first can be up to 

13-23% in the intermediate pressure cases and up to 7% in the high pressure ones. On the 

latter it can reach the level of 13-21% and 4% in the intermediate and high pressure ones 

respectively. Despite their influence, in terms of energy, the intermediate pressure cases are 

still profitable. 

Knowing that the minimum work is achieved when each compression stage has the same 

pressure ratio, diverse pressure ratios are tested. It is noticed that they have minimal effect 

on the compression and cooling duties.  

Even after the study of the effect of these factors, in terms of energy requirements, the 

intermediate pressure cases remain profitable than the high pressure ones. 

The cost evaluation consists of evaluating the bare module cost (CBM), the fixed capital 

investment (FCI) and the total product cost (TPC). It indicates that the FCI and the TPC are 

lower in the high pressure cases than in the intermediate pressure ones.  More specifically, 

the cost savings on the FCI and the FCI per tonne of injected CO2 and produced carbonated 

water range from 7.30 to 7.45 % and these on TPC and TPC per tonne of injected CO2 and 

produced carbonated water from 2.26 to 2.42 %. As a result, from an economic point of view 

the high pressure cases are profitable. 

Despite the fact that the analysis on the energy requirements of the process suggests that the 

intermediate pressure case is preferable, the preliminary evaluation of the economics of the 

process indicates that high pressure one is marginally profitable. It should also be noticed that 

the effect of the water pumping, compression and cooling duties is included in the cost 

evaluation, in the form of the pumps’, compressors’ and utilities’ cost. 
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12 Conclusions and Future Work 
The objective of this diploma thesis was the development and simulation of the production 

process of aqueous solutions, of constant salinity, saturated with carbon dioxide. The 

development of this process required the availability of a model that is able to accurately 

predict the solubility of CO2 in water-salts systems for a wide range of pressures, temperatures 

and salinities. At first, the modelling of the mixtures’ phase equilibrium was studied and then 

the production’s simulation of saline aqueous solutions took place, through a commercial 

package for process design and simulation. Τhe effect of the operational parameters of the 

carbonated water to injection process on the energy requirements and the cost of the process 

were also studied. 

In this work, two existing models were examined for the prediction of the CO2 solubility in 

water and NaCl brines. The first model is the model of Duan and Sun, which describes the 

liquid phase using Pitzer type equations for the calculation of the interaction parameters 

between the carbon dioxide and the ions and the CO2’s chemical potential in a hypothetically 

ideal solution. The vapor phase is described through an expression of the CO2’s fugacity 

coefficient as a function of pressure and temperature. The CO2 solubility is calculated by 

equalizing the chemical potential of CO2 in the liquid and the vapor phase. The second model 

is the model of Li et al., which describes the phase equilibrium using the Peng-Robinson 

equation of state for the vapor phase, while  for the liquid phase the Henry constant and the 

activity coefficient, which is calculated by Pitzer type equations, are used. 

The model developed in this work describes the phase equilibrium based on the equality of 

the fugacities of each component in both phases. The vapor phase is described by the t-m 

Peng-Robinson equation of state. In the liquid phase, the fugacity of water is described as 

presented by Prausnitz et al. and that of CO2 through the Henry coefficient, which  is expressed 

as a function of temperature and salinity through correlation of their values to solubility data 

of CO2 in pure water and NaCl solutions. 

The basic advantage of Duan and Sun’s model, compared to the model of this work, is the 

direct calculation of the CO2’s fugacity coefficient in the vapor phase, which is based on a non-

iterative method, and as a result it requires less computational time. On the other hand, the 

new model predicts in a better way the CO2 solubility at higher salt concentrations, higher 

than 4 mol/kg solvent. Finally, the advantage of Li et al.’s model is that, despite the not so 

accurate prediction of the CO2 solubility in CO2-water-brine systems, it includes the effect of 

the impurities, such as O2 and N2. 

Despite the fact that the model presented in this work predicts the solubility of carbon dioxide 

accurately, there is some room for improvement. A future work that is suggested is that, for 

the correlations of 𝐻𝐶𝑂2

∗  and �̅�𝐶𝛰2

∞ , only experimental data should be used and not generated 

ones like those of Duan and Sun (2003). The same work could be done by using a wider variety 

of experimental data of binary and ternary systems, in order to predict the solubility of carbon 

dioxide in the system CO2-N2-O2-H2O-NaCl.  

After examining the performance of the thermodynamic models, the production process of 

the carbonated water to injection was developed and simulated using the Honeywell’s 

commercial package Unisim Design. It should be noted that the already existing 

thermodynamic models in Unisim are not able to describe the phase equilibrium of the CO2-

O2-N2-water and salts system. They are not able to describe the hydrogen bonding that 
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characterizes the equilibrium and the effect of polar molecules, like these of inorganic salts 

that are present. As a result, the model of Li et al. was introduced in Unisim through the CAPE-

OPEN Interface Standard. Since this model is not able to calculate the thermodynamic 

properties of the fluid, a comparison was made between the two classical equations of state, 

Peng-Robinson and Soave-Redlich-Kwong, so as to be found which one simulates in a better 

way the Li et al.’s model, in order to be used for the calculation of the rest of the properties. 

Regarding the implementation of the thermodynamic model in the process simulation, further 

work should be done. Based on experimental data, correlations could be made for the liquid 

phase, in order to estimate more accurately some of the most important properties of the 

system CO2-N2-O2-H2O-NaCl, like the density or the heat capacity.   

Another point that could be examined more is the setup of the fluid package Peng-Robinson. 

The effect of the different combinations of the options: Enthalpy, Density, Modify H2 Tc and 

Pc, Viscosity, Peng-Robinson Options and Water Solubility Option, could be tested. Moreover, 

a more detailed analysis on the introduction of the salinity in Unisim could be done. More 

specifically, the selection of the pseudocomponent’s properties could be investigated more.  

The process simulation was studied based on a case study provided by the oil and gas company 

Equinor, Norway, which refers to an offshore process, that produces carbonated water, by 

mixing a water and a carbon dioxide stream, in the pressure of 180 bar. 

Two cases were studied in order to reach this pressure: a) the pumping of water and the 

compression of carbon dioxide in an intermediate pressure, which secures the complete 

dissolution of CO2, and after their mixing, the pumping of the carbonated water in the 

pressure of 180 bar and b) the pumping of the water and the compression of the carbon 

dioxide in the pressure of 180 bar and then their mixing. The criteria, on which the final 

selection of the optimal case was based, are the energy demands concerning the cooling and 

the compression of the CO2 stream, the pumping of the water stream and the overall cost of 

the process. 

The results indicated that the requirements for the pumping of water have similar values for 

both cases. Thus, the compression and the cooling ones are those which define the final 

selection. It was shown that in terms of energy demands, the intermediate pressure case is 

profitable.  

Furthermore, a sensitivity analysis was conducted in order to examine the effect of the most 

important operational or structural parameters of the selected production process on the 

aforementioned duties. Therefore, the effect of the type of compression (single vs multi-

stage), the approach to thermodynamic equilibrium at the mixer, the pressure drop at the 

heat exchangers and the mixer and the pressure ratio was studied.  

The energy requirements for compression are lower when the scheme of multistage 

compression is chosen and the pressure ratio of the compression stages is the same. The 

required pressure for the complete dissolution of the given amount of CO2 decreases with the 

decrease of the deviation from the thermodynamic equilibrium and increases with the 

pressure drop at the heat exchangers and the mixer. The higher the compression pressure, 

the higher the cooling and the compression duties. 

A preliminary evaluation of the economics of the alternate cases took place. It consisted of 

the comparison of the fixed capital investment (FCI), the total product cost (TPC) and their 
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values per tonne of injected carbon dioxide and produced carbonated water. It was indicated 

that the cases, which consist of the pumping of water and the compression of carbon dioxide 

in the pressure of 180 bar and then their mixing, are profitable from an economic perspective. 

It was also observed that, due to the economy of scale, the cost per unit of produced 

carbonated water decreases as the capacity of the unit rises.  

Taking into consideration both these criteria and that the effect of the required duties for 

cooling, compression and pumping was included in the cost evaluation, it is concluded that 

the most profitable way of producing the carbonated water is by pumping the water and 

compressing the carbon dioxide stream in the pressure of 180 bar and then mixing them. 
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Appendices 

Appendix A 
Duan and Sun 

The coefficients that are used in the equations of Duan and Sun’s model are presented in the 

following tables. 

Table A.1 Coefficients c1-c11 for 𝜇𝐶𝑂2

𝑙(0)
/𝑅𝑇, 𝜆𝐶𝑂2−𝑁𝑎, 𝜁𝐶𝑂2−𝑁𝑎−𝐶𝑙  

Coefficients 𝝁𝑪𝑶𝟐

𝒍(𝟎)
/𝑹𝑻 𝝀𝑪𝑶𝟐−𝑵𝒂 𝜻𝑪𝑶𝟐−𝑵𝒂−𝑪𝒍 

c1 28.9447706 -0.411370585 3.36389723e-4 

c2 -0.0354581768 6.07632013e-4 -1.98298980e-5 

c3 -4770.67077 97.5347708 - 

c4 1.02782768e-5 - - 

c5 33.8126098 - - 

c6 9.04037140e-3 - - 

c7 -1.14934031e-3 - - 

c8 -0.307405726 -0.0237622469 2.1222083e-3 

c9 -0.0907301486 0.0170656236 -5.24873303e-3 

c10 9.32713393e-4 - - 

c11 - 1.41335834e-5 - 
 

Table A.2 Coefficients c1-c15 for 𝜑𝐶𝑂2
 

Coefficients 1 2 3 4 5 6 

c1 1 -7.1734882e-1 -6.5129019e-2 5.0383896 -16.063152 -1.5693490e-1 

c2 4.7586835e-3 1.5985379e-4 -2.1429977e-4 -4.4257744e-3 -2.7057990e-3 4.4621407e-4 

c3 -3.3569963e-6 -4.9286471e-7 -1.1444930e-6 0 0 -9.1080591e-7 

c4 0 0 0 1.9572733 1.4119239e-1 0 

c5 -1.3179396 0 0 0 0 0 

c6 -3.8389101e-6 -2.7855285e-7 -1.1558081e-7 2.4223436e-6 8.1132965e-7 1.0647399e-7 

c7 0 1.1877015e-9 1.1952370e-9 0 0 2.4273357e-10 

c8 2.2815104e-3 0 0 -9.3796135e-4 -1.1453082e-4 0 

c9 0 0 0 -1.5026030 2.3895671 3.5874255e-1 

c10 0 0 0 3.0272240e-3 5.0527457e-4 6.3319710e-5 

c11 0 0 0 -31.377342 -17.763460 -249.89661 

c12 - -96.539512 -221.34306 -12.847063 985.92232 0 

c13 - 4.4774938e-1 0 0 0 0 

c14 - 101.81078 71.820393 0 0 888.76800 

c15 - 5.3783879e-6 6.6089246e-6 -1.5056648e-5 -5.4965256e-7 -6.6348003e-7 

 

 

Li et al. 

The parameters that are used in the equations of Li et al.’s model are presented in the 

following tables. 

1: 273 K < T < 573 K, P<P1 (when T<305 K, P1 equals to the saturation pressure of CO2; when 305 K < T < 405 K, P1=75+(T-305)x1.25; when 

T>405 K, P1=200 bar.); 2: 273 K < T < 340 K, P1<P<1000 bar; 3: 273 K < T < 340 K, P>1000 bar; 4: 340 K < T < 435 K, P1<P<1000 bar; 5: 340 K < T < 

435 K, P>1000 bar; and 6:T>435 K, P>P1. 
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Table A.3 Parameters of each component for PR EOS 

 Tc(K) Pc(bar) ω 

CO2 304.2 73.83 0.2236 

N2 126.2 34.0 0.0377 

O2 154.6 49.8 0.021 

H2O 647.3 221.2 0.3434 

 

Table A.4 Binary interaction parameters (kij) for Peng-Robinson 

kij H2O CO2 N2 O2 

H2O - 0.1896 0.32547 0.20863 

CO2 0.1896 - -0.007 0.114 

N2 0.32547 -0.007 - -0.0119 

O2 0.20863 0.114 -0.0119 - 
 

Table A.5 Parameters a1-a7 for the Henry Constant of H2O 

i ai 

1 9.31063597 

2 -1.892867005*10-1 

3 1.307135652*10-3 

4 -3.800223763*10-6 

5 4.592053*10-9 

6 16.2996873 

7 2.81119409*10-2 

 

Table A.6 Parameters A0-A5 for the equilibrium constants of CO2, O2 and N2 

 A0 A1 A2 A3 A4 A5 

CO2 -10.52624 2.3547*10-2 3972.8 0 -5.8746*105 -1.9194*10-5 

O2 7.5001 -7.8981*10-3 0 0 -2.0027*105 0 

N2 58.453 -1.818*10-3 -3199 -17.909 27.460 0 
 

Table A.7 Parameters a1,i-a4,i and ωi for the partial molar volumes of CO2, O2 and N2 

 a1,i a2,i a3,i a4,i ωi 

CO2 7.29 0.92 2.07 -1.23 -1.6 

O2 5.7889 6.3536 3.2528 -3.0417 -0.3943 

N2 7 0 0 0 0 
 

Table A.8 Parameters for the dielectric constant of water 

i Ui 

1 3.4279*102 

2 -5.0866*10-3 

3 9.4690*10-7 

4 -2.0525 

5 3.1159*103 

6 -1.8289*102 



81 
 

7 -8.0325*103 

8 4.21452*106 

9 2.1417 

 

Table A.9 Parameters of Pitzer interaction equations for gas components and main ion species 

Parameters Fitted Equation 

𝝀𝑪𝑶𝟐−𝑵𝒂 
−0.411370585 + 6.07632013 ∗ 10−4 ∗ 𝑇 +

97.5347708

𝑇
− 0.0237622469 ∗

𝑃

𝑇
+ 0.0170656236 ∗

𝑃

630−𝑇
+ 1.41335834 ∗ 10−5 ∗ 𝑇 ∗ 𝑙𝑛𝑃  

𝜻𝑪𝑶𝟐−𝑵𝒂−𝑪𝒍 
3.36389723 ∗ 10−4 − 1.98298980 ∗ 10−5 + 2.12220830 ∗ 10−3 ∗

𝑃

𝑇
−

5.24873303 ∗ 10−3 ∗
𝑃

630−𝑇
  

𝝀𝑶𝟐−𝑵𝒂 0.19997 

𝜻𝑶𝟐−𝑵𝒂−𝑪𝒍 −1.2793 ∗ 10−2 

𝝀𝑵𝟐−𝑵𝒂 
−2.4434074 + 0.36351795 ∗ 10−2 ∗ 𝑇 + 0.44747364 ∗

103

𝑇
−

0.13711527 ∗ 10−4 ∗ 𝑃 + 0.7103721 ∗ 10−5 ∗
𝑃2

𝑇
  

𝝀𝑵𝟐−𝑵𝒂−𝑪𝒍 −0.58071053 ∗ 10−2 

 

Model developed in this work 

The parameters that are used in the equations of the model presented in this work are 

presented in the following tables. 

Table A.10 Parameters of each component for t-m PR EOS 

 Tc(K) Pc(bar) ω 

CO2 304.2 72.8 0.225 

H2O 647.3 217.6 0.344 

 

Table A.11 Parameters a1-a12 for the calculation of 𝐻𝐶𝑂2

∗  

i ai 

1 54770361801.0975*10-5 

2 -23782444042.4155*10-6 

3 -10866865456.1957*10-9 

4 42624141064.4264*10-13 

5 - 18605714199.0893*10-9 

6 1049242847.7532*10-10 

7 -12426802122.3715*10-14 

8 1922432361.7885*10-10 

9 43549173790.2085*10-7 

10 -48671104232.7079*10-11 

11 59301387182.4553*10-12 

12 1386735379.8785*10-9 
 

Table A.12 Parameters A1-A9 for the calculation of �̅�𝐶𝛰2

∞  

i Ai 
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1 -15975149997.2988 * 10-12 

2 10183185592.6854 * 10-12 

3 - 19288680834.5857*10-13 

4 1807516897.8622*10-13 

5 - 3535100035.0961 * 10-19 

6 -78753819193.9352 * 10-15 

7 14283081009.5592 * 10-17 

8 12345078510.2997*10-15 

9 - 22005328591.0771 * 10-18 
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Appendix B 
In this appendix, some more figures concerning the effect of pressure, temperature and 

salinity on the CO2 solubility from Chapter 2, are presented. 

 

Figure B.1 CO2 solubility using Li et al.’s 2018 model for the different temperatures (S=0 mol/kg solvent) as a 
function of pressure 

 

Figure B.2 CO2 solubility using Li et al.’s 2018 model for the different temperatures (S=0.5 mol/kg solvent) as a 
function of pressure 
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Figure B.3 CO2 solubility using Li et al.’s 2018 model for the different pressures (S=0.5 mol/kg solvent) as a 
function of temperature 

 

Figure B.4 CO2 solubility using Li et al.'s 2018 model for the different salinities (T=293.15 K) as a function of 
pressure 
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Figure B.5 CO2 solubility using Li et al.'s 2018 model for the different salinities (T=298.15 K) as a function of 
pressure 
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Appendix C 
The following tables and figures refer to the comparison of the model of Li et al. (2018) with 

experimental and generated data in both binary and ternary systems.  

Table C.1 Errors % in CO2 solubility in binary system: Model of Li et al. 2018 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et al. 

2018 

Bando et al. 
2003 % error 

0.1711 303.15 100 0.020922 0.02270 7.83 

150 0.022217 0.02350 5.46 

200 0.023337 0.02460 5.14 

Average (%) error 6.14 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et al. 

2018 

Bando et al. 
2003 % error 

0.3492 303.15 100 0.02008 0.02150 6.63 

150 0.02132 0.02230 4.42 

200 0.02239 0.02320 3.48 

Average (%) error 4.84 

Salinity (mol/kg 
solvent 

T(K) P(bar) 
Model of Li et al. 

2018 

Bando et al. 
2003 % error 

0.5292 303.15 100 0.01926 0.02090 7.86 

150 0.02044 0.02200 7.08 

200 0.02148 0.02270 5.37 

Average (%) error 6.77 
  

Table C.2 Errors % in CO2 solubility in binary system: Model of Li et al. 2018 

CO2 solubility (mol/kg solvent) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et al. 

2018 

Duan and Sun 
2003 % error 

0 303.15 10 0.25728 0.28090 8.41 

  50 0.98339 1.08110 9.04 

  100 1.23938 1.36110 8.94 

  200 1.38708 1.48890 6.84 

1 303.15 10 0.21010 0.22940 8.41 

50 0.79400 0.87290 9.04 

100 0.99783 1.09580 8.94 

200 1.11697 1.19900 6.84 

Average (%) error 8.31 
 

Table C.3 Errors % in CO2 solubility in ternary system: Model of Li et al. 2018 

CO2 solubility (mol/mol) in the ternary system (CO2-N2-H2O) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et al. 

2018 Liu et al. 2012 % error 

0 308.15 160 0.01998 0.02290 12.76 

0.01938 0.02180 11.12 

0.01862 0.02040 8.71 

0.01626 0.01790 9.16 

0.01421 0.01570 9.51 
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Average (%) error 10.65 

 

Table C.4 Errors % in CO2 solubility in ternary system: Model of Li et al. 2018 

N2 solubility (mol/mol) in the ternary system (CO2-N2-H2O) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et al. 

2018 Liu et al. 2012 % error 

0 308.15 160 0.00035 0.00033 7.13 

0.00042 0.00040 5.14 

0.00049 0.00049 0.41 

0.00066 0.00063 4.70 

0.00078 0.00079 1.01 

Average (%) error 3.68 

 

 

Figure C.1 Comparison of Li et al. 2018 model’s predictions with the experimental data of Bando et al. 2003 
(T=303.15 K, S=0.1711 molality) as a function of pressure 
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Figure C.2 Comparison of Li et al. 2018 model’s predictions with the experimental data of Bando et al. 2003 
(T=303.15 K, S=0.3492 molality) as a function of pressure 

 

Figure C.3 Comparison of Li et al. 2018 model’s predictions with the experimental data of Bando et al. 2003 
(T=303.15 K, S=0.5292 molality) as a function of pressure 
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Figure C.4 Comparison of Li et al. 2018 model’s predictions with the experimental data of Liu et al. 2012 (T=308.15 
K, P=160 bar, S=0 molality) as a function of pressure 

 

Figure C.5 Comparison of Li et al. 2018 model’s predictions with the generated data of Geng and Duan 2010 
(T=303 K, S=0 molality) as a function of pressure 
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Figure C.6 Comparison of Li et al. 2018 model’s predictions with the generated data of Duan and Sun 2003 
(T=303.15 K, S=0 molality) as a function of pressure 
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Appendix D 
The comparison of the model presented in this work and the model of Duan et al. (2006) with 

experimental data takes place in the following table and figures.  

Table D.1 Errors % in 𝐶𝑂2 solubility: Model of Duan et al. 2006-Model presented in this work 

Salinity 
(mol/kg solvent) 

T 
(K) 

P 
(bar) 

%Error in CO2 solubility 
        this work                  Duan et al. 2006 

Experimental Data by Takenouchi and Kennedy 1965 

0 423.15 100 3.26 2.84 

200 6.79 4.72 

300 2.54 2.08 

400 1.33 1.34 

500 0.40 0.61 

600 0.63 0.28 

800 0.22 0.08 

1000 1.46 2.46 

1200 1.55 2.99 

1400 3.55 4.18 

average % error 2.17 2.16 

0 473.15 100 2.31 3.16 

200 8.67 7.06 

300 5.53 5.81 

400 5.99 6.37 

500 6.17 6.36 

600 5.39 5.36 

800 1.75 1.65 

1000 2.88 2.68 

1200 6.10 6.83 

1400 4.85 11.09 

average % error 4.96 5.64 

1.0922 423.15 100 7.42 6.68 

200 9.47 6.86 

300 3.92 3.24 

400 0.48 0.57 

500 0.82 0.43 

600 0.86 0.45 

800 1.70 1.78 

1000 1.01 2.59 

1200 0.61 1.52 

1400 0.01 2.96 

average % error 2.63 2.71 

1.0922 473.15 100 6.37 6.44 

200 6.04 3.77 

300 2.12 1.95 

400 0.46 0.48 

500 2.27 2.55 

600 1.68 2.29 

800 2.77 3.64 

1000 5.50 6.18 



92 
 

1200 6.10 7.96 

1400 1.10 9.31 

average % error 3.44 4.46 

4.2779 423.15 100 35.67 41.95 

200 23.59 27.47 

300 13.97 14.25 

400 15.18 14.69 

500 13.94 13.61 

600 7.20 7.40 

800 1.97 3.41 

1000 0.14 3.12 

1200 3.70 0.48 

1400 8.24 1.18 

average % error 12.36 12.76 

overall % error  5.11 5.54 
Experimental data by Rumpf et al. 1994 

3.997 313.16 4.67 0.01 9.56 

313.14 9.11 6.10 2.67 

313.14 19 7.82 0.86 

313.19 31.47 7.03 1.58 

313.19 51.23 8.93 4.77 

313.19 69.17 9.98 5.87 

average % error 6.65 4.22 

 333.13 6.25 7.31 6.44 

333.16 11.41 4.88 5.81 

333.16 13.28 7.22 2.47 

333.15 25.14 6.18 0.88 

333.16 28.71 8.05 1.64 

333.14 35.21 7.18 1.43 

333.17 47.37 8.13 3.44 

333.15 73.03 8.28 4.65 

333.16 96.42 9.13 5.90 

average % error 7.37 3.63 

 353.12 8.17 2.68 7.78 

353.12 16.42 4.76 5.17 

353.1 33.87 7.38 0.11 

353.1 55.92 7.58 2.58 

353.12 69.4 6.43 2.30 

353.11 83.37 8.17 4.70 

353.11 96.37 9.44 6.24 

average % error 6.63 4.13 

 393.07 12.04 7.11 7.44 

393.19 23.31 3.77 1.37 

393.1 47.42 5.30 0.32 

393.19 76.5 6.19 2.09 

393.12 93.28 5.52 2.31 

average % error 5.58 2.71 

 413.07 13.93 6.41 3.44 

413.08 25.5 5.77 3.56 
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413.09 50.42 5.61 0.78 

413.07 86.71 6.09 2.63 

average % error 5.97 2.60 

 432.86 16.62 9.03 1.78 

432.96 28.58 6.20 3.17 

432.95 59.12 4.87 1.49 

432.98 90.48 5.37 0.45 

average % error 6.37 1.72 

5.999 313.31 6.02 3.67 5.78 

313.22 12.32 0.15 3.74 

313.28 26.4 1.35 5.35 

313.27 44.3 0.64 7.37 

313.31 67.99 0.09 9.59 

313.19 84.27 1.41 10.43 

average % error 1.22 7.04 

 333.12 8.2 2.64 7.78 

333.12 16.78 0.18 2.05 

333.1 36.57 1.03 5.76 

333 68.44 0.26 8.03 

333.05 86.7 1.07 9.46 

average % error 1.03 6.62 

 353.12 9.97 0.70 4.33 

353.11 20.32 0.76 0.67 

353.08 43.94 0.32 6.03 

353.1 76.1 1.33 5.64 

353.08 90.44 1.61 9.58 

average % error 0.94 5.25 

 393.17 14.21 1.59 4.56 

393.14 27.78 0.54 3.47 

393.13 59.37 1.61 3.32 

393.12 91.35 2.39 9.29 

average % error 1.53 5.16 

 413.09 16.61 1.00 4.33 

413.09 31.95 5.39 5.06 

413.09 62.91 0.63 4.68 

413.12 92.01 0.18 7.46 

average % error 1.80 5.38 

 433.07 18.98 3.97 0.33 

433.05 34.06 0.53 1.00 

433.08 65.78 0.04 5.68 

433.05 89.81 0.19 6.45 

average % error 1.18 3.36 

overall % error  4.21 4.36 
Experimental data by Yan et al. 2011 

0 323.2 50 7.30 7.34 

100 11.64 5.38 

150 3.18 2.53 

200 0.74 0.50 

300 1.09 1.00 
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400 0.20 2.42 

average % error 4.02 3.20 

 373.2 50 0.49 0.88 

100 3.38 3.09 

150 3.65 3.30 

200 3.68 3.88 

300 1.60 1.74 

400 0.83 1.79 

average % error 2.27 2.45 

 413.2 50 2.46 1.63 

100 1.10 0.06 

150 2.87 1.99 

200 2.20 1.64 

300 1.08 0.75 

400 1.76 1.42 

average % error 1.91 1.25 

1 323.2 50 7.20 6.14 

100 6.81 2.60 

150 2.13 2.24 

200 3.98 4.49 

300 0.17 1.66 

400 2.18 0.11 

average % error 3.74 2.87 

 373.2 50 11.55 11.27 

100 6.73 6.22 

150 2.96 2.55 

200 5.51 5.82 

300 1.35 2.15 

400 1.64 3.71 

average % error 4.96 5.29 

 413.2 50 2.26 3.98 

100 0.44 0.34 

150 8.11 6.98 

200 5.34 3.98 

300 10.02 9.49 

400 0.99 1.06 

average % error 4.53 4.30 

5 323.2 50 3.99 4.38 

100 2.10 3.64 

150 2.96 8.47 

200 3.27 3.65 

300 6.73 0.45 

400 9.64 1.29 

average % error 4.78 3.65 

 373.2 50 1.14 0.32 

100 2.38 3.43 

150 5.46 8.55 

200 9.31 13.71 

300 3.92 8.45 

400 15.13 3.14 
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average % error 6.22 6.27 

 413.2 50 8.42 6.12 

100 1.57 2.12 

150 7.20 9.16 

200 12.94 15.48 

300 2.81 0.86 

400 4.96 0.65 

average % error 6.32 5.73 

overall % error  4.31 3.89 
Experimental data by Liu et al. 2011 

0 308.15 21 10.89 9.07 

40.9 9.45 7.83 

60.8 9.77 7.74 

80.9 7.34 5.35 

100.8 5.52 6.15 

120.5 6.12 6.52 

140.1 8.11 7.64 

158.3 8.28 7.46 

average % error  8.18 7.22 

 318.15 20.8 8.10 6.98 

41 8.60 6.53 

60.9 7.96 6.23 

81.1 9.89 7.11 

100.8 9.85 7.49 

120.6 8.99 7.78 

141.1 7.95 7.02 

158.6 7.11 6.51 

average % error 8.56 6.96 

 323.15 21 7.04 5.41 

41.1 5.19 3.39 

61.2 6.42 4.58 

81 5.61 3.00 

101 6.65 2.87 

120.4 6.20 4.53 

159.9 4.01 3.44 

average % error 5.87 3.89 

 328.15 28.6 7.29 6.24 

43.7 8.79 7.21 

61.1 8.34 6.79 

84.8 7.64 5.55 

99.9 7.25 4.59 

122 7.99 5.57 

131.9 8.37 6.54 

152.3 6.55 5.38 

average % error 7.78 5.99 

1.9013 318.15 21 4.00 1.92 

40.9 0.90 0.91 

60.6 1.10 0.03 

81 0.86 1.29 
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100.9 0.25 1.35 

121 0.33 0.32 

140.8 1.50 0.57 

158.3 1.79 0.49 

average % error 1.34 0.86 

overall % error  6.36 5.01 
Experimental data by Bando et al. 2003 

0 303.15 100 1.41 0.35 

150 0.12 0.63 

200 0.76 1.44 

average % error 0.76 0.81 

 313.15 100 2.75 4.97 

150 2.70 3.09 

200 1.99 3.04 

average % error 2.48 3.70 

 323.15 100 1.00 2.81 

150 2.55 3.10 

200 0.82 0.91 

average % error 1.46 2.27 

 333.15 100 3.19 1.65 

150 1.10 0.63 

200 2.10 2.89 

average % error 2.13 1.72 

0.1711 303.15 100 0.36 0.67 

150 1.71 2.32 

200 1.50 2.11 

average % error 1.19 1.70 

 313.15 100 1.26 3.24 

150 2.18 2.64 

200 1.79 2.43 

average % error 1.74 2.77 

 323.15 100 0.20 3.99 

150 2.87 3.45 

200 0.18 0.44 

average % error 1.08 2.63 

 333.15 100 2.90 1.28 

150 1.27 0.61 

200 0.95 0.68 

average % error 1.71 0.86 

0.3492 303.15 100 1.51 2.30 

150 3.47 3.77 

200 3.57 4.21 

average % error 2.85 3.43 

 313.15 100 1.06 0.45 

150 0.38 0.74 

200 2.04 2.28 

average % error 1.16 1.16 

 323.15 100 0.45 3.58 

150 1.67 2.27 
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200 0.40 0.44 

average % error 0.84 2.10 

 333.15 100 0.38 2.13 

150 1.84 0.09 

200 0.66 0.43 

average % error 0.96 0.89 

0.5292 303.15 100 0.91 1.28 

150 1.39 1.23 

200 2.62 2.51 

average % error 1.64 1.67 

 313.15 100 0.07 1.31 

150 0.80 0.84 

200 0.97 0.83 

average % error 0.61 1.00 

 323.15 100 0.97 2.70 

150 0.67 1.18 

200 0.33 0.24 

average % error 0.66 1.37 

 333.15 100 2.59 0.85 

150 0.85 0.78 

200 1.53 2.07 

average % error 1.66 1.23 

overall % error  1.08 1.83 
Experimental Data by King et al. 1992 

0 288.15 60.8 1.50 1.13 

70.9 2.48 0.00 

76 2.27 0.00 

101.3 0.83 1.45 

121.6 1.48 0.71 

131.7 0.96 1.41 

152 1.00 1.04 

157.1 0.93 1.38 

177.3 1.38 0.68 

202.7 1.20 1.00 

243.2 0.30 1.63 

average % error 1.30 0.95 

 293.15 65.9 1.26 0.40 

76 1.33 0.39 

96.3 0.73 1.15 

101.3 0.98 0.76 

136.8 0.16 1.49 

146.9 0.71 0.73 

152 0.62 0.73 

177.3 0.96 0.36 

202.7 0.34 1.05 

217.9 2.60 1.36 

average % error 0.97 0.84 

 298.15 76 2.79 0.41 

101.3 1.77 0.40 
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136.8 0.85 0.39 

152 0.25 0.77 

177.3 0.70 0.37 

202.7 0.83 0.00 

average % error 1.20 0.39 

overall % error  1.16 0.78 
Experimental data by Wiebe and Gaddy 1940 

0 285.15 50.6625 1.32 0.24 

75.9938 2.06 0.12 

101.325 1.53 1.40 

151.9875 1.74 1.25 

202.65 1.12 1.72 

303.975 1.48 5.17 

average % error 1.54 1.65 

 291.15 25.3313 0.23 1.53 

50.6625 0.03 1.56 

75.9938 0.07 0.68 

101.325 0.08 1.58 

151.9875 0.09 1.34 

202.65 0.01 1.37 

303.975 0.07 2.54 

average % error 0.08 1.52 

 298.15 50.6625 1.01 0.53 

75.9938 4.05 0.55 

101.325 0.66 0.49 

405.3 3.23 3.32 

average % error 2.24 1.22 

 304.19 25.3313 1.41 0.30 

50.6625 2.38 0.72 

75.9938 4.43 0.98 

101.325 1.78 0.72 

151.9875 0.52 0.18 

202.65 0.46 0.92 

405.3 2.56 3.11 

506.625 3.19 3.53 

average % error 2.09 1.31 

 308.15 25.3313 0.84 0.98 

50.6625 1.82 0.37 

75.9938 3.95 0.54 

101.325 1.18 0.75 

151.9875 0.69 0.16 

202.65 0.06 0.64 

405.3 2.66 2.83 

506.625 2.02 2.28 

average % error 1.65 1.07 

 313.15 25.3313 0.72 1.61 

50.6625 1.81 0.06 

75.9938 2.72 0.40 

101.325 1.06 0.27 
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126.6562 1.28 0.67 

151.9875 0.23 0.02 

202.65 2.97 2.70 

405.3 2.18 1.99 

506.625 2.07 2.55 

average % error 1.67 1.14 

overall % error  1.52 1.30 
Experimental data by Koschel et al. 2006 

1 323.1 51 0.562229 1.801802 

100.3 2.508848 1.219512 

143.8 1.108516 1.129944 

202.4 6.54861 2.762431 

average % error 2.68 1.73 

 373.1 50.7 13.50426 15 

104 4.137618 4.464286 

191.4 0.854152 1.863354 

average % error 6.17 7.11 

3 323.1 50 7.305028 6.024096 

100.4 5.282165 0.877193 

144.1 1.850364 1.612903 

202.4 5.732305 5.109489 

average % error 5.04 3.41 

 373.1 50.4 10.7981 16.27907 

102.9 1.806683 3.75 

190.2 0.061064 0.892857 

average % error 4.22 6.97 

overall % error 4.43 4.48 
 

 

Figure D.1 Comparison of models’ predictions with the experimental data of Takenouchi and Kennedy 1965 
(T=473.15 K, S=1.0922 molality) as a function of pressure 
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Figure D.2 Comparison of models’ predictions with the experimental data of Bando et al. 2003 (T=313.15 K, 
S=0.5292 molality) as a function of pressure 

 

Figure D.3 Comparison of models’ predictions with the experimental data of Koschel et al. 2006 (T=323.1 K, S=3 
molality) as a function of pressure 
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Figure D.4 Comparison of models’ predictions with the experimental data of Rumpf et al. 1994 (T=313.17 K, 
S=3.997 molality) as a function of pressure 

 

Figure D.5 Comparison of models’ predictions with the experimental data of Liu et al. 2011 (T=318.15 K, S=1.9013 
molality) as a function of pressure 
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Appendix E 
The Java code of Li et al. 2018 model is presented in this Appendix. 

public double calcCO2solubimpurities(double temperature, double pressure, 
double salinity, double molefracvapCO2, double molefracvapN2, double 
molefracvapO2, double molefracvapH2O) { 
 
//0=CO2,1=N2,2=O2,3=H2O 
double P=pressure; 
double T=temperature; 
double S=salinity; 
double y []= {molefracvapCO2,molefracvapN2,molefracvapO2,molefracvapH2O}; 
double m []= {0.0, 0.0, 0.0}; 
double Tc []= {304.2, 126.2, 154.6, 647.3}; 
double Pc []= {72.8, 34.0, 49.8, 217.6}; 
double w[]= {0.2236, 0.0377, 0.021, 0.3434}; 
double K12[][]= {{0.0,-0.007,0.114,0.2}, 
                 {-0.007,0.0,-0.0119,0.32547}, 
      {0.114,-0.0119,0.0,0.20863}, 
      {0.2,0.32547,0.20863,0.0}}; 
     
//Normalize Y 
double SUMY=0.0; 
for (int i=0; i<4; i++) { 
SUMY=SUMY+y[i];  
} 
for (int i=0; i<4; i++) { 
y[i]=y[i]/SUMY;  
} 
     
double R=8.314*Math.pow(10.0,-2.0); 
    
//Calculate A and B of pure compound 
double Tr[]= {0.0,0.0,0.0,0.0}; 
double ac=0.45724; 
double bc=0.07780; 
double d[]= {0.384401,1.52276,-0.213808,0.034616,-0.001976}; 
double dm[]= {0.0,0.0,0.0,0.0}; 
double ag[]= {0.0,0.0,0.0,0.0}; 
double asmal[]= {0.0,0.0,0.0,0.0}; 
double bsmal[]= {0.0,0.0,0.0,0.0}; 
double a[]= {0.0,0.0,0.0,0.0}; 
double b[]= {0.0,0.0,0.0,0.0}; 
     
for (int i=0; i<4; i++) { 
Tr[i]=T/Tc[i];dm[i]=d[0]+w[i]*(d[1]+w[i]*(d[2]+w[i]*(d[3]+w[i]*d[4]))); 
ag[i]=Math.pow((1.0+dm[i]*(1.0-Math.pow(Tr[i],0.5))),2.0); 
asmal[i]=ag[i]*ac*((Math.pow(R*Tc[i],2.0))/Pc[i]); 
bsmal[i]=bc*(R*Tc[i])/Pc[i]; 
a[i]=asmal[i]*P/(Math.pow(R*T,2.0)); 
b[i]=bsmal[i]*P/(R*T); 
} 
     
//Calculate A and B of mixture 
     
double av=0.0; 
double bv=0.0; 
double sumav[]= {0.0,0.0,0.0,0.0}; 
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double aij=0.0; 
    
for (int i=0; i<4; i++) { 
sumav[i]=0.0;  
  for (int j=0; j<4; j++) { 
  aij=Math.sqrt(a[i]*a[j])*(1.0-K12[i][j]);  
  av=av+y[i]*y[j]*aij; 
  sumav[i]=sumav[i]+y[j]*aij; 
  } 
bv=bv+y[i]*b[i];  
} 
 
//ZCUBIC  
double c0= 0.0; 
double c1= 0.0; 
double c2= 0.0; 
double c3= 0.0; 
      
c0=-(av*bv-Math.pow(bv,2.0)-Math.pow(bv,3.0)); 
c1=av-3.0*Math.pow(bv,2.0)-2.0*bv; 
c2=-(1.0-bv); 
c3=1.0; 
 
//PZEROS 
double OMEGA=0.0; 
double ROOT[]= {0.0,0.0,0.0}; 
double W[]= {0.0,0.0,0.0}; 
double k=0.0; 
double NRR=0.0;  
double PHI=0.0; 
double A0=c0/c3; 
double A1=c1/c3; 
double A2=c2/c3; 
double p=(3*A1-Math.pow(A2,2))/3.0; 
double Q=(27.0*A0-9.0*A1*A2+2.0*Math.pow(A2,3.0))/27.0; 
double D=(Math.pow(Q,2))/4.0+(Math.pow(p,3.0)/27.0); 
double r=Math.sqrt(Math.pow(Math.abs(p),3)/27.0); 
double PI=Math.acos(-1.0); 
       
if(D<Math.pow(10.0,-16.0)) 
{ 
NRR=3.0;PHI=Math.acos(-Q/(2.0*r)); 
  for (int i=0; i<3; i++){ 
  k=i-1.0; W[i]=2.0*Math.pow(r,(1.0/3.0))*Math.cos((PHI+2.0*PI*k)/3.0); 
  ROOT[i]=W[i]-A2/3.0; 
  } 
}else 
{ 
NRR=1.0; 
if(p<0.0) 
{ 
OMEGA=Math.asin(2.0*r/Q); 
PHI=Math.atan(Math.pow((Math.tan(Math.abs(OMEGA)/2.0)),1.0/3.0)); 
  if (OMEGA<0.0) 
  { 
  PHI=-PHI;W[0]=-2.0*Math.sqrt(-p/3.0)/Math.sin(2.0*PHI);  
  } 
}else 
{ 
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OMEGA=Math.atan(2.0*r/Q); 
PHI=Math.atan(Math.pow((Math.tan(Math.abs(OMEGA)/2.0)),1.0/3.0)); 
if(OMEGA<0.0) 
{ 
PHI=-PHI; 
} 
W[0]=-2.0*Math.sqrt(p/3.0)/Math.tan(2.0*PHI); 
} 
ROOT[0]=W[0]-A2/3.0;ROOT[1]=0.0;ROOT[2]=0.0; 
} 
          
double zv=0.0; 
double IERR=0.0; 
       
if(NRR==1.0) 
{  
zv=ROOT[0];  
}else 
{ 
zv=Math.max(Math.max(ROOT[0],ROOT[1]),ROOT[2]); 
} 
           
if(zv<Math.pow(10.0,-19.0)) 
{ 
IERR=1;  
// System.out.println(IERR); 
} 
              
double VV=0.0; 
           
VV=zv*R*T/P; 
 
//Correction of volume 
double trans[]= {0.0,0.0,0.0,0.0}; 
double bh[]= {0.0,0.0,0.0,0.0}; 
double t0[]= {0.0,0.0,0.0,0.0}; 
double ti[]= {0.0,0.0,0.0,0.0}; 
double zc[]= {0.0,0.0,0.0,0.0}; 
double TEV= 0.0; 
double zceos=0.3074; 
double dk0=-0.014471; 
double dk1=0.067498; 
double dk2=-0.084852; 
double dk3=0.067298; 
double dk4=-0.017366; 
double dl0=-10.24470; 
double dl1=-28.63120; 
double dl2=0.0; 
 
for (int i=0; i<4;i++) { 
zc[i]=0.2890+w[i]*(-0.0701-0.0207*w[i]); 
ti[i]=(R*Tc[i]/Pc[i])*(zceos-zc[i]); 
t0[i]=(R*Tc[i]/Pc[i])*(dk0+w[i]*(dk1+w[i]*(dk2+w[i]*(dk3+w[i]*dk4)))); 
bh[i]=dl0+w[i]*(dl1+w[i]*dl2); 
trans[i]=t0[i]+(ti[i]-t0[i])*Math.exp(bh[i]*Math.abs(1.0-Tr[i])); 
TEV=TEV+y[i]*trans[i]; 
} 
VV=VV-TEV; 
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//Calculate fugacity coefficient (FC) for all components and phases 
           
double dlnfc[]= {0.0,0.0,0.0,0.0}; 
double fcv[]= {0.0,0.0,0.0,0.0}; 
           
for (int i=0;i<4;i++) { 
dlnfc[i]=(b[i]/bv)*(zv-1.0)-Math.log(zv-bv)-
(av/(2.0*Math.sqrt(2.0)*bv))*(2.0*sumav[i]/av-
b[i]/bv)*Math.log((zv+2.414*bv)/(zv-0.414*bv)); 
fcv[i]=Math.exp(dlnfc[i]); 
} 
           
double fv[]= {0.0,0.0,0.0,0.0}; 
           
for (int i=0;i<4;i++) { 
fv[i]=fcv[i]*y[i]*P;  
} 
 
//System.out.println(fv[0]);     
//System.out.println(fv[1]); 
//System.out.println(fv[2]); 
//System.out.println(fv[3]); 
 
//Born function 
double BORN=0.0; 
double EPS=0.0; double EPS1000=0.0;double CB=0.0;double BB=0.0; 
EPS1000=3.4279*Math.pow(10.0,2.0)*Math.exp((-5.0866*Math.pow(10.0,-
3.0)*T+9.469*Math.pow(10.0,-7.0)*Math.pow(T,2.0))); 
CB=-2.0525+3.1159*Math.pow(10.0,3.0)/(T-1.8289*Math.pow(10.0,2.0)); 
BB=-8.0325*Math.pow(10.0,-3.0)+4.21452*Math.pow(10.0,6.0)/T+2.1417*T; 
EPS=EPS1000+CB*Math.log((BB+P)/BB+1000.0); 
BORN=(1.0/EPS)*(CB/((P+BB)*(CB*Math.log((P+BB)/(BB+1000.0))+EPS))); 
 
//Average partial molar volume 
double Vm[]= {0.0,0.0,0.0}; 
Vm[0]=41.84*(0.1*7.29+(100*0.92)/(2600+P)+2.07/(T-288.0)-
1.23*Math.pow(10.0,4.0)/((2600+P)*(T-288.0))+1.6*BORN); 
Vm[1]=41.84*(0.1*7.0); 
Vm[2]=41.84*(0.1*5.7889+(100*6.3536)/(2600+P)+3.2528/(T-288.0)-
3.0417*Math.pow(10.0,4.0)/((2600+P)*(T-288.0))+0.3943*BORN); 
 
//System.out.println(Vm[0]); 
//System.out.println(Vm[1]); 
//System.out.println(Vm[2]); 
   
double Poynteff[]= {0.0,0.0,0.0}; 
Poynteff[0]=Vm[0]*(P-1.0)/(1000.0*R*T); 
Poynteff[1]=Vm[1]*(P-1.0)/(1000.0*R*T); 
Poynteff[2]=Vm[2]*(P-1.0)/(1000.0*R*T); 
   
//System.out.println(Poynteff[0]); 
//System.out.println(Poynteff[1]); 
//System.out.println(Poynteff[2]); 
//System.out.println(Math.exp(Poynteff[0])); 
//System.out.println(Math.exp(Poynteff[1])); 
//System.out.println(Math.exp(Poynteff[2])); 
 
double K[]= {0.0,0.0,0.0,0.0}; 
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double a1=0.0;double a2=0.0;double a3=0.0;double a4=0.0;double 
a5=0.0;double a6=0.0;double a7=0.0; 
double ACO20=-10.52624;double ACO21=2.3547*Math.pow(10.0,-2.0);double 
ACO22=3972.8;double ACO23=0.0;  
double ACO24=-5.8746*Math.pow(10.0,5.0);double ACO25=-
1.9194*Math.pow(10.0,-5.0); 
double AN20=58.453;double AN21=-1.818*Math.pow(10.0,-3.0);double AN22=-
3199.0;double AN23=-17.909;double AN24=27460.0;double AN25=0.0; 
double AO20=7.5001;double AO21=-7.8981*Math.pow(10.0,-3.0);double 
AO22=0.0;double AO23=0.0;double AO24=-2.0027*Math.pow(10.0,5.0);double 
AO25=0.0; 
 
if(T<=373.15) 
{ 
a1=9.31063597;a2=-1.892867005*Math.pow(10.0,-
1.0);a3=1.307135652*Math.pow(10.0,-3.0);a4=-3.800223763*Math.pow(10.0,-
6.0);a5=4.0091369717*Math.pow(10.0,-
9.0);a6=2.2769246863*Math.pow(10.0,1.0);a7=-1.1291330188*Math.pow(10.0,-
2.0);  
}else 
{ 
a1=-9.0283127*Math.pow(10.0,-1.0);a2=3.6492938*Math.pow(10.0,-
2.0);a3=4.3610019*Math.pow(10.0,-4.0);a4=-3.10936036*Math.pow(10.0,-
6.0);a5=4.592053*Math.pow(10.0,-
9.0);a6=1.62996873*Math.pow(10.0,1.0);a7=2.81119409*Math.pow(10.0,-2.0);  
} 
  
K[3]=(a1+a2*T+a3*Math.pow(T,2.0)+a4*Math.pow(T,3.0)+a5*Math.pow(T,4.0))*Mat
h.exp((P-1.0)*(a6+a7*T)/(1000.0*R*T)); 
  
K[0]=Math.pow(10.0,(ACO20+ACO21*T+ACO22/T+ACO23*Math.log10(T)+ACO24/(Math.p
ow(T,2.0))+ACO25*Math.pow(T,2.0)))*Math.exp(Poynteff[0]); 
  
K[1]=Math.pow(10.0,(AN20+AN21*T+AN22/T+AN23*Math.log10(T)+AN24/(Math.pow(T,
2.0))+AN25*Math.pow(T,2.0)))*Math.exp(Poynteff[1]); 
  
K[2]=Math.pow(10.0,(AO20+AO21*T+AO22/T+AO23*Math.log10(T)+AO24/(Math.pow(T,
2.0))+AO25*Math.pow(T,2.0)))*Math.exp(Poynteff[2]); 
 
//System.out.println(K[0]); 
//System.out.println(K[1]); 
//System.out.println(K[2]); 
//System.out.println(K[3]); 
   
//double Tro=298.15; 
double lamdaCO2Na=-0.411370585+0.000607632*T+97.5347708/T-
0.023762247*P/T+0.017065624*P/(630.0-T)+1.41335834*Math.pow(10.0,-
5.0)*T*Math.log(P); 
//double lamdaCO2Na1=0.085; 
//double lamdaN2Na1=0.1402-595.0*((1.0/T)-(1.0/Tro))-
4.025*Math.log(T/Tro)+0.01044*(T-Tro)-2.131*Math.pow(10.0,-
6.0)*(Math.pow(T,2.0)-Math.pow(Tro,2.0))+49970.0*((1.0/Math.pow(T,2.0))-
(1.0/Math.pow(Tro,2.0))); 
double lamdaN2Na=-2.4434074+0.0036351795*T+447.47364/T-
0.000013711527*P+0.0000071037217*Math.pow(P,2.0)/T; 
double lamdaO2Na=0.19997; 
double zetaN2NaCl=-0.58071053*Math.pow(10.0,-2.0); 
double zetaO2NaCl=-1.2793*Math.pow(10.0,-2.0); 
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double zetaCO2NaCl=0.00033639-1.9829898*Math.pow(10.0,-
5.0)*T+0.002122208*P/T-0.005248733*P/(630.-T); 
 
double gamma[]= {0.0,0.0,0.0}; 
  
gamma[0]=Math.exp(2.0*S*lamdaCO2Na+Math.pow(S,2.0)*zetaCO2NaCl); 
gamma[1]=Math.exp(2.0*S*lamdaN2Na+Math.pow(S,2.0)*zetaN2NaCl); 
gamma[2]=Math.exp(2.0*S*lamdaO2Na+Math.pow(S,2.0)*zetaO2NaCl); 
//gamma[3]=1.0; 
   
//System.out.println(gamma[0]); 
//System.out.println(gamma[1]); 
//System.out.println(gamma[2]); 
 
for (int i=0;i<3;i++) { 
m[i]=fv[i]/(gamma[i]*K[i]); 
} 
   
//System.out.println(m[0]); 
//System.out.println(m[1]); 
//System.out.println(m[2]); 
   
double x[]= {0.0,0.0,0.0,0.0,0.0}; 
x[0]=m[0]/((1000.0/18.0)+m[0]+m[1]+m[2]+S); 
x[1]=m[1]/((1000.0/18.0)+m[0]+m[1]+m[2]+S); 
x[2]=m[2]/((1000.0/18.0)+m[0]+m[1]+m[2]+S); 
x[4]=S/((1000.0/18.0)+m[0]+m[1]+m[2]+S); 
x[3]=1.0-x[0]-x[1]-x[2]-x[4]; 
 
double xCO2=x[0]; 
double xN2=x[1]; 
double xO2=x[2]; 
double xH2O=x[3]; 
double xNaCl=x[4]; 
   
//System.out.println("xCO2 = " + xCO2); 
//System.out.println("xN2 = " + xN2); 
//System.out.println("xO2 = " + xO2); 
//System.out.println("xH2O = " + xH2O); 
//System.out.println("xNaCl = " + xNaCl); 
   
System.out.println(m[0]);   
return xCO2;  
} 
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Appendix F 

The fugacity coefficients for the vapor phase are easily calculated through the model of Li et 

al., since for the description of the vapor phase it uses Peng-Robinson model.  

The fugacity coefficients for the liquid phase are calculated via the following equations. 

Fugacity coefficient (φ) is defined as follows: 

𝜑 =
𝑓

𝑃
 

where f=fugacity and P=pressure. 

For an a-b dominant ideal solution (Henry solution), the proper choice of reference state is 

the so-called Henry’s coefficient for the species 𝑓𝑖
�̂� = 𝐻𝑖. Knowing that the activity coefficient, 

γi is defined as the ratio of the species fugacity in the liquid mixture to the ideal solution 

reference state fugacity, fugacity coefficient can be expressed by the following equation: 

𝜑 =
𝛾𝑖𝐻𝑖

𝑃
 

This Henry coefficient is related to the Henry constant of Li et al. 2018 model as described 

below. The fugacity using the Herny constant of Li et al. 2018 is defined as follows:  

𝑓 = 𝐾𝐻𝑚𝑖𝛾𝑖  

where mi=molality of component i in aqueous phase. 

Moreover, using the asymmetric convention, the fugacity is also defined as follows:  

𝑓 = 𝐻𝑖𝑥𝑖𝛾𝑖
∗ = 𝐻𝑖𝑥𝑖  

where xi=mole fraction of component i in aqueous phase and 𝛾𝑖
∗ is the correction factor of 

Henry’s law. 

As a result, the Henry coefficient is related to the Henry constant as follows: 

𝐻𝑖 =
𝐾𝐻𝑚𝑖𝛾𝑖

𝑥𝑖
 

Therefore, the fugacities and the fugacity coefficients can now be calculated.  
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Appendix G 
The comparison of the existing thermodynamic models in Unisim, like Peng-Robinson and 

Soave-Redlich-Kwong, with the model of Li et al. (2018), is presented in the following tables.   

Table G.1 Errors % in CO2 solubility - stream 1: Peng-Robinson 

CO2 solubility (mol/mol) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) Model of Li Peng Robinson % error 

0 293.15 1 0.00021 0.00018 16.29 

2 0.00042 0.00035 16.34 

5 0.00105 0.00088 16.09 

10 0.00204 0.00172 15.66 

20 0.00387 0.00329 14.88 

30 0.00548 0.00470 14.24 

40 0.00692 0.00597 13.74 

50 0.00818 0.00709 13.35 

75 0.01072 0.00933 12.94 

100 0.01253 0.01088 13.18 

125 0.01381 0.01189 13.93 

150 0.01474 0.01254 14.94 

175 0.01543 0.01294 16.16 

200 0.01598 0.01319 17.47 

Average (%) error 14.94 

Salinity (mol/kg 
solvent) 

T(K) P(bar) Model of Li Peng Robinson % error 

0 298.15 1 0.00018 0.00015 14.99 

2 0.00037 0.00031 14.78 

5 0.00091 0.00078 14.46 

10 0.00177 0.00153 13.89 

20 0.00335 0.00292 12.84 

30 0.00475 0.00418 11.95 

40 0.00599 0.00532 11.20 

50 0.00708 0.00633 10.55 

75 0.00925 0.00838 9.42 

100 0.01079 0.00983 8.89 

125 0.01188 0.01083 8.83 

150 0.01265 0.01150 9.11 

175 0.01321 0.01194 9.62 

200 0.01364 0.01224 10.26 

Average (%) error 11.48 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et 

al. (2018) 
Peng Robinson % error 

0 303.15 1 0.00016 0.00014 13.55 

2 0.00032 0.00028 13.39 

5 0.00080 0.00069 13.00 

10 0.00156 0.00136 12.39 

20 0.00295 0.00261 11.39 

30 0.00419 0.00375 10.48 

40 0.00529 0.00478 9.68 



110 
 

50 0.00626 0.00570 9.00 

75 0.00821 0.00758 7.70 

100 0.00963 0.00896 6.96 

125 0.01064 0.00993 6.63 

150 0.01137 0.01061 6.64 

175 0.01190 0.01109 6.87 

200 0.01231 0.01142 7.24 

Average (%) error 9.64 

Overall (%) error 12.02 
  

Table G.2 Errors % in CO2 solubility – stream 1: Soave-Redlich-Kwong 

CO2 solubility (mol/mol) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) Model of Li 
Soave Redlich 

Kwong 
% error 

0 293.15 1 0.00021 0.00014 32.94 

2 0.00042 0.00028 33.12 

5 0.00105 0.00070 32.80 

10 0.00204 0.00138 32.46 

20 0.00387 0.00264 31.83 

30 0.00548 0.00377 31.32 

40 0.00692 0.00478 30.94 

50 0.00818 0.00568 30.64 

75 0.01072 0.00746 30.36 

100 0.01253 0.00869 30.67 

125 0.01381 0.00947 31.43 

150 0.01474 0.00995 32.49 

175 0.01543 0.01023 33.70 

200 0.01598 0.01039 34.96 

Average (%) error 32.12 

Salinity (mol/kg 
solvent) 

T(K) P(bar) Model of Li 
Soave Redlich 

Kwong 
% error 

0 298.15 1 0.00018 0.00012 31.55 

2 0.00037 0.00025 31.44 

5 0.00091 0.00063 31.08 

10 0.00177 0.00123 30.71 

20 0.00335 0.00235 29.85 

30 0.00475 0.00337 29.13 

40 0.00599 0.00428 28.52 

50 0.00708 0.00510 27.99 

75 0.00925 0.00674 27.11 

100 0.01079 0.00790 26.77 

125 0.01188 0.00869 26.86 

150 0.01265 0.00920 27.30 

175 0.01321 0.00952 27.93 

200 0.01364 0.00973 28.66 

Average (%) error 28.92 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et 

al. (2018) 
Soave Redlich 

Kwong 
% error 

0 303.15 1 0.00016 0.00011 30.08 
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2 0.00032 0.00022 29.96 

5 0.00080 0.00056 29.69 

10 0.00156 0.00110 29.16 

20 0.00295 0.00211 28.35 

30 0.00419 0.00303 27.60 

40 0.00529 0.00386 26.93 

50 0.00626 0.00461 26.35 

75 0.00821 0.00614 25.29 

100 0.00963 0.00725 24.73 

125 0.01064 0.00802 24.59 

150 0.01137 0.00855 24.76 

175 0.01190 0.00891 25.14 

200 0.01231 0.00915 25.64 

Average (%) error 27.02 

Overall (%) error 29.35 
 

Table G.3 Errors % in CO2 solubility – stream 2: Peng-Robinson 

CO2 solubility (mol/mol) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et 

al. (2018) 
Peng Robinson % error 

0 293.15 1 0.00063 0.00053 16.19 

2 0.00127 0.00107 15.87 

5 0.00313 0.00267 14.71 

10 0.00574 0.00527 8.18 

Average (%) error 13.73 
 

Table G.4 Errors % in CO2 solubility – stream 2: Soave-Redlich-Kwong 

CO2 solubility (mol/mol) 

Salinity (mol/kg 
solvent) 

T(K) P(bar) 
Model of Li et 

al. (2018) 
Soave Redlich 

Kwong 
% error 

0 293.15 1 0.00063 0.00042 32.85 

2 0.00127 0.00085 32.68 

5 0.00313 0.00213 31.83 

10 0.00574 0.00422 26.53 

Average (%) error 30.97 
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Appendix H (Smith, 2005, p.659) 
Consider a two-stage compression in which the intermediate gas is cooled down to the initial 

temperature. The total work for a two-stage adiabatic gas compression of an ideal gas is given 

by: 

𝑊𝑠 =
𝛾

𝛾−1
𝑃1𝑉1 [1 − (

𝑃2

𝑃1
)

𝛾−1

𝛾
] +

𝛾

𝛾−1
𝑃2𝑉2 [1 − (

𝑃3

𝑃2
)

𝛾−1

𝛾
] (1) 

where P1, P2, P3 = initial, intermediate and final pressures, V1, V2 = initial and intermediate gas 

volumes. 

For an ideal gas with intermediate cooling to the initial temperature:  

P1V1=P2V2 (2) 

Combining Equations 1 and 2: 

𝑊𝑠 =
𝛾

𝛾−1
𝑃1𝑉1 [2 − (

𝑃2

𝑃1
)

𝛾−1

𝛾
− (

𝑃3

𝑃2
)

𝛾−1

𝛾
] (3) 

The intermediate pressure P2 can be chosen to minimize the overall work of compression. 

Thus:  

𝑑𝑊𝑠

𝑑𝑃2
= 0 =

𝛾

𝛾−1
𝑃1𝑉1 [(

1

𝑃1
)

𝛾−1

𝛾
(

𝛾−1

𝛾
) 𝑃2

−1
𝛾⁄ − 𝑃3

𝛾−1

𝛾 (
𝛾−1

𝛾
)𝑃2

1−2𝛾

𝛾 ] (4) 

 

Simplifying and rearranging Equation 4 gives: 

𝑃2

2𝛾−2
𝛾

= (𝑃1𝑃3)
𝛾−1

𝛾  

or 

𝑃2 = √𝑃1𝑃3 (5) 

Rearranging Equation 4 gives: 

𝑃2

𝑃1
=

𝑃3

𝑃2
= (

𝑃3

𝑃1
)

1

2 (6) 

Thus, for minimum shaft work, each stage should have the same compression ratio, which is 

equal to the square root of the overall compression ratio. This result is readily extended to N 

stages.  The minimum work is obtained when the compression ratio in each stage is equal: 

𝑃2

𝑃1
=

𝑃3

𝑃2
=

𝑃4

𝑃3
= ⋯ = 𝑟 (7) 

where r=compression ratio. 

Since 

(
𝑃2

𝑃1
) = (

𝑃3

𝑃2
) = (

𝑃4

𝑃3
) … = 𝑟𝑁 =

𝑃𝑁+1

𝑃1
 (8) 

The pressure ratio for minimum work for N stages is given by: 
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𝑊𝑠 =
𝛾

𝛾−1
𝑃𝑖𝑛𝑉𝑖𝑛𝑁[1 − (𝑟)

𝛾−1

𝛾 ] (9) 

Introducing the isentropic compression efficiency gives: 

𝑊 =
𝛾

𝛾−1

𝑃𝑖𝑛𝑉𝑖𝑛𝑁

𝜂𝐼𝑆
[1 − (𝑟)

𝛾−1

𝛾 ] (10) 

In principle, the isentropic efficiency might change from stage to stage. However, if the 

isentropic efficiency for a reciprocating compressor is assumed to be only a function of the 

pressure ratio and the pressure ratio is constant between stages, then it is legitimate to use a 

single value as in Equation 10. It should be noted that these results for staged compression 

are based on adiabatic ideal gas compression and are therefore not strictly valid for real gas 

compression. It is also assumed that intermediate cooling is back to inlet conditions, which 

might not be the case with real intercoolers. For fixed inlet conditions and outlet pressure, the 

overall power consumption is usually not sensitive to minor changes in the intercooler 

temperature.    

The corresponding equation for a polytropic compression is given by: 

𝑊 =
𝑛

𝑛−1

𝑃𝑖𝑛𝑉𝑖𝑛𝑁

𝜂𝑃
[1 − (𝑟)

𝑛−1

𝑛 ] (11) 

If the polytropic efficiency of a centrifugal or axial compressor is assumed to be a function of 

volumetric flowrate, then the efficiency, in principle, will change from stage to stage. This is 

because the density changes between stages, even if the gas is cooled back to the same 

temperature as a result of the pressure increase. However, such effects are not likely to have 

a significant influence on the predicted power. 
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Appendix I 
 

 

 

 

 

Figure I.1 Process Flow Diagram - Unisim 
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Appendix J 
In this appendix, the mass balance between the streams 24 and 28 for fixing the salinity, at 

the right level, is described. 

In order to fix the salinity’s values, the mole flows of oxygen, nitrogen and carbon dioxide of 

stream 28 are set equal to these of stream 24. Moreover, the sum of the mole flows of pure 

water and sodium chloride in stream 28 is set the same as the one in stream 24. These are 

described by the following equations:    

𝑚𝑂2,24 = 𝑚𝑂2,28 

𝑚𝑁2,24 = 𝑚𝑁2,28 

𝑚𝐶𝑂2,24 = 𝑚𝐶𝑂2,28 

𝑚𝐻2𝑂,24 = 𝑚𝑁𝑎𝐶𝑙+𝐻2𝑂,24 = 𝑚𝑁𝑎𝐶𝑙+𝐻2𝑂,28 

Using the solver option in Excel, the mole flow of water in stream 28 is defined by setting the 

salinity in the stream 29 that occurs after the mixing. 
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Appendix K 
The following tables represent the pressure ratios and the compression stages in the study of 

the effect of the thermodynamic approach to equilibrium.   

Table K.1 Pressure Ratios – Thermodynamic Approach to Equilibrium 

Thermodynamic Approach 
to Equilibrium 

Pressure Ratios 

IP-14 IP-28 

95% 2.246 2.272 

90% 2.289 2.314 

85% 2.331 2.353 

 

Table K.2 Compression Stages – Thermodynamic Approach to Equilibrium 

Thermodynamic Approach 
to Equilibrium 

Compression Stages 

IP-14 IP-28 

95% 3 4 

90% 3 4 

85% 3 4 
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Appendix L (Smith, 2005, p.661) 
L.1 Pressure drop and heat transfer correlations for the tube-side 

The total pressure drop for the tube-side includes the pressure drop in the tube, sudden 

contractions, sudden expansions and flow reversals. There are two major sources of pressure 

losses on the tube-side of a shell-and-tube exchanger: 

a. friction loss in a tube, which can be calculated as: 

𝛥𝑃 = 4𝑐𝑓
𝐿

𝑑𝐼

𝜌𝜐𝛵
2

2
 (1) 

where ΔP=pressure drop, cf= Fanning friction factor, L=length of tube, dI=inside diameter of 

tube, ρ=fluid density and υT=fluid velocity inside the tubes. 

b. losses due to the sudden contractions, expansions and flow reversals through the tube 

arrangement, which can be estimated per tube-pass as: 

𝛥𝑃 = 2.5
𝜌𝜐𝛵

2

2
 (2) 

Thus, the total pressure drop for the tube-side is: 

𝛥𝑃𝑇 = 𝑁𝑇𝑃(4𝑐𝑓
𝐿

𝑑𝐼
+ 2.5)

𝜌𝜐𝛵
2

2
 (3) 

where ΔPT=tube-side pressure drop and NTP=number of tube passes. 

The friction factor for turbulent flow (Re>4000) can be approximated by: 

𝑐𝑓 = 0.046𝑅𝑒−0.2 (4) 

where Re=Reynolds number and μ=fluid viscosity. 

Substituting this into equation 3: 

𝛥𝑃𝑇 = 𝑁𝑇𝑃4 𝑥 0.046(
𝑑𝐼𝜐𝛵𝜌

𝜇
)−0.2 𝐿

𝑑𝐼

𝜌𝜐𝛵
2

2
+ 𝑁𝑇𝑃

2.5

2
𝜌𝜐𝛵

2 = 𝐾𝑃𝑇𝑁𝑇𝑃𝐿𝜐𝑇
1.8 + 1.25𝑁𝑇𝑃𝜌𝜐𝛵

2 (5) 

where KPT=0.092ρ0.8μ0.2𝑑𝐼
−1.2 (6). 

Now, the relationship between velocity (υT) and the heat transfer coefficient (hT) needs to be 

determined to relate pressure drop to hT. 

The tube-side heat transfer coefficient can be calculated from: 

ℎ𝑇 = C
𝑘

𝑑𝐼
𝑃𝑟

1

3𝑅𝑒0.8(
𝜇

𝜇𝑤
)0.14 (7) 

where hT=tube-side heat transfer coefficient, C=0.021 for gases, 0.023 for nonviscous liquids, 

0.027 for viscous liquids, k=fluid thermal conductivity, Pr=Prandtl number=
𝐶𝑝𝜇

𝑘
, Cp=fluid heat 

capacity, μ=fluid viscosity at the balk fluid temperature and μw=fluid viscosity at the wall. 

Assuming μ/μw=1 and rearranging Equation 7 gives: 

ℎ𝑇 = 𝐾ℎ𝑇𝜐𝛵
0.8or𝜐𝛵 = (

ℎ𝑇

𝐾ℎ𝑇
)

1

0.8 (8) 
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where 𝐾ℎ𝑇 = 𝐶
𝑘

𝑑𝐼
𝑃𝑟

1

3(
𝑑𝐼𝜌

𝜇
)0.8 (9). 

Now, consider the relationship between the pressure drop and the surface area for the 

tube-side. The heat transfer surface area A, based on the outside tube surface area, is given 

by: 

A=NTπdoL (10) 

where A=heat transfer surface area, NT=number of tubes and do=outside diameter of tube. 

Volumetric flowrate on the inside (tube-side) FI is given by: 

𝐹𝐼 =
𝜋𝑑𝐼

2

4

𝑁𝑇

𝑁𝑇𝑃
𝜐𝑇 (11) 

where FI=volumetric flowrate on the inside (tube-side). 

This equation can be rearranged to give an expression for the number of tubes NT: 

𝑁𝑇 =
4𝐹𝐼𝑁𝑇𝑃

𝜋𝑑𝐼
2𝜐𝑇

 (12) 

Substituting NT into the expression for surface area gives: 

𝐴 =
4𝐹𝐼𝑁𝑇𝑃

𝑑𝐼
2𝜐𝑇

𝑑𝑜𝐿 (13) 

or 

𝐿 =
𝐴𝑑𝐼

2𝜐𝑇

4𝐹𝐼𝑁𝑇𝑃𝑑𝑜
 (14) 

Thus, Equation 5 can be rearranged to give: 

𝛥𝑃𝑇 = 𝐾𝑃𝑇
𝐴𝑑𝐼

2

4𝐹𝐼𝑑𝑜
𝜐𝛵

2.8 + 1.25𝛮𝑇𝑃𝜌𝜐𝛵
2 (15) 

Substituting υT from Equation 8: 

𝛥𝑃𝑇 = 𝐾𝑃𝑇
𝐴𝑑𝐼

2

4𝐹𝐼𝑑𝑜
(

ℎ𝑇

𝐾ℎ𝑇
)

2.8

0.8 + 1.25𝑁𝑇𝑃𝜌(
ℎ𝑇

𝐾ℎ𝑇
)

2

0.8 = 𝐾𝑃𝑇1𝐴ℎ𝑇
3.5 + 𝐾𝑃𝑇2ℎ𝑇

2.5 (16) 

where  

𝐾𝑃𝑇1 = 𝐾𝑃𝑇
𝑑𝐼

2

4𝐹𝐼𝑑𝑜
(

1

𝐾ℎ𝑇
)3.5 =

0.023𝜌0.8𝜇0.2𝑑𝐼
0.8

𝐹𝐼𝑑𝑜
(

1

𝐾ℎ𝑇
)3.5 (17) 

𝐾𝑃𝑇2 = 1.25𝑁𝑇𝑃𝜌(
1

𝛫ℎ𝑇
)2.5 (18). 

L.2 Pressure drop and heat transfer correlations for the shell-side 

The total pressure drop for the shell-side includes those in the two ends, cross sections and 

window sections (see Figure L.1). The resulting pressure drop is defined from the inlet to the 

outlet of an exchanger. Figure L.2 illustrates idealized axial and cross flow. Ideal cross flow 

gives the higher heat transfer coefficients than axial flow. Figure L.3 illustrates the actual flow 

pattern. Clearances between the tubes and baffles allow leakage (bypassing) of some of the 

fluid. This acts to reduce the outside heat transfer coefficient. The heat transfer coefficient 

and pressure drop is first estimated for ideal cross flow. Then the effects of leakage, bypassing 

and flow in the window zone are considered by applying correction factors. 
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Figure L.1 Zone definition of the shell-side of the shell-and-tube heat exchangers 

 

Figure L.2 Ideal shell-side flow 

 

Figure L.3 Nonideal shell-side flow 

The pressure drop for the shell-side has three components from inlet to outlet (see Figure 

L.1). These are the pressure drop for the ends (ΔPe), the pressure drop for the cross-flow 

sections (ΔPc), and the pressure drop for the window sections (ΔPw).  

The total pressure drop for the shell-side is given by summing the pressure drops over all the 

zones in series from inlet to outlet: 

𝛥𝑃𝑆 = 2𝛥𝑃𝑒 + 𝛥𝑃𝑐(𝑁𝐵 − 1) + 𝛥𝑃𝑤𝑁𝐵 (19) 

where ΔPS=shell-side pressure drop, ΔPe=pressure drop for the end, ΔPc=pressure drop for the 

cross-flow section, ΔPw=pressure drop for the window section and NB=number of baffles. 

a. Pressure drop in the two ends. There will be only one baffle window in the end zones. The 

total number of restrictions in the end zone will be the sum of the number of tubes in the 
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cross-flow and window sections. The zone between tube sheet and the baffle (the end zone) 

pressure drop (ΔPe) is given by: 

𝛥𝑃𝑒 = 𝐹𝑃𝑏𝛥𝑃𝐼𝐶(1 +
𝑁𝑤

𝑁𝑐
) (20) 

where FPb=bypass correction factor for pressure drop to allow for flow between the tube 

bundle and the shell wall and is a function of the shell-to-bundle clearance. Typically, FPb lies 

between 0.5 and 0.8, depending on construction of the exchanger and the sealing 

arrangements. FPb = 0.8 can be used as a reasonable assumption for the clean condition. 

Fouling will tend to reduce bypassing and increase the pressure drop. Fouling will tend to 

increase the value to approach 1.0 in the worst case. 

ΔPIC=for ideal flow across the tubes based on the number of tubes in the cross-flow section 

Nw=number of tube rows in the window section 

Nc=number of tube rows in the cross-flow section 

The ideal cross-flow pressure drop ΔPIC can be expressed as: 

𝛥𝑃𝐼𝐶 = 8𝑗𝑓𝑁𝐶
𝜌𝜐𝑠

2

2
(

𝜇

𝜇𝑤
)−0.14 (21) 

where jF=cross-flow friction factor and υS=shell-side fluid velocity 

The shell-side fluid velocity is normally based on the area of flow for a hypothetical row of 

tubes across the diameter of the shell between two baffles. Thus: 

𝜐𝑆 =
𝐹𝑂

𝐴𝑆
 (22) 

where FO=volumetric flowrate on the outside (shell-side) (m3·s−1), AS=mass cross-flow area 

(m2)= number of tubes × space between the tubes × baffle spacing=
𝐷𝑆

𝑝𝑇
 (pT − do)LB, DS=shell 

diameter (m), pT=tube pitch, that is, center to center distance between adjacent tubes (m), 

LB=distance between baffles (m) 

Assuming μ/μW=1 in Equation 21 and substituting into Equation 20 gives: 

𝛥𝑃𝑒 = 𝐹𝑃𝑏 (1 +
𝑁𝑤

𝑁𝑐
) 8𝑗𝑓𝑁𝑐

𝜌𝜐𝑠
2

2
= 𝐹𝑃𝑏(𝑁𝑤 + 𝑁𝑐)8𝑗𝑓

𝜌𝜐𝑠
2

2
 (23) 

The friction factor jf for cross flow can be correlated for turbulent flow (Re > 4000) as: 

jf=0.3245Re−0.17 (24) 

The number of restrictions for cross flow in the window zones NW can be calculated as: 

𝑁𝑤 =
𝐵𝐶𝐷𝑆

𝑝𝑇
 (25) 

where Nw=number of tube rows in the window section (–) and BC=baffle cut (–) 

The number of tube rows in the cross-flow section Nc is: 

𝑁𝐶 =
𝐷𝑆

𝑝𝑇
− 2 𝑥 

𝐵𝐶𝐷𝑆

𝑝𝑇
=

𝐷𝑆(1−2𝐵𝐶)

𝑝𝑇
 (26) 

Substituting Nw, Nc and jf into Equation 23 gives: 
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𝛥𝑃𝑒 = 𝐹𝑃𝑏
𝐷𝑆(1−𝐵𝐶)

𝑝𝑇
8𝑗𝑓

𝜌𝜐𝑠
2

2
= 𝐹𝑃𝑏

𝐷𝑆(1−𝐵𝐶)

𝑝𝑇
8 𝑥 0.3245𝑅𝑒−0.17 𝜌𝜐𝑠

2

2
=

𝐹𝑃𝑏
𝐷𝑆(1−𝐵𝐶)

𝑝𝑇
8 𝑥 0.3245(

𝜌𝑑𝑜

𝜇
)−0.17 𝜌

2
𝜐𝑠

1.83 = 𝐾𝑃𝑆1𝜐𝑠
1.83 (27) 

where 

𝐾𝑃𝑆1 = 1.298
𝐹𝑃𝑏𝐷𝑆(1−𝐵𝐶)𝜌0.83𝜇0.17

𝑝𝑇𝑑𝑜
0.17  (28) 

b. Pressure drop for the cross sections. The pressure drop in the cross flow zones between the 

baffle tips is calculated from the correlation for ideal tube banks, and corrected for leakage 

and bypassing: 

ΔPc=ΔPICFPbFPL (29) 

where ΔPc=pressure drop in cross-flow section, ΔPIC=pressure drop for ideal cross flow and 

FPL=leakage correction factor to allow for leakage through the tube-to-baffle clearance and 

the baffle-to-shell clearance. Typically, FPL varies between 0.4 and 0.5. A value of FPL = 0.5 can 

be used as a reasonable assumption for the clean condition. Fouling will tend to reduce 

leakage and increase the shell-side pressure drop. Fouling will tend to increase the value to 

approach 1.0 in the worst case. 

The pressure drop for the cross-flow sections can be calculated as: 

𝛥𝑃𝑐(𝑁𝐵 − 1) = (𝑁𝐵 − 1)8𝑗𝑓𝑁𝑐
𝜌𝜐𝑠

2

2
𝐹𝑃𝑏𝐹𝑃𝐿 (30) 

where NB = number of baffles.. 

The surface area A is given by: 

𝐴 = 𝑁𝑇𝜋𝑑𝑜𝐿 (31) 

For a square pitch, each one contains four quarter tubes. Thus, for a square pitch, each tube 

is contained in an area of 𝑝2
𝑇. The number of tubes can then be approximated as: 

𝑁𝑇 =
𝜋

4
𝐷𝑆

2

𝑝𝑇
2  (32) 

For a triangular pitch, each one with sides pT, having an area of 0.5𝑝𝑇
2 sin60o contains half a 

tube. Thus, a single tube is contained in an area of 𝑝𝑇
2 sin60o = 0.866𝑝𝑇

2. The number of tubes 

can then be generalized as: 

𝑁𝑇 =

𝜋
4 𝐷𝑆

2

𝑝𝑐𝑝𝑇
2  (33) 

where pC=pitch configuration factor, 1 for square pitch, 0.866 for triangular pitch. 

It should be noted that Equations 32 and 33 will tend to overestimate the number of tubes 

that can be contained in a given shell diameter. The larger the diameter shell, the smaller will 

be the error in the tube count. Substituting Equation 33 into Equation 31 gives: 

𝐴 =
𝜋𝐷𝑆

2

4𝑝𝐶𝑝𝑇
2 𝜋𝑑𝑜𝐿 =

𝜋𝐷𝑆
2

4𝑝𝐶𝑝𝑇
2 𝜋𝑑𝑜𝐿𝐵(𝑁𝐵 + 1) (34) 

The area for cross flow AS is given by: 
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𝐴𝑆 =
𝑝𝑇−𝑑𝑜

𝑝𝑇
𝐷𝑆𝐿𝐵 (35) 

Rearranging Equation 35 gives: 

𝐿𝐵 =
𝐴𝑆𝑝𝑇

(𝑝𝑇−𝑑𝑜)𝐷𝑆
 (36) 

Substituting LB into equation 34 gives: 

𝐴 =
𝜋𝐷𝑆

2

4𝑝𝑐𝑝𝑇
2 𝜋𝑑𝑜

𝐴𝑆𝑝𝑇

(𝑝𝑇−𝑑𝑜)𝐷𝑆
(𝑁𝐵 + 1) =  

𝜋

4𝑝𝑐𝑝𝑇
2 𝜋𝑑𝑜

𝐴𝑆𝑝𝑇

(𝑝𝑇−𝑑𝑜)
𝐷𝑆(𝑁𝐵 + 1) (37) 

Rearranging Equation 37 gives: 

𝐷𝑆(𝑁𝐵 + 1) =
𝐴

𝜋

4𝑝𝑐𝑝𝑇
2 𝜋𝑑𝑜

𝐴𝑆𝑝𝑇
(𝑝𝑇−𝑑𝑜)

=
𝐴

𝜋

4𝑝𝑐𝑝𝑇
2 𝜋𝑑𝑜

𝐹𝑜𝑝𝑇
(𝑝𝑇−𝑑𝑜)

𝜐𝑠 (38) 

Substituting the friction factor jf and NC into Equation 30 gives: 

𝛥𝑃𝑐(𝑁𝐵 − 1) = (𝑁𝐵 − 1)8 𝑥 0.3245 (
𝜌𝑑𝑜𝜐𝑠

𝜇
)

−0.17
𝑥

𝐷𝑆(1−2𝐵𝐶)

𝑝𝑇

𝜌𝜐𝑠
2

2
𝐹𝑃𝑏𝐹𝑃𝐿 (39) 

Combining Equations 38 and 39 gives: 

𝛥𝑃𝑐(𝑁𝐵 − 1) =
8 𝑥 0.3245(

𝜌𝑑𝑜
𝜇

)−0.17

𝜋

4𝑝𝑐𝑝𝑇
2 𝜋𝑑𝑜

𝐹𝑜𝑝𝑇
(𝑝𝑇−𝑑𝑜)

 𝑥 
(1−2𝐵𝐶)

𝑝𝑇

𝜌

2
𝛢𝜐𝑠

2.83𝐹𝑃𝑏𝐹𝑃𝐿 −

2 𝑥 8 𝑥 0.3245 (
𝜌𝑑𝑜𝜐𝑠

𝜇
)

−0.17
𝑥 

𝐷𝑆(1−2𝐵𝐶)

𝑝𝑇

𝜌𝜐𝑠
2

2
𝐹𝑃𝑏𝐹𝑃𝐿 (40) 

where  

𝐾𝑃𝑆2 =
0.5261𝐹𝑃𝑏𝐹𝑃𝐿𝑝𝐶(1−2𝐵𝐶)(𝑝𝑇−𝑑𝑜)𝜌0.83𝜇0.17

𝑑𝑜
1.17𝐹𝑜

 (41) 

𝐾𝑃𝑆3 =
2.596𝐹𝑃𝑏𝐹𝑃𝐿(1−2𝐵𝐶)𝐷𝑆𝜌0.83𝜇0.17

𝑑𝑜
1.17𝑝𝑇

 (42) 

c. Pressure drop for the window sections. The pressure drop calculation for the window zone 

is less accurate than that for the cross-flow sections. One correlation is: 

𝛥𝑃𝑤 = 𝐹𝑃𝐿(2 + 0.6𝑁𝑤)
𝜌𝜐𝑠

2

2
 (43) 

The pressure drop for the window sections can be calculated as: 

𝑁𝐵𝛥𝑃𝑤 = 𝑁𝐵𝐹𝑃𝐿(2 + 0.6𝑁𝑤)
𝜌𝜐𝑠

2

2
= 𝑁𝐵𝐹𝑃𝐿 (2 + 0.6

𝐵𝐶𝐷𝑆

𝑝𝑇
)

𝜌𝜐𝑠
2

2
 (44) 

In order to remove NB from the correlation, the following approximation can be made: 

𝑁𝐵 + 1 ≈ 𝑁𝐵 (45) 

The bigger the exchanger, the better this assumption becomes. Using Equation 45 and 38 

gives: 

𝑁𝐵𝛥𝑃𝑤 = 𝐹𝑃𝐿 (
2

𝐷𝑆
+ 0.6

𝐵𝐶

𝑝𝑇
) 𝐷𝑆(𝑁𝐵 + 1)

𝜌𝜐𝑠
2

2
= 𝐹𝑃𝐿 (

2

𝐷𝑆
+ 0.6

𝐵𝐶

𝑝𝑇
)

𝐴
𝜋

4𝑝𝑐𝑝𝑇
2 𝜋𝑑𝑜

𝐹𝑜𝑝𝑇
(𝑝𝑇−𝑑𝑜)

 𝑥 𝜐𝑆
𝜌𝜐𝑠

2

2
=

𝐾𝑃𝑆4𝐴𝑣𝑠
3 (46) 

where  
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𝐾𝑃𝑆4 =
0.2026𝐹𝑃𝐿𝑝𝐶𝑝𝑇(𝑝𝑇−𝑑𝑜)𝜌

𝑑𝑜𝐹𝑜
(

2

𝐷𝑆
+

0.6𝐵𝐶

𝑝𝑇
) (47) 

d. Shell-side heat transfer coefficient. The shell-side heat transfer coefficient is given by: 

hS = hISFhnFhwFhbFhL (48) 

where hS=shell-side heat transfer coefficient, hIS=shell-side heat transfer coefficient for ideal 

cross flow, Fhn=correction factor to allow for the effect of the number of tube rows crossed. 

The basic heat transfer coefficient is based on ten rows of tubes. For turbulent flow, Fhn is 

close to 1.0., Fhw=the window correction factor. This allows for flow through the baffle window 

and is a function of the heat transfer area in the window zones and the total heat transfer 

area. A typical value for a well-designed exchanger is near 1.0., Fhb=the bypass stream 

correction factor. This allows for flow between the tube bundle and the shell wall and is a 

function of the shell-to-bundle clearance. Typical values are in the range 0.7 to 0.9 for clean 

exchangers with effective sealing arrangements. Fouling will tend to reduce bypassing and 

increase the shell-side heat transfer coefficient by increasing the cross flow. A conservative 

assumption would be to assume a value of 0.8 both for the clean and fouled condition. 

However, fouling will tend to increase the value to approach 1.0. and FhL=the leakage 

correction factor. This allows for leakage through the tube-to-baffle clearance and the baffle-

to-shell clearance. Typical values are in the range 0.7 to 0.8 for clean exchangers. Fouling will 

tend to reduce leakage and also increase the shell-side heat transfer coefficient by increasing 

the cross flow. A conservative assumption would be to assume a value of 0.8 both for the 

clean and fouled condition. However, fouling will tend to increase the value to approach 1.0. 

The heat transfer coefficient for ideal cross flow over a tube bank is given as: 

ℎ𝐼𝑆 = 𝑗ℎ𝐶𝑝𝑃𝑟−
2

3𝜌𝜐𝑠 (49) 

The heat transfer factor jh can be correlated for turbulent flow (Re > 4000) as: 

𝑗ℎ = 0.24𝑅𝑒−0.36 (50) 

Substituting jh into hIS gives: 

ℎ𝐼𝑆 = 0.24𝐶𝑝𝑃𝑟−
2

3𝜌(
𝜌𝑑𝑜

𝜇
)−0.36𝜐𝑠

0.64 (51) 

From Equation 48: 

ℎ𝑆 = 𝐹ℎ𝑛𝐹ℎ𝑤𝐹ℎ𝑏𝐹ℎ𝐿0.24𝐶𝑝𝑃𝑟−
2

3𝜌(
𝜌𝑑𝑜

𝜇
)−0.36𝜐𝑠

0.64 = 𝛫ℎ𝑆𝜐𝑠
0.64 (52) 

where 

𝐾ℎ𝑆 =
0.24𝐹ℎ𝑛𝐹ℎ𝑤𝐹ℎ𝑏𝐹ℎ𝐿𝜌0.64𝐶𝑝

1
3𝑘

2
3

𝜇0.307𝑑𝑜
0.36  (53) 

Reasonable assumptions for the clean and fouled condition are Fhn=Fhw=1 and Fhb=FhL=0.8. By 

rearranging Equation 52: 

𝜐𝑆 = (
ℎ𝑆

𝐾ℎ𝑆
)

1

0.64 (54) 

e. Pressure drop correlation for the shell-side. Substituting Equations 27, 40, 46 and 54 into 

Equation 19 gives: 
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𝛥𝑃𝑆 = 2𝛥𝑃𝑒 + 2𝛥𝑃𝐶(𝑁𝐵 − 1) + 𝛥𝑃𝑤𝑁𝐵 = 2𝐾𝑃𝑆1𝜐𝑆
1.83 + 𝐾𝑃𝑆2𝐴𝜐𝑆

2.83 − 𝐾𝑃𝑆3𝜐𝑆
1.83 +

𝐾𝑃𝑆4𝐴𝜐𝑆
3 = 2𝐾𝑃𝑆1 (

ℎ𝑆

𝐾ℎ𝑆
)

1.83

0.64
+ 𝐾𝑃𝑆2𝐴 (

ℎ𝑆

𝐾ℎ𝑆
)

2.83

0.64
− 𝐾𝑃𝑆3 (

ℎ𝑆

𝐾ℎ𝑆
)

1.83

0.64
+ 𝐾𝑃𝑆4 (

ℎ𝑆

𝐾ℎ𝑆
)

3

0.64
=

𝐾𝑆1ℎ𝑆
2.86 + 𝐾𝑆2𝐴ℎ𝑆

4.42 + 𝐾𝑆3𝐴ℎ𝑆
4.69 (55) 

where 𝐾𝑆1 =
2𝐾𝑃𝑆1−𝐾𝑃𝑆3

𝐾ℎ𝑆
2.86  (56), 𝐾𝑆2 =

𝐾𝑃𝑆2

𝐾ℎ𝑆
4.42 (57) and 𝐾𝑆3 =

𝐾𝑃𝑆4

𝐾ℎ𝑆
4.69 (58) 

The constants in the heat transfer and pressure drop correlations are functions of the fluid 

physical properties, volumetric flowrate, tube size and pitch. In preliminary design, it is 

reasonable to assume either 20 mm outside diameter tubes with a 2 mm wall thickness or 25 

mm outside diameter tubes with 2.6 mm wall thickness. The tube pitch is normally taken to 

be pT=1.25do. A square tube pitch configuration can be assumed as a conservative assumption. 

Baffle cut can be assumed to be 0.25 in preliminary design. 

It should be noted that the pressure drop calculation is much less accurate than the film 

transfer coefficient calculation. Moreover, calculations for the shell-side are less reliable than 

those for the tube-side. The pressure drop correlations for the shell-side should be treated 

with great caution. Even experimental data tends to show considerable scatter when 

correlated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



125 
 

Appendix M 
In the following tables the compression’s pressures, the pressure ratios and the compression 

stages for each case, in the study of the effect of pressure drop, are studied. 

Table M.1 Pressures for the dissolution of CO2 for all cases, taking into consideration the pressure drops in the 
mixer 

 Pressure Drop in 
the mixer-1 bar 

Pressure Drop in 
the mixer-3 bar 

Pressure Drop in 
the mixer-5 bar 

 Dissolution Pressure (bar) 

HP-14 181 183 185 

IP-14 17 19 21 

HP-28 181 183 185 

IP-28 38 40 42 
  

Table M.2 Pressure ratios of the compression stages for each case 

HP-14/HP-28 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.1 0.2 0.3 0.4 0.5 

1 2.630 2.652 2.675 2.698 2.722 

3 2.635 2.658 2.680 2.704 2.727 

5 2.641 2.663 2.686 2.709 2.733 

IP-14 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.1 0.2 0.3 0.4 0.5 

1 2.283 2.320 2.358 2.397 2.436 

3 2.367 2.404 2.441 2.479 2.517 

5 2.446 2.482 2.518 2.556 2.593 

IP-28 

Pressure Drop 
Mixer (bar) 

Pressure Drop Heat Exchanger (bar) 

0.1 0.2 0.3 0.4 0.5 

1 2.273 2.303 2.333 2.364 2.396 

3 2.302 2.331 2.361 2.392 2.424 

5 2.329 2.359 2.389 2.419 2.451 

 

Table M.3 Compression Stages for each case 

 Compression stages 

HP-14/HP-28 5 

IP-14 3 

IP-28 4 
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Appendix N 
In the following tables, indicative analyses of the fixed capital investment (FCI) and the total 

product cost (TPC) are presented.  

Table N.1 Fixed capital investment (FCI) cost analysis 

FCI 

Direct Costs 

Onsite 

Purchased Equipment 15-40% FCI Cp 

Purchased-Equipment 
installation 

6-14% FCI 25-55% Cp 

Instrumentation and controls 2-12% FCI 8-50% Cp 

Piping 4-17% FCI 10-80% Cp 

Electrical equipment and 
materials 

2-10% FCI 10-40% Cp 

Offsite 

Buildings (including services) 2-18% FCI 10-70% Cp 

Yard improvements 2-5% FCI 40-100% Cp 

Service facilities 8-30% FCI  

Land 1-2% FCI 4-8% Cp 

Indirect Costs 

Engineering and supervision 4-20% FCI 5-15% Cp 

Construction Expenses 4-17% FCI  

Contractor’s fee 2-6% FCI  

Contigency 5-15% FCI  

 

Table N.2 Total product cost (TPC) cost analysis 

TPC 

Direct Costs 

TP
C

 ≈
 C

R
M

 +
 C

U
T

 +
 C

O
L 
+ 

C
W

T 
+ 

0
.3

3
C

O
L 
+ 

0
.3

5
FC

I +
 

0
.2

TP
C

 

Raw materials CRM 

≈CRM + CUT 
+ COL + CWT 
+ 1/3COL + 

0.1 FCI 

Utilities CUT 

Operating labor COL 

Waste treatment CWT 

Operating supervision 10-25% COL 

Maintenance and repairs 2-10% FCI 

Operating supplies 0.5-1% FCI 

Laboratory charges 10-20% COL 

Royalties 1-3% FCI 

Fixed Costs 

Depreciation 10% FCI 

≈0.25 FCI Taxes and insurance 3-5% FCI 

Plant overhead costs 5-15% FCI 

General Expenses 

Administrative expenses 2-5% TPC 

≈0.2 TPC Distribution and marketing expenses 2-20% TPC 

Research and development 5% TPC 

 

 


