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Abstract 

Carbon capture projects are becoming more common around the world. After capture, carbon dioxide can be 

stored (CCS), utilized (CCU), or both (CCUS). Projects based on carbon capture from flue gases have, so far, 

largely focused on CCS to hedge the future cost of CO2 allowances, e.g. in the EU ETS, for the emitter. Some 

have focused on EOR as a CCUS technology. However, almost none have focused on pure utilization (CCU) 

of carbon dioxide as a product, even though carbon dioxide is a very important gas for industry and the 

economy, with numerous applications. Recent turbulences in the supply of CO2 and the significant rise of CO2 

prices, coupled with the development of innovative products using CO2 as a feedstock, might provide more 

opportunity to focus on utilization of the CO2 in carbon capture projects. This master’s thesis presents an 

example of a feasibility study of a CCU project along with a comprehensive overview of technologies for 

carbon capture and of many possible uses of carbon dioxide. The feasibility study is provided mainly as a 

techno-economic analysis with consideration of some legislative aspects of the project. A practical description 

of functioning of the EU ETS is provided in the introduction. Cases are based on the Croatian LNG terminal 

as the emitter of carbon dioxide which could potentially install a carbon capture system. Real-world 

information about functioning of the LNG terminal was provided by LNG Croatia LLC, including flue gas 

compositions and properties. Carbon dioxide emissions at the LNG terminal result from Wärtsilä generating 

sets that the plant uses to produce its own electrical energy necessary for the functioning of the terminal. The 

techno-economic analysis is provided in two separate chapters. The technological analysis is provided through 

simulation and modelling of an amine carbon capture plant in Aspen HYSYS, while the economic analysis is 

provided through a detailed explanation of foundational assumptions for the analysis and, then, through 

calculations of CAPEX, OPEX, NPV, and specific production costs of CO2 for each case. Three cases are 

presented and analysed. Settings and results of modelling in HYSYS are provided in extensive detail, in part 

to also potentially serve any future researchers. Assumptions for the economic analysis are also based on real-

world industry sources, which increases the accuracy of the results. Finally, possible future research directions 

are presented as well.  
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Sažetak 

Projekti hvatanja ugljika postaju sve češći u svijetu. Nakon hvatanja, ugljikov dioksid se može skladištiti 

(CCS), koristiti (CCU) ili oboje (CCUS). Projekti hvatanja ugljika iz dimnih plinova su se, dosad, uglavnom 

usredotočivali na CCS radi hedžiranja budućeg troška emisijskih dozvola, npr. u EU ETS-u, za emitera. Neki 

su se usredotočili na EOR kao CCUS tehnologiju. Međutim, gotovo nijedni se nisu usredotočili na čisto 

korištenje (CCU) ugljikovog dioksida kao proizvoda, iako je ugljikov dioksid vrlo važan plin za industriju i 

gospodarstvo, s mnogobrojnim primjenama. Nedavne turbulencije u dobavi CO2 i značajan rast cijena CO2, 

zajedno s razvojem inovativnih proizvoda koji koriste CO2 kao sirovinu, mogli bi pružiti više prilika za 

usredotočivanje na upotrebu CO2 u projektima hvatanja ugljika. Ovaj diplomski rad predstavlja primjer studije 

izvodljivosti CCU projekta zajedno s opsežnim pregledom tehnologija za hvatanje ugljika i mnogih mogućih 

upotreba ugljikovog dioksida. Studija izvodljivosti je dana primarno kao tehno-ekonomska analiza s 

razmatranjem nekih pravnih aspekata projekta. Praktičan opis funkcioniranja EU ETS-a je dan u uvodu. 

Slučajevi se temelje na hrvatskom LNG terminalu kao emiteru ugljikovog dioksida koji bi potencijalno mogao 

instalirati sustav za hvatanje ugljika. Stvarne informacije o funkcioniranju LNG terminala ustupljene su od 

strane LNG Hrvatske d.o.o., uključujući sastav i svojstva dimnog plina. Emisije ugljikovog dioksida na LNG 

terminalu dolaze iz Wärtsilinih motora koji služe za proizvodnju vlastite električne energije potrebne za 

funkcioniranje terminala. Tehno-ekonomska analiza dana je u dva zasebna poglavlja. Tehnološka analiza je 

dana kroz simulaciju i modeliranje aminskog postrojenja za hvatanje ugljika u programu Aspen HYSYS, dok 

je ekonomska analiza dana kroz detaljno objašnjenje temeljnih pretpostavki za analizu te, zatim, kroz izračune 

CAPEX-a, OPEX-a, NPV-a i specifičnih proizvodnih troškova CO2 za svaki slučaj. Tri slučaja su predstavljena 

i analizirana. Postavke i rezultati modeliranja u programu HYSYS dani su s opsežnim detaljima, djelomice 

zato da bi možda poslužili i nekim budućim istraživačima. Pretpostavke za ekonomsku analizu također se 

temelje na stvarnim izvorima iz industrije, što povećava točnost rezultata. Zaključno, predstavljeni su i mogući 

budući smjerovi istraživanja. 
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-   MJ/kgCO2  megajoules per tonne of CO2 

-   GJ/tCO2 gigajoules per tonne of CO2 

Z    m  height of the column packing  

NOG   -  number of overall transfer units 

HOG   m  height of a single transfer unit 

HTU   m  height of a single transfer unit 

NTU   -  number of transfer units 
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 INTRODUCTION 

The Croatian liquefied natural gas (LNG) terminal is a floating storage and regasification 

unit (FSRU) import terminal with a maximum regasification capacity of 2.9 bcm/y or 

338,000 m3/hr, although a capacity expansion is underway. The terminal commenced 

operations on 1st January 2021. It is operated by LNG Hrvatska d.o.o. (Eng. LNG Croatia 

LLC) and it is located in the Omišalj municipality on the island of Krk, Republic of Croatia 

(LNG Hrvatska, 2022c; LNG Hrvatska, 2022b; LNG Hrvatska, 2023c). Figure 1-1 below 

shows the terminal. The ship was renamed from Golar Viking to LNG Croatia prior to its 

delivery to Croatia (VesselFinder.com, 2024; BalticShipping.com, 2024; Rivieramm.com, 

2020; LNG Prime, 2020). 

 

The terminal is supplied with electricity by three Wärtsilä 12V34DF diesel/LNG gensets 

(generating sets) (LNG Hrvatska, 2022a), located in the ship’s engine room, with each one 

having 12.5 MW thermal input power (LNG Hrvatska, 2022a) and 5760 kW (5.76 MW) 

rated power (mechanical output power capacity) (Metroalfa, 2022; Metroalfa, 2020; 

Wärtsilä, 2022). The engine room is located at the aft (rear side) of the ship. The terminal 

usually uses Low Sulfur Marine Gas Oil (LSMGO) to start the engines and boil-off LNG to 

run the engines (LNG Hrvatska, 2022a). During normal operation, only two of the three 

gensets are operational and one serves as backup. These engines usually operate at 50%, 

55%, and 60% capacity. The terminal also uses a diesel engine backup generator on the shore 

part of the terminal (Perkins K-T350.ADB) with 0.385 MW thermal input power (LNG 

Hrvatska, 2023a). The terminal also has other backup engines and fuel consumption 

capacities, but these are not used in routine operation and are, therefore, not considered in 

this thesis. Naturally, the three engines emit flue gases, which contain carbon dioxide, among 

other gases. 
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Figure 1-1 The Croatian LNG terminal (LNG Hrvatska, 2024) 

Figure 1-2 shows the FSRU's funnels on the top left:  

 

 

Figure 1-2 The LNG terminal (left) with ship's funnels visible (offshore-energy.biz, 2021) 

Figure 1-3 shows the three funnels of the FSRU up-close: 
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Figure 1-3 Three funnels of the FSRU (original work) 

Figure 1-4 shows the Wärtsilä gensets in the engine room of the FSRU:  

 

 

Figure 1-4 The three Wärtsilä 12V34DF gensets in the engine room of the LNG terminal 

(LNG Hrvatska, 2024) 

Figure 1-5 shows the Wärtsilä gensets in the engine room of the FSRU from another 

angle:  
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Figure 1-5 The three Wärtsilä 12V34DF gensets in the engine room of the LNG terminal, 

side view (LNG Hrvatska, 2024) 

Figure 1-6 shows a 3D model of the Wärtsilä 12V34DF genset:  

 

 

Figure 1-6 Wärtsilä 12V34DF genset front (Wärtsilä, 2024a) 

Figure 1-7 shows a 3D model of the back of a Wärtsilä 12V34DF genset:  
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Figure 1-7 Wärtsilä 12V34DF engine back (Wärtsilä, 2024a) 

 

It can be approximated that, with an average of 55% working capacity and 8760 yearly 

working hours for two engines, the gensets on the terminal generate 55.5 GWh(e) every year. 

In 2021, engines on the LNG terminal consumed 19,082,541.96 Sm3 of natural gas (boil-off 

LNG) and 699.70 tonnes of LSMGO. 0.95 tonnes of diesel fuel were consumed on the shore 

part of the terminal. In 2021, the terminal emitted 39,439.77 tonnes of CO2, accounting for 

3286.648 tonnes of CO2 emissions per month on average. Of these, 37,222.35 tonnes of CO2 

were the result of natural gas usage, 2214.42 tonnes of CO2 were the result of LSMGO usage, 

and 3.01 tonnes of CO2 were the result of diesel usage at the mainland portion of the terminal 

(LNG Hrvatska, 2022a). 

In 2022, engines on the LNG terminal consumed 18,216,479.96 Sm3 of natural gas (boil-

off LNG) and 213.26 tonnes of LSMGO. 0.79 tonnes of diesel fuel were consumed on the 

mainland portion of the terminal. In 2022, the terminal emitted 36,210.43 tonnes of CO2, 

accounting for 3017.536 tonnes of CO2 emissions per month on average. Of these, 35,533.01 

tonnes of CO2 were the result of natural gas usage, 674.93 tonnes of CO2 were the result of 
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LSMGO usage, and 2.49 tonnes of CO2 were the result of diesel usage at the shore part of 

the terminal (LNG Hrvatska, 2023a). 

In 2023, the terminal emitted 38,215 tonnes of CO2, accounting for 3184.583 tonnes of 

CO2 emissions per month on average. Of these, 37,379.60 tonnes of CO2 were the result of 

natural gas usage, 830.40 tonnes of CO2 were the result of LSMGO usage, and 5 tonnes of 

CO2 were the result of diesel usage at the mainland portion of the terminal (LNG Hrvatska, 

2024). 

 

LNG Croatia must participate in the European Union Emissions Trading System (EU 

ETS), since it satisfies criteria from Annex I of the Directive 2003/87/EC of the European 

Parliament and of the Council of 13 October 2003 establishing a system for greenhouse gas 

emission allowance trading within the Union and amending Council Directive 96/61/EC 

(Official Journal of the European Union [OJ], Series L 275, 25.10.2003). The Annex I 

criteria is transposed into Croatian national legislation through the Regulation on trading 

greenhouse gas emission allowances (Official Gazette [OG] 89/20) (Cro. Uredba o načinu 

trgovanja emisijskim jedinicama stakleničkih plinova (NN 89/20)). The criteria is also found 

in Annex I of the aforementioned Regulation. In particular, LNG Croatia satisfies the criteria 

because it conducts the following activity from Annex I: “Combustion of fuels in 

installations with a total rated thermal input exceeding 20 MW”. Since the sum of rated 

thermal inputs of all technical units of the installation is larger than 20 MW, LNG Croatia 

must participate in the EU ETS.  

 

Participation in the EU ETS means LNG Croatia has to purchase greenhouse gas emission 

allowances (also known as “carbon allowances”, “CO2 allowances”, “emission allowances”, 

etc.) at auctions held throughout the year on the European Energy Exchange (EEX) platform 

(European Commission, 2021a; European Commission, 2020a; Hedgeweek, 2020; 

European Energy Exchange [EEX], 2024). Each Member State has a designated auctioneer, 

which is appointed to sell allowances on the EEX platform on behalf of the Member State 

to operators located in the Member State (European Commission, 2021a; Ministry of 
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Economy and Sustainable Development [MINGOR], 2022; EEX, 2023; European 

Commission, 2023). According to the Decision on the Auctioneer for conducting the auction 

of allowances and the choice of auction system (Official Gazette 84/14), the designated 

auctioneer (Cro. dražbovatelj) for Croatia is the Environmental Protection and Energy 

Efficiency Fund (Cro. Fond za zaštitu okoliša i energetsku učinkovitost, FZOEU) 

(MINGOR, 2022; SeeNews, 2014; Government of the Republic of Croatia, 2022; European 

Commission, 2020b). One emission allowance is valid for one tonne of carbon dioxide 

equivalent emissions, as stipulated by definition (a) in Article 3 of the Directive 2003/87/EC, 

during the period specified in Article 13 of the Directive 2003/87/EC (OJ, Series L 275, 

25.10.2003). Allowances are sold in lots containing 500 allowances (EEX, 2024; OJ, Series 

L 2023/2830, 20.12.2023). At the end of the calendar year, the plant operator must surrender 

back the allowances in the amount of yearly verified emissions of the plant (Wikborg Rein, 

2023; European Commission, 2021b; Dutch Emissions Authority [DEA], 2023b; DEA, 

2023a). The operator can also trade emission allowances with other market participants 

throughout the year (European Commission, 2021b; European Commission, n.d.; DEA, 

2023c). If the operator has any extra allowances remaining at the end of the year, it can keep 

the allowances for next year or sell them (European Commission, 2021b; European 

Commission, n.d.; DEA, 2023c). The ability to sell allowances is also beneficial in case the 

operator permanently reduces plant emissions by implementing an emissions-reduction 

technology, since the cost of the investment could be partially offset by the sold allowances. 

Moreover, if the operator manages to reduce CO2 emissions enough to exit the EU ETS, the 

operator can sell all of its carbon allowances. Exit from the EU ETS is possible under criteria 

laid out in Article 27 and 27a of the Directive 2003/87/EC (OJ, Series L 275, 25.10.2003). 

In transposed Croatian national legislation, exit from the EU ETS is possible according to 

Article 39 and Article 40 of the Act on Climate Change and Ozone Layer Protection (Official 

Gazette 127/19) and Article 11 and Article 12 of the Regulation on trading greenhouse gas 

emission allowances. It should be noted that plant operators might still need to pay an 

“equivalent contribution” towards achieving emission reductions, despite the exit of the 

installation from the EU ETS, as stipulated by the same articles. What is more, the activity 
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of capturing greenhouse gases (from installations covered by the Directive 2003/87/EC and 

for the purpose of transport and geological storage) also falls under the Annex I criteria, 

probably because carbon capture plants can also emit carbon dioxide (e.g. through burning 

fuel for the solvent regeneration process). This particularity is going to be discussed further 

in the chapters containing the techno-economic analysis of the project. Activities of 

transporting greenhouse gases for geological storage, and geological storage of greenhouse 

gases, also fall under the Annex I criteria. 

 

Per Annex I criteria, CO2 emissions from engines with less than 3 MW rated thermal 

input are not counted towards the CO2 emissions of the plant and do not require the purchase 

of CO2 emission allowances. Therefore, CO2 emissions from the Perkins diesel engine are 

not included in the purchase of allowances for LNG Croatia. CO2 emissions of LNG Croatia 

can be publicly viewed in the Environmental Pollution Register (Cro. Registar 

onečišćavanja okoliša, ROO) of Croatia. Verified CO2 emissions, free allocation of 

allowances, and compliance with the EU ETS for LNG Croatia, and all other participants of 

the EU ETS, can be viewed in the European Union Transaction Log, hosted on the website 

of the Directorate-General for Climate Action of the EU Commission (European 

Commission, 2024b; Ministry of Economy, 2024).  

In 2021, LNG Croatia spent 1,138,376.29 EUR on CO2 emission allowances. In 2022, 

LNG Croatia spent 2,920,371.23 EUR on CO2 emission allowances (LNG Hrvatska, 2022a; 

LNG Hrvatska, 2023a). In 2023, LNG Croatia spent 3,278,848.04 EUR on CO2 emission 

allowances (LNG Hrvatska, 2024). In the first year, the cost of allowances was significantly 

lower, since a company is obligated to start participating in the EU ETS only when the 

“greenhouse gas emissions permit” (GHG permit) of the company, issued by the competent 

national ministry, comes into effect (LNG Hrvatska, 2024). Obviously, this is a large 

operating cost, which the company would like to reduce. Therefore, the goal of this master’s 

thesis is to determine whether it could be technically, and economically, feasible to lower 

carbon dioxide emissions of the Croatian LNG terminal or not.   
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In particular, this is going to be determined by simulating and modelling the most 

conventional method for capture of CO2 emissions currently, the amine chemical absorption 

process. 30% and 40% solution concentrations of monoethanolamine (MEA) are going to be 

used. MEA is the most common amine used for carbon capture (Chai et al., 2022; Huang et 

al., 2019). Simulation and modelling are going to be conducted in Aspen HYSYS V12.1.  

 

Aspen HYSYS is an industry standard for chemical and process engineering simulations 

in the oil and gas industry and it includes the necessary unit operations, as well as chemical 

reactions and packages of thermodynamic models, required to simulate carbon dioxide 

capture from flue gases. As an impurity, carbon dioxide is commonly removed from 

produced natural gas at natural gas processing plants, which is a process that can be 

simulated in Aspen HYSYS. Therefore, the ability to simulate CO2 removal from flue gases 

is a natural extension of the functionality of HYSYS. The Faculty of Mining, Geology and 

Petroleum Engineering (RGN Faculty) at the University of Zagreb possesses a licence for 

usage of HYSYS, which makes HYSYS the most convenient software choice for this thesis. 

Aspen Technology Inc. (also known as AspenTech) offers an entire software suite aimed at 

chemical engineering applications, where Aspen Plus is another, even more detailed and 

more advanced, piece of software with a wider range of chemical industry applications 

(Abdullah, 2023; ChemEngGuy, n.d.-a; Costa, 2021), although capabilities of Aspen Plus 

exceed the requirements of this thesis. 

Interestingly, a Croatian chemical engineer, Dr. Vladimir Mahalec, participated in 

creation of the original ASPEN (Advanced System for Process ENgineering) process 

simulator, while ASPEN was being developed at the Massachusetts Institute of Technology 

(MIT) from 1976 to 1981 (Evans et al., 1979; Hrv. teh. enckl (Hrvatska tehnička 

enciklopedija, 2022; Massachusetts Institute of Technology, 1982). Dr. Mahalec was a 

Postdoctoral Associate at MIT after his diploma at the Faculty of Chemical Engineering, 

University of Zagreb and his PhD at the University of Texas (McMaster University, 2023a; 

McMaster University, 2023b). ASPEN was developed as an open source computer program 

with a grant from the US Department of Energy “for use in engineering of fossil energy 
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conversion processes” in response to the 1970s energy crisis (Evans et al., 1979; Aspen 

Technology Inc, 2023), although the technology was subsequently commercialized with the 

founding of AspenTech in 1981 (Aspen Technology Inc, 2007; Aspen Technology Inc, 

2008) and the release of Aspen Plus in 1982 (Aspen Technology Inc, 2023). Later, Dr. 

Mahalec also served as the Senior Vice President of Technology at Aspen Technology Inc. 

for 15 years, from 1991 to 2006 (McMaster University, 2023a), and he is now a professor at 

McMaster University in Canada (McMaster University, 2023b).  

 

After satisfying technical parameters have been reached through modelling of the process, 

the process is going to be economically evaluated using some simple economic indicators, 

like CAPEX, OPEX, NPV, the breakeven price of CO2, the cost of capture per tonne of CO2, 

etc., completing the techno-economic assessment. Possible uses of CO2 are also presented 

in the thesis.   
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 CARBON DIOXIDE EMISSIONS REDUCTION TECHNOLOGIES 

Naturally, the first step to reduction of carbon dioxide emissions is to evaluate whether a 

change of the industrial process is technologically possible, and economically feasible, in a 

way which would reduce CO2 emissions of the process or not. In the case of the Croatian 

LNG terminal, it is currently not possible to change the electricity supply process of the 

entire terminal. Such an undertaking would involve contracting a power supply, upgrading 

the electrical system of the LNG terminal, probably reinforcing the local electrical grid for 

the needs of the LNG terminal, as well as possibly buying guarantees of origin (GO)  as a 

measure of corporate social responsibility.  If GOs would not be bought, a power supply 

could be contracted through a power purchase agreement (PPA) from a producer of 

electricity from renewable energy sources (RES) as a measure of corporate social 

responsibility. Indeed, a power supply should be contracted as a part of the expansion of the 

terminal’s regasification capacity in the near future (LNG Hrvatska, 2023c), in order to 

supply a part of the terminal with electricity from the grid, but such considerations are 

beyond the scope of this master’s thesis.  

 

Therefore, the next step in the process is to evaluate the possibility of usage of carbon 

dioxide capture technologies. Generally, there are three main types of carbon capture 

technologies in the sense of placement of capture in the combustion process: pre-combustion 

capture, post-combustion capture, and oxyfuel combustion. A short overview of the three 

technologies is given below. A few other technologies are also briefly mentioned. 

2.1. Pre-combustion capture 

Pre-combustion carbon capture is a technology which involves capturing the potential 

carbon dioxide emissions before combusting the fuel. This necessarily implies a chemical 

change of the fuel to another combustible substance and carbon dioxide. The carbon dioxide 

is then separated from the mixture containing the new combustible substance and CO2 (Z. 

Chen, 2022; Jansen et al., 2015; Bagnato and Sanna, 2018). Of course, the new combustible 

substance should not produce carbon dioxide by combustion. Specifically, hydrocarbon 
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fuels, such as coal, methane, heavy fuel oil, etc., or biomass, can be transformed by 

procedures, such as partial oxidation, gasification, or steam methane reforming, into 

synthesis gas (syngas) (Speight, 2020; Jansen et al., 2015; Z. Chen, 2022; Z. Wu et al., 2023; 

Reimert et al., 2011). Syngas is a mixture of hydrogen and carbon monoxide in various 

ratios, with some impurities often present (Speight, 2020; Reimert et al., 2011). Synthesis 

gas is commonly used in synthesis of various chemical compounds, most often ammonia 

and methanol (Elliott, 2004; Standen and Killheffer, 2024; da Rosa and Ordóñez, 2022; 

Hiller et al., 2011). Syngas is combustible and can be directly used as a fuel (Whitty, 2008), 

although, in the energy industry, it is more common to further transform the carbon 

monoxide from the syngas mixture into hydrogen and carbon dioxide by using the water-gas 

shift reaction (da Rosa and Ordóñez, 2022; Hiller et al., 2011). The carbon dioxide is 

separated from the resulting mixture, while hydrogen is ultimately used as the combustible 

fuel (Jansen et al., 2015). Combustion of hydrogen in a mixture with air produces mainly 

water vapour (Pal et al., 2022; A. C. Lewis, 2021; U.S. Department of Energy [DOE], n.d.-

a; Lauermann et al., 2013). The carbon dioxide is more easily separated from the resulting 

mixture with hydrogen, in comparison to separation from post-combustion flue gas mixtures, 

owing to the greater concentration of carbon dioxide in the mixture and a greater pressure of 

the mixture (therefore, a greater partial pressure of CO2 as well) (Jansen et al., 2015; Y. Zhu 

and Frey, 2010; Rao, 2010; Z. Wang, 2018; Ochoa Robles et al., 2018; DOE, n.d.-b). 

Captured CO2 can be further purified and used as a raw material in industrial processes 

(Samipour et al., 2020), many of which are covered in the chapter on possible utilizations of 

carbon dioxide. A common example of pre-combustion capture usage are Integrated 

Gasification Combined Cycle (IGCC) power plants (Jansen et al., 2015; Bagnato and Sanna, 

2018; Majić, 2017). The necessity of implementation of many new chemical reactions and 

unit operations makes pre-combustion capture of carbon dioxide very difficult and expensive 

to retrofit onto existing power plants (Bandilla, 2020; Blagec, 2023; Y. Lu et al., 2020). 
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2.1.1. Partial oxidation 

Partial oxidation is an industrial chemical process in which a substance reacts with a sub-

stoichiometric concentration of air (oxygen) in the system, in the presence of high 

temperature (Speight, 2020; Reimert et al., 2011; Makaryan et al., 2023; SFC Energy, 2021; 

Google Patents, 2001). In industrial applications, high pressure can also be used (Speight, 

2020; Jansen et al., 2015; Reimert et al., 2011). Incomplete combustion is a more general 

chemical process, where a substance reacts with a sub-stoichiometric concentration of 

oxygen, but which does not always require high temperature or pressure to occur, in 

comparison with partial oxidation.  

In a sub-stoichiometric mixture, the combustible substance (usually a hydrocarbon 

substance) is not going to be completely oxidized, since there is not enough air (oxygen) for 

the reaction to mainly result in the products of a stoichiometric mixture oxidation (or 

combustion), which are not further flammable (Kardum, 2014; Pavlović, 2021; Čulina, 

2016) and usually contain more oxygen atoms per product molecule, as shown by 

Dragobratović and Holenda (2018), Pavlović (2021), Cvrtila (n.d.), Reimert et al. (2011), 

and Semelsberger (2009). On the other hand, in a stoichiometric mixture, a substance can 

(theoretically) be fully oxidized since the ratio of air and fuel allows for a perfect, or 

complete, combustion (Albrecht, 2004; Schmidt et al., 1994; Bahrami, 2015; Mines Paris – 

PSL, n.d.). A common example is the formation of mainly carbon monoxide in oxidation of 

a sub-stoichiometric fuel-air mixture, instead of mainly carbon dioxide in oxidation of a 

stoichiometric fuel-air mixture (Schmidt et al., 1994; Makaryan et al., 2023; Semelsberger, 

2009; European Commission, 2019; Albrecht, 2004).  

 

Other than carbon monoxide, partial oxidation of hydrocarbons also leads to production 

of hydrogen (as indicated above) (Reimert et al., 2011; Speight, 2020) or, in some cases, 

water (Osborn, 2014; Speight, 2020; Hiller et al., 2011). Adding steam to the partial 

oxidation reaction of a hydrocarbon fuel leads to the production of additional hydrogen 

(Reimert et al., 2011). Partial oxidation is only one part of the gasification process (Hiller et 

al., 2011; Speight, 2020).  
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2.1.2. Gasification 

Gasification is a process in which solid, liquid or gaseous hydrocarbons, or biomass, are 

converted into syngas without combustion by using high temperatures (at least over 700°C) 

and a sub-stoichiometric amount of oxygen in the fuel-air mixture (Speight, 2020; Hiller et 

al., 2011; Speight, 2011; Dieringer et al., 2020). The resulting syngas consists of mainly 

carbon monoxide and hydrogen, although carbon dioxide, methane, sulphur dioxide, and 

other compounds can also be present (Speight, 2020; Hiller et al., 2011). Sometimes, steam 

is used instead of, or in addition to, oxygen (Speight, 2020; Speight, 2011; Hiller et al., 

2011). Even carbon dioxide can be used instead of oxygen (dry reforming), depending on 

the application (Speight, 2020; Reimert et al., 2011). It is possible to use pressures higher 

than atmospheric in the gasification process, although the requirement depends on the 

specific application (Speight, 2011; Speight, 2020). There are many different types of the 

gasification process, owing to many applications of gasification (Speight, 2020). There are 

also many chemical reactions involved in gasification in addition to partial oxidation, such 

as dehydration, devolatilization, pyrolysis, etc. (Speight, 2020; National Energy Technology 

Laboratory [NETL], n.d.-a), which are beyond the scope of this thesis. The carbon monoxide 

from the resulting syngas is usually transformed into hydrogen and carbon dioxide, for which 

the water-gas shift reaction is used. If it is required to produce methane from carbon 

monoxide, or from carbon dioxide, methanation through hydrogenation can be used 

(Speight, 2020; Hiller et al., 2011; Mok et al., 2013). 

 

2.1.3. Steam methane reforming 

Steam methane reforming (SMR) is a process of producing syngas (hydrogen and carbon 

monoxide) through a reaction of methane with water (steam). The carbon monoxide from 

the resulting syngas can be transformed into additional hydrogen with the water-gas shift 

reaction, where carbon monoxide reacts with water (steam) once again. Carbon dioxide is 

also a main product of the water-gas shift reaction (Speight, 2020; Jansen et al., 2015; 
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Reimert et al., 2011). Steam methane reforming is currently responsible for most of the 

hydrogen production in the world (Makaryan et al., 2023; Franchi et al., 2020). 

 

Since it is likely not economically, or technically, feasible to retrofit the pre-combustion 

CO2 capture method at the Croatian LNG terminal, it is not going to be considered for the 

carbon capture project at the LNG terminal.  

2.2. Post-combustion capture 

Post-combustion capture is a method of carbon dioxide capture applied after a fuel has 

been combusted. In particular, this is capture of CO2 contained in the flue gases emitted by 

a process.  

 

The method can generally be divided into absorption and adsorption technologies. 

Absorption is a process in which a substance (the absorbate) enters into, and is retained in, 

another material (the absorbent), such as a liquid or a solid (Encyclopaedia Britannica, 2024; 

Simon, 2020b; Tehnički leksikon, 2007). Absorption can be divided into chemical 

absorption and physical absorption (Simon, 2020b; Peu et al., 2023; Songolzadeh et al., 

2014). In contrast, adsorption is a process in which a substance (the adsorbate) is adhered to, 

and retained on, the surface of a solid or a liquid material (the adsorbent) (Encyclopaedia 

Britannica, 2024; Simon, 2020b). Adsorption can also be divided into chemical adsorption 

and physical adsorption (Songolzadeh et al., 2014; Encyclopaedia Britannica, 2024; Simon, 

2020b; Yu et al., 2012). 

 

Chemical absorption is the most commonly used carbon capture technology (Chai et al., 

2022; Khan et al., 2023). Chemical absorption means that a chemical substance (the 

absorbent) is used to cause a chemical reaction with a desired substance (the absorbate) from 

the feed stream in order to capture the absorbate (i.e. a chemical change occurs) (Simon, 

2020b; Khan et al., 2023). In carbon capture, chemical absorption often employs a class of 

chemical compounds called alkanolamines, commonly referred to as amines, in order to 
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‘capture’ the CO2 from the flue gas stream (Songolzadeh et al., 2014; Chai et al., 2022; 

Simon, 2020b; Faisal Elmobarak et al., 2023). Amines are commonly used for absorption of 

acid gases (e.g. H2S and CO2) at natural gas production facilities (“natural gas sweetening”) 

or for CO2 capture from flue gases at power plants, cement plants, steel mills, etc. (Parekh, 

2020; Simon, 2020a; Yamada, 2020; Pashaei and Ghaemi, 2022). There are other kinds of 

absorbents used in carbon dioxide capture (and in carbon dioxide separation) as well, but 

these are not discussed in this thesis. The post-combustion process is the most attractive 

carbon capture process to retrofit onto existing plants (Bandilla, 2020; Chai et al., 2022; 

Franki et al., 2019) and the amine chemical absorption process is the most used post-

combustion CO2 capture technology (Chai et al., 2022; Faisal Elmobarak et al., 2023). 

Therefore, the amine chemical absorption process is going to be used for the feasibility 

study, as well as for simulation, and modelling, conducted in this thesis. Specifically, MEA 

is going to be used, as it is the most commonly used amine for carbon capture (Chai et al., 

2022; Huang et al., 2019). 

 

Physical absorption means that a physical property (or properties) of an absorbent, and of 

a certain desired substance, is used to attract the absorbate towards the absorbent and capture 

it from the feed stream (Simon, 2020b). Physical absorption usually requires a high pressure 

(i.e. a high partial pressure of CO2) and a low temperature in the carbon capture process and 

it is based on Henry’s law (Peu et al., 2023; Simon, 2020b; Torralba-Calleja et al., 2013; Yu 

et al., 2012; M. Wang et al., 2011). Therefore, it is difficult to use physical absorption for 

post-combustion carbon capture, since pressures and the proportion of carbon dioxide in the 

composition of post-combustion flue gases are too low (Songolzadeh et al., 2014; M. Wang 

et al., 2011). Physical absorption is mainly used to remove acid gases, such as CO2, from 

gas streams which contain a high proportion of carbon dioxide, e.g. in facilities which 

process produced raw natural gas and in ammonia production plants (Simon, 2020a; Simon, 

2020b; Kothandaraman, 2010; Šimunec, 2012). Some of the main physical solvents used for 

this purpose are Selexol, Purisol, Sulfinol, Rectisol, and fluorinated solvents (Songolzadeh 

et al., 2014; Simon, 2020b; Pashaei and Ghaemi, 2022; Šimunec, 2012). Sulfinol is a hybrid 
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solvent, meaning it is composed of both physical and chemical absorbents, so combinations 

of the two types of solvents are possible as well (Šimunec, 2012; Huang et al., 2019). Since 

the preparation processes for pre-combustion capture result in feed streams with a high CO2 

content, physical solvents can be used for pre-combustion carbon capture (Huang et al., 

2019; Kothandaraman, 2010; Khan et al., 2023). A promising group of solvents for post-

combustion physical absorption of carbon dioxide are ionic liquids (ILs), although much 

more research is needed before scaling up application of ILs into industry (Peu et al., 2023; 

Faisal Elmobarak et al., 2023; Torralba-Calleja et al., 2013; Chai et al., 2022; de Riva et al., 

2017; Yu et al., 2012).  

 

Chemical adsorption involves adhering, and retaining, a desired substance (the adsorbate) 

to the surface of the adsorbent material by a chemical change (e.g. a chemical reaction 

between the adsorbate and the adsorbent) (Simon, 2020b). Adsorbents can be regenerated 

and used again in the adsorption process. Adsorbents in carbon capture can be zinc oxide 

(ZnO), calcium oxide (CaO), magnesium oxide (MgO), (Li2ZrO3), (Li4SiO4), etc. 

(Songolzadeh et al., 2014; Simon, 2020b)  

 

Physical adsorption involves adhering, and retaining, a desired substance (the adsorbate) 

to the surface of the adsorbent material because of a physical property (or properties) of the 

adsorbate and the adsorbent (Simon, 2020b). Adsorbents can be regenerated and used again 

in the adsorption process. Physical adsorbents used in carbon capture are usually molecular 

sieves (e.g. zeolites) (Songolzadeh et al., 2014), activated carbons (Songolzadeh et al., 2014; 

Lai et al., 2021), metal-organic frameworks (MOFs) (Lai et al., 2021; Songolzadeh et al., 

2014), and certain other materials (Songolzadeh et al., 2014; Simon, 2020b; Lai et al., 2021).  

 

It is also possible to modify adsorbents by combining multiple adsorbents, resulting in 

composite adsorbents. Even some absorbents, like MEA, can be impregnated into an 

adsorbent to improve the adsorbent’s CO2 adsorption capacity (Lai et al., 2021; Songolzadeh 

et al., 2014).  
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Since amine chemical absorption is going to be used for the techno-economic analysis 

conducted in this thesis, the amine carbon capture process is going to be described in more 

detail below.  

2.2.1. Chemical reactions in the absorption of carbon dioxide with MEA 

A literature review of the chemical reactions between CO2 and the aqueous solution of 

MEA in the chemical absorption process reveals that there is still no final consensus on the 

exact reaction mechanism between carbon dioxide and MEA. There are several theories as 

to the exact reaction mechanism, of which the most significant are the zwitterion theory and 

the termolecular theory.  

2.2.1.1. The zwitterion theory 

The zwitterion theory posits that carbon dioxide and MEA first react to form a zwitterion, 

which is then deprotonated to form a carbamate molecule, while the proton (the hydrogen 

atom) reacts with another MEA molecule (or another base) (Lv et al., 2015; Singh, 2009; 

Arachchige, 2019; Ma et al., 2023).   

 

The first step is the formation of a zwitterion: 

 

𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2  +  𝐶𝑂2  →  𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2 + 𝐶𝑂𝑂−       (2-1) 

 

In this step, the amine group in the MEA molecule reacts with CO2 to form a zwitterion. 

A zwitterion is a molecule that contains both positive and negative ions, but it has a neutral 

charge overall. Therefore, the MEA molecule gains a positive charge on the nitrogen atom 

(resulting in a protonated amine) and a negative charge on the oxygen atom (which is a part 

of the carboxylate anion, R-COO-). The structural formula of MEA is HOCH2CH2NH2. It is 

also possible to represent the functional group HOCH2CH2 only with an R in shortened 

notation, resulting in R-NH2 as a shorter form in reactions, which can also be observed in 
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literature. However, for the sake of clarity, the entire structural formula is going to be used 

to represent MEA and other molecules in reactions in this thesis. For a secondary amine, like 

DEA, R1R2NH or R2NH can be used as a shortened structural formula in literature. 

 

The next step is the deprotonation of the zwitterion to form a carbamate. Since MEA can 

also act as a base and accept a proton, another MEA molecule reacts with the zwitterion: 

 

𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2
+𝐶𝑂𝑂−  +  𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2  

→   𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2𝐶𝑂𝑂−  +  𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻3
+ 

 

(2-2) 

 

The zwitterion quickly deprotonates to form the carbamate ion (HOCH2CH2NH2COO-). 

This step completes the capture of CO2 as a carbamate, which is now stabilized in the 

solution.  

 

The reaction with the proton is also possible with a base other than the amine, like water 

or a hydroxyl ion (OH-) (Lv et al., 2015; Singh, 2009; Arachchige, 2019). In this general 

case, the reaction can be represented as: 

 

𝐻+  +  𝐵 →  𝐵𝐻3
+ (2-3) 

 

Where B represents a base molecule.  

 

The overall reaction of the zwitterion theory can then be summarised as: 

 

2 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2  +  𝐶𝑂2  →  𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻3
+ +  𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂− (2-4) 

 

A study by Lv et al. (2015) showed that main reactions in the solution differ under low 

and high CO2 loading (a process parameter explained in chapter 2.2.3. Process parameters). 
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At high CO2 loading, the carbamate is unstable and decomposes easily and CO2 hydration is 

the main reaction. Therefore, a single reaction mechanism is not enough to represent all the 

possible reactions occurring during the absorption process. 

2.2.1.2. The termolecular theory 

The termolecular theory posits, essentially, that three molecules are involved in the rate-

determining step of the reaction. Sometimes, the termolecular theory is referred to as the 

“single-step” theory. Unlike in the previous theory, the first step is the formation of a loosely 

bound encounter complex instead of the zwitterion (Singh, 2009; Siemieniec et al., 2012; Lv 

et al., 2015; Ramachandran et al., 2006; B. Liu et al., 2017). The complex can be between a 

molecule of MEA and water or between two MEA molecules (Arachchige, 2019):  

 

𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2  +  𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2  

→  (𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2)(𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2) 
(2-5) 

 

 

𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2  + 𝐻2𝑂 →  (𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2)(𝐻2𝑂) (2-6) 

 

In this theory, the formation of the bond and proton transfer occur simultaneously and the 

overall reaction in both cases can be represented as:  

 

𝐶𝑂2 + (𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2)(𝐻2𝑂)  →  (𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂−)(𝐻3𝑂+) (2-7) 

 

Or: 

 

𝐶𝑂2 + (𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2)(𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2)  

→ (𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻3
+)(𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂−) 

(2-8) 
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Or (Siemieniec et al., 2012): 

 

𝐶𝑂2 + (𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2) + (𝐻2𝑂)  → (𝐻3𝑂+) + (𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂−) (2-9) 

 

Or (Siemieniec et al., 2012): 

 

𝐶𝑂2 + 2 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2  → 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻3
+ + 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂− (2-10) 

 

Since any base can form the loosely bound encounter complex with MEA, the following 

notation is also observed in literature (Lv et al., 2015): 

 

𝐶𝑂2 + 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2𝐵 → 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂−𝐵𝐻+ (2-11) 

 

Or (Singh, 2009; Bhattacharya, 2021):  

 

𝐶𝑂2 + 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2 + 𝐵 → 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂− + 𝐵𝐻+ (2-12) 

 

In some literature, authors also posit the formation of a loose bond between the CO2 and 

MEA, although not in the form of a zwitterion, prior to the single step reaction in the 

termolecular theory (Fraij, 2023; Bhattacharya, 2021). Some have suggested that it is not 

impossible that a zwitterion can exist in the solution even if the termolecular theory is correct 

(Makul, 2021; Sumon et al., 2015). Some authors have criticised the termolecular theory as 

impossible, since it requires almost impossible continuous simultaneous collisions and 

reactions of three molecules, although other authors have disagreed with this criticism and 

offered possible explanations (Sumon et al., 2015; Siemieniec et al., 2012).  

  

https://intapi.sciendo.com/pdf/10.2478/v10216-011-0006-y
https://intapi.sciendo.com/pdf/10.2478/v10216-011-0006-y
https://intapi.sciendo.com/pdf/10.2478/v10216-011-0006-y
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2.2.1.3. Carbamic acid theory 

The carbamic acid theory is another theory regarding the reaction mechanism between 

CO2 and MEA. In this theory, CO2 reacts with MEA to form carbamic acid (R-NHCOOH), 

which is then deprotonated by another MEA molecule (or another base) to form a carbamate 

(Lv et al., 2015; Fraij, 2023; Sumon et al., 2015; Ma et al., 2023; Makul, 2021). Some authors 

suggest that the initial formation of the carbamic acid is due to the formation of a zwitterion, 

which protonates its carboxylate anion (R-COO-) via a proton relay or a proton wire (Sumon 

et al., 2015; Ma et al., 2023).  

 

The formation of the zwitterion can be represented in the same way as in the zwitterion 

theory (equation (2-1)). The formation of carbamic acid from the zwitterion can then be 

represented as: 

 

𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2
+𝐶𝑂𝑂−  → 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂𝐻 (2-13) 

 

The formation of carbamic acid can also be, more generally, represented as (Lv et al., 

2015; Sumon et al., 2015; Fraij, 2023): 

 

𝐶𝑂2 + 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2 → 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂𝐻 (2-14) 

 

Carbamic acid is a neutral species, but relatively unstable (Ouellette and Rawn, 2015; 

Altun et al., 2019) and quickly undergoes further reactions. Carbamic acid reacts with 

another molecule of MEA to form the carbamate ion and protonated MEA (Lv et al., 2015; 

Ma et al., 2023):  

 

𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂𝐻 + 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2

→ 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂− +  𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻3
+ 

(2-15) 
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Actually, carbamic acid can react with any base, such as water, a hydroxyl ion (OH-), or 

an amine, so the formation of the carbamate ion can be represented more generally as 

(Sumon et al., 2015; Fraij, 2023): 

 

𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂𝐻 + 𝐵 → 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂− + 𝐵𝐻+ (2-16) 

 

The overall reaction, in the carbamic acid pathway, can then be represented in the same 

way as in the zwitterion theory (in case the base molecule in the second step is another MEA 

molecule):  

 

2 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻2  + 𝐶𝑂2 → 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻𝐶𝑂𝑂− + 𝐻𝑂𝐶𝐻2𝐶𝐻2𝑁𝐻3
+ (2-17) 

 

In any of the presented cases, once the carbon dioxide is trapped in the form of a 

carbamate molecule, it can be released with the help of heat in the desorber (stripper), when 

MEA is also regenerated. The predominant theory of the reaction mechanism between 

carbon dioxide and MEA is the zwitterion theory (Lv et al., 2015). There is a set of chemical 

reactions for the regeneration process as well (Gao et al., 2020), although these are not 

presented in this thesis. 

2.2.2. Process equipment 

The most commonly used equipment in the amine chemical absorption process are 

absorbers (also known as contactors or scrubbers) and desorbers (also known as strippers or 

regenerators), as well as heat exchangers, pumps, fans, compressors, separators, tanks, and 

mixers. 
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2.2.2.1. General process diagram  

A general diagram of the amine carbon capture process is shown in Figure 2-1 below. 

 

 

Figure 2-1 General diagram of the amine carbon capture process (Liang, 2014) 

 

The stream of flue gas first undergoes pre-treatment, usually in terms of SOx removal, 

NOx removal, PM (particulate matter) removal, and cooling. Then, the pre-treated flue gas 

enters the absorber at the bottom and moves upwards in the absorber. The stream of lean 

amine aqueous solution enters the absorber at the top and moves downwards in the absorber. 

In the absorber, a certain CO2 removal efficiency is achieved through a chemical reaction of 

an amine and of CO2, both of which flow countercurrently to each other. The stream of 

cleaned flue gas (i.e. without a certain part of CO2) flows out from the top of the absorber.  

 

The stream of rich amine (i.e. lean amine which has taken in CO2 from the flue gas) exits 

the absorber at the bottom and passes through a pump, which raises rich amine’s pressure 

prior to its passage through the rich/lean amine heat exchanger. In the heat exchanger, the 

rich amine attains a higher temperature, which lowers the amount of heat necessary for heat 
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transfer in the desorber, thereby reducing the reboiler energy required for amine 

regeneration.  

 

After rich amine passes through the heat exchanger, rich amine enters into the stripper 

column (the desorber) at one of the top stages and flows downwards in the desorber. A 

stream of hot steam (at the regeneration temperature of the amine) enters the stripper at the 

bottom and flows upwards in the stripper, countercurrently to the rich amine. The steam 

comes from the reboiler and the process is explained in more detail below. In the desorber, 

a certain CO2 removal efficiency (removal from the rich amine) is achieved through breaking 

of the chemical bonds between amine and CO2 (most probably a carbamate molecule, as 

discussed above in chapter “2.2.1. Chemical reactions in the absorption of carbon dioxide 

with MEA”), which is enabled by the transfer of heat from hot steam onto the rich amine 

solution.  

 

A stream predominantly composed of water and CO2 (with possibly only a small fraction 

of O2, N2, MEA, etc.) flows out from the top of the stripper into the condenser. Water (or 

another medium) can cool the condenser in order to condense the water from the stream. 

From the condenser, a condensed water mixture flows back into the stripper (this is the 

desorber reflux stream), while a vapour mixture with CO2 and remaining water flows out 

from the top of the condenser. After leaving the condenser, the CO2 mixture can be processed 

further in order to achieve a required purity or it can be transported to another site for 

processing. Further processing can include separators (e.g. with cooling to ensure greater 

removal of water), dehydration, liquefaction, etc. The stream of water flowing out of the 

separator could be reused for make-up water (explained below), for a potential “water wash” 

in the absorber to reduce amine loss, or be processed and disposed of in accordance with 

environmental regulations. 

 

The amine solution (from the stripper) flows out from the bottom of the stripper into the 

reboiler, where it is further heated. It is the heating of the solution that usually makes up the 
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largest share of the cost of an amine carbon capture project. In the reboiler, much of the 

water from the solution boils up to form steam, which flows into the stripper at the stripper’s 

bottom and moves upwards, countercurrently to the rich amine flow. The amine does not 

largely boil up into steam because of the boiling point of the amine. For example, the boiling 

point of MEA is at around 170°C at 101,325 Pa (National Oceanic and Atmospheric 

Administration [NOAA], 2024; National Center for Biotechnology Information [NCBI], 

2024; National Institute of Standards and Technology [NIST], 2023). 

 

The remaining amine solution, containing predominantly the amine (e.g. MEA), and the 

remaining CO2 and water, flows out from the reboiler. This stream is usually called the 

“bottoms product”. The bottoms stream flows into the rich/lean amine heat exchanger to 

provide heat to the lean amine flowing into the stripper. Once the bottoms product stream 

flows out of the heat exchanger, it heads towards the mixer in order to regenerate the original 

amine solution (e.g. a 30%. MEA solution). Proper amounts of water and/or MEA are 

usually added into the solution, which is now the original lean amine solution. In practice, 

the lean and rich amine solutions always contain certain amounts of CO2 (“CO2 loading”), a 

situation which is further explained below. 

 

The regenerated amine solution then passes through a cooler (usually a heat exchanger), 

where the original solution temperature of the lean amine is achieved. There could also be a 

pressure drop in the cooler, bringing the solution pressure down to the original solution 

pressure of the lean amine, or there could be an additional pump in order to raise the pressure 

of the solution. From this point, the process with (the regenerated) lean amine continues as 

from the beginning. 
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2.2.2.2. Equipment 

An absorption column or tower (also known as an absorber or a contactor or a scrubber) 

is a process vessel in chemical engineering in which a unit operation of chemical absorption 

occurs in an overall chemical process, e.g. the amine gas treating process, including carbon 

capture from flue gases (Simon, 2020b). As described above, flue gas enters the absorber at 

the bottom, while the amine solution enters at the top of the absorber. The gas and the liquid 

make contact while in countercurrent flow in the absorber, which is when the desired 

chemical reaction (or reactions) occur. For some chemical processes, cocurrent flow in an 

absorber is desired instead (Schaschke, 2014). There are internal elements in the absorber, 

which are designed so that the contact area between the two phases in countercurrent flow 

is maximized in such a way that it enables the desired chemical reaction(s) to occur at the 

desired rate and yield. These internal elements are either trays (also known as plates) or 

packing. For some chemical processes, empty absorbers, without internal elements, are 

desired instead (Schaschke, 2014). There are many different kinds of trays, as shown in 

figures below, e.g. sieve trays, bubble-cap plates, and valve trays (Theodore and Ricci, 

2010). A whole tray absorption column can be seen in Figure 2-2. Figure 2-3 illustrates the 

contact of fluids on a bubble cap tray. Figure 2-4 also illustrates the contact of fluids on a 

bubble cap tray. Figure 2-5 shows the illustration of a bubble cap in HYSYS. Figure 2-6 

shows an entire tray with bubble caps. Figure 2-7 shows a stack of sieve trays. Figure 2-8 

illustrates operation of an absorption column with sieve trays. 
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Figure 2-2 Tray absorption column with bubble caps and triethylene glycol (TEG) as the 

absorbent for natural gas dehydration (Kimray.com, 2023) 

 

 

Figure 2-3 Illustration of flows on a bubble cap tray (Hossain et al., 2023) 
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Figure 2-4 Illustration of flows on a bubble cap tray with bubbles (Hossain et al., 2023) 

 

 

Figure 2-5 Illustration of a bubble cap on a tray from the column internals menu in 

HYSYS 
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Figure 2-6 A tray with bubble caps (Kimray.com, 2023) 

 

 

Figure 2-7 A stack of sieve trays of an absorption column (University of Michigan, 2024) 
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Figure 2-8 Illustration of operation of a sieve tray absorption column (Theodore and Ricci, 

2010) 

 

The liquid flows across each tray on its way to the bottom. The gas moves upwards 

through openings in the trays, bubbles through the liquid, forming a froth, and passes to the 

next tray above. During the contact between the gas and the liquid, desired chemical 

reactions occur. Each column tray is a so-called (reaction) stage. The amount of required 

theoretical stages (also called ideal stages, theoretical trays or plates, and equilibrium stages) 

in tray absorption columns can be determined based on the graph of operating and 

equilibrium lines, although this well-known method is more appropriate for binary mixtures, 

while mixtures involved in applications in the industry often contain more than two 

components. There are analytical methods, as presented by Theodore and Ricci (2010), 

which can also be applied to multicomponent mixtures. However, in practice, since 

thermodynamics of multicomponent vapour-liquid equilibrium are very complex, column 

design calculations are often carried out on a stage-by-stage basis by computer programs. 

Such computer programs use the iterative method to arrive at an approximate solution, which 



 

 

 

 

32 

 

 

 

 

is exactly the nature of HYSYS. It is safe to say that the amount of required theoretical stages 

is going to depend on the operating conditions and the desired reaction rates and yields.  

 

In practice, the actual number of stages is going to be higher than the number of required 

theoretical stages because of tray efficiencies (or inefficiencies) in chemical reactions (it is 

not practical to allow mixtures to spend enough time at each tray to reach equilibrium). There 

are several types of tray efficiencies, for example the Murphree efficiency (individual tray 

efficiency) (Theodore and Ricci, 2010). Murphree efficiency can be specified in the 

Efficiency calculation mode in HYSYS.  

Most of the overall column height is determined by two factors: the actual number of 

trays and the distances between trays (tray spacing). Tray spacing depends on the nature and 

operating conditions of the process, as well as the column diameter. Standard tray spacings 

are 16, 24, and 36 inches (roughly 400 mm, 600 mm, and 900 mm), although larger and 

smaller spacings are possible (Theodore and Ricci, 2010). Larger spacing is useful in case 

the reaction components tend to foam and in the need for easier maintenance access. Smaller 

spacings are common in, for example, columns which separate air components at cryogenic 

temperatures. Other process considerations are also employed to determine the final height 

of the column, such as leaving additional space at the bottom for liquid collection in case a 

pump malfunctions. It is not unusual to provide additional space in advance in case more 

trays need to be added in the future. Theodore and Ricci (2010) provide an extensive 

coverage of many aspects of the design of trayed columns.   

 

Packing are objects that are used in packed columns to provide a large contact surface 

area (per unit volume) between the reactants (Schaschke, 2014). There are many types of 

packing objects made of many types of packing materials. There exists structured and 

unstructured packing. Structured packing can consist of many arranged sheets of corrugated 

metal (Schaschke, 2014), as shown in Figure 2-9. Figure 2-10 shows a packed column with 

additional images of its internal elements. Unstructured packing consists of small objects 

which are randomly arranged, such as saddles and rings (Schaschke, 2014). Structured 
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packing provides a higher contact area between phases than unstructured packing (Orangi, 

2021). Packing can be made of materials such as metal, ceramic, plastic, glass, etc. 

(Schaschke, 2014). Packed columns are most often used in absorption processes (Theodore 

and Ricci, 2010). Structured packing is going to be used for the modelling of absorbers in 

this thesis.  

 

 

Figure 2-9 Gauze structured packing and sheet metal structured packing (Kimray.com, 

2023) 
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Figure 2-10 Absorption tower with structured packing and trietylene glycol (TEG) as the 

absorbent for natural gas dehydration (adapted from Kimray.com, 2023) 

 

The concept of equilibrium stages is also applied in designing of packed absorber 

columns. The height of the packing section of a column can be estimated by the equation: 

 

𝑍 = 𝑁𝑂𝐺 × 𝐻𝑂𝐺  (2-18) 

 

where NOG represents the number of overall transfer units, HOG represents the height of a 

single transfer unit, and Z is the height of the column packing (Theodore and Ricci, 2010). 

NOG is sometimes referred to as the number of transfer units (NTU) and HOG is sometimes 

referred to as the height of a transfer unit (HTU) (Michaels, 2024; Theodore and Ricci, 2010; 

Graf, 2011). The concept of NOG in packed columns is analogue to the concept of stages in 

trayed columns. NOG is a dimensionless number (Graf, 2011; Michaels, 2024). Theodore and 
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Ricci (2010), indicate that NOG can be determined experimentally or analytically through 

several methods they outline. HOG represents the height required for a change in composition 

as in a single transfer unit (Schaschke, 2014). HOG can also be obtained experimentally and 

from literature, although it is usually obtained from the manufacturer (Theodore and Ricci, 

2010). HOG only has the dimension of length (height).  

Height equivalent to a theoretical plate (HETP) is a related concept, which indicates the 

required height of packing for the same change in composition as in one theoretical plate 

(Schaschke, 2014; Theodore and Ricci, 2010). The concept of HETP is different from HOG 

because HETP relates the packing height to the number of theoretical stages, as if the process 

were conducted on trays, while HOG relates the packing height to the number of transfer 

units, a measure which is specific to packed columns. HETP also has the dimension of length 

(height). The height of packing can also be determined from HETP by multiplying the 

obtained number of required theoretical stages with HETP (Schaschke, 2014), although Graf 

(2011) claims that this requires a certain correction.  

 

There are numerous procedures for determining the height of a packed column, but the 

NOG – HOG procedure is the most simple and, currently, the most used one (Theodore and 

Ricci, 2010). Liang et al. (2014) provide an extensive description of several methods for 

designing an absorber column specifically for the case of post-combustion carbon capture 

using chemical absorption. Graf (2011) extensively covers the concepts of NTU, HTU, 

HETP, their calculation, and their relationships. In Advanced Calculation mode of HYSYS, 

“stage packing height” can be set as a similar parameter. Theodore and Ricci (2010) provide 

an extensive coverage of many aspects of the design of packed columns. 

 

A rich/lean heat exchanger is a heat exchanger in the absorption process tasked with 

heating the rich amine solution coming from the absorber and cooling the lean amine 

solution (before makeup) coming from the stripper (or, more precisely, from the reboiler). 

The purpose of heating the rich amine solution is to reduce the reboiler duty of the desorption 
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column. The purpose of cooling the lean amine is to reduce the required duty for the heat 

exchanger tasked with cooling the lean amine before entry into the absorber (Orangi, 2021).  

After passing through the rich/lean heat exchanger, the rich amine enters into the stripper, 

while the lean amine solution can go to makeup and further temperature modification before 

returning into the absorber. In simulations and modelling for this thesis, the rich/lean heat 

exchanger is a “shell & tube” heat exchanger of TEMA (Tubular Exchanger Manufacturers 

Association) Type AFL. Letters A and L designate the type of the front header and the rear 

header, respectively, while the letter F designates the type of the exchanger’s shell (Brogan, 

2011; Enerquip, 2018). The F shell type enables pure countercurrent flow. Countercurrent 

flow can provide the greatest temperature exchange between the fluids in comparison with 

other flow types (Enerquip, 2024; Patel, 2023). Therefore, an exchanger with countercurrent 

flow is used for simulations and modelling in this thesis. An illustration of the F shell type 

can be seen in Figure 2-11. Sometimes, a crossflow heat exchanger is used (Orangi, 2021; 

Kothandaraman, 2010).  

 

 

Figure 2-11 TEMA's official illustration of the F shell type of heat exchangers (Brogan, 

2011) 

 

A desorption column or tower (also known as a desorber or a stripper or a regenerator) is 

a process vessel in chemical engineering in which a unit operation of chemical desorption, 

or stripping, occurs in an overall chemical process, e.g. the amine gas treating process, 

including carbon capture from flue gases (Simon, 2020b). As described above, the rich 

amine solution enters the desorber near the top, while the hot steam enters near the bottom 

of the desorber. The steam and the rich amine solution make contact while in countercurrent 
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flow in the desorber, which is when the reversal of a chemical reaction (or reactions), in 

relation to absorption, occur. There are internal elements in the desorber, just like in the 

absorber, which are designed so that the contact area between the two phases in 

countercurrent flow is maximized in such a way that it enables the desired chemical 

reaction(s) to occur at the desired rate and yield. These internal elements are also trays or 

packing. 

The separated carbon dioxide exits the desorber at the top along with steam and perhaps 

other impurities, while the stripped solvent exits the desorber at the bottom. The vapour 

stream (the stream of separated carbon dioxide and steam) enters into the condenser, while 

the liquid stream (the stream of stripped solvent) enters into the reboiler. 

 

A condenser is, essentially, a heat exchanger in which the vapour stream is separated into 

a liquid phase and a gaseous phase through cooling with an appropriate medium (Orangi, 

2021). As evidenced in the stripper configuration options in HYSYS, the condenser can be 

a total, a partial, or a full reflux condenser. In a total condenser, the vapour stream is 

completely liquefied (condensed) and a part of the condensate enters back into the stripper 

near the top as the reflux, while the other part of the condensate is sent to further processing. 

In a partial condenser, the vapour stream is partially condensed and the remaining gaseous 

phase is sent to further processing. One part of the condensate enters the stripper near the 

top as reflux, while the other part of the condensate is sent to further processing. In a full 

reflux condenser, the vapour stream is partially condensed and the remaining gaseous phase 

is sent to further processing. However, the entire condensate enters the stripper near the top 

as reflux.  

The purpose of reflux in stripper columns is to serve as a water wash stream for the 

column, which can reduce amine losses through the rising vapour stream (Kothandaraman, 

2010). There are certain other purposes of reflux in distillation columns, such as to cool and, 

thereby, condense heavier components in the rising vapor stream, preventing them from 

entering the condenser and returning them to the column's bottom, which improves the 

stripping efficiency and reduces the condenser's energy requirements for cooling 
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(Emerson.com, 2024; chemeurope.com, 2024; Green and Southard, 2019). Furthermore, as 

the down-flowing liquid reflux interacts with the rising vapor, heat and mass transfer effects 

cause the vapour stream to revapourize the lighter (lower boiling temperature) components 

of the reflux, while heavier (higher boiling temperature) components of the reflux condense 

the heavier components of the vapor stream (Theodore and Ricci, 2010). Additionally, the 

number of required trays decreases as more reflux is used. Likewise, the number of required 

trays increases as less reflux is used (Schaschke, 2014). Although a stripper is essentially a 

carbon dioxide removal distillation column (Shi, 2014), its operation is somewhat different 

from conventional distillation columns, so the benefit of these other indicated purposes from 

literature is unclear for amine carbon capture processes. 

The vapour stream exiting the condenser is the stream which contains the entire CO2 

product from the absorption process. The rest of the carbon dioxide is either cycled or not 

captured. The vapour stream is usually sent to further processing and purification of the 

desired product. 

 

A reboiler is essentially a heat exchanger, which is used to heat, and boil, the stripped 

amine aqueous solution coming out at the bottom of the stripper (Simon, 2020b; Fisher et 

al., 2005). It is usually a kettle type reboiler (Simon, 2020b), which falls under the shell and 

tube heat exchanger classification and corresponds to the TEMA shell type K (Enerquip, 

2018; Patel, 2023; Brogan, 2011). A heating medium passes through the tubes and passes 

the heat onto the mixture in the shell of the heat exchanger. The heating medium in an amine 

carbon capture operation (and in amine gas sweetening operations) is usually hot water steam 

(Fisher et al., 2007; Duval, 2023; Simon, 2020b). Therefore, a certain amount of water from 

the solution boils up to form steam, which flows into the stripper at the stripper’s bottom and 

moves upwards, countercurrently to the rich amine flow to provide the heat needed to strip 

the amine solution of its CO2 content (i.e. to provide the heat needed to reverse the chemical 

reaction which occurred between the amine and CO2 in the absorber). Most of the CO2 then 

flows upwards with the steam towards the condenser, while most of the amine then flows 

downwards towards the reboiler (Simon, 2020b). The vapour stream coming out of the 

https://www.sciencedirect.com/science/article/abs/pii/B9780128238912000077
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reboiler is referred to as the boil-up. The liquid amine solution coming out from the reboiler 

is referred to as the bottoms product (Theodore and Ricci, 2010; Green and Southard, 2019). 

The amine does not largely boil up into steam because of the boiling point of the amine. For 

example, the boiling point of MEA is at around 170°C at 101,325 Pa (NOAA, 2024; NCBI, 

2024; NIST, 2023).  

It is the heating of the solution that usually makes up the largest share of the cost of an 

amine carbon capture project (Nyssen, 2022; Simon, 2020b; Orangi, 2021), since a fossil 

fuel, like natural gas, is usually purchased to provide energy for steam generation through 

combustion of the fuel. Additionally, CO2 emission allowances should be bought in the EU 

ETS if the rated thermal input of the combustion unit is above 3 MW and the sum of all rated 

thermal inputs of the installation is above 20 MW, per criteria from Annex I of the Directive 

2003/87/EC of the European Parliament and of the Council (OJ, Series L 275, 25.10.2003). 

If the rated thermal input of the combustion unit is not above 3 MW, the combustion unit is 

not counted towards the sum of all rated thermal inputs of the installation for the purpose of 

(possible) participation in the EU ETS.  

In conventional thermal power plants with post-combustion carbon capture, a part of the 

steam generated for the turbine can be used for the reboiler. This lowers the efficiency of 

power generation of the power plant and raises the cost of power production per unit of 

electrical energy (e.g. USD/MWh or EUR/MWh). Figure 2-12 and Figure 2-13 illustrate a 

kettle type reboiler. 
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Figure 2-12 Kettle type reboiler (Parmar and Shah, 2017) 

 

 

 

Figure 2-13 Kettle type reboiler (enggcyclopedia.com, 2023) 

 

Other equipment is also used in the process, such as pumps, coolers, compressors, fans, 

and mixers. Coolers are heat exchangers and these are used in pre-treatment and, for 

example, to adapt the temperature of the lean amine before amine enters the absorber. An 

example of a cooler in the pre-treatment of a flue gas is a direct contact cooler (DCC). A 

DCC cools down the flue gas before flue gas enters the absorber. The DCC does so through 

direct contact of the flue gas and a cooling medium (e.g. water), both of which flow 

countercurrently to each other in the vessel (Orangi, 2021). There is, also, other equipment 
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required for pre-treatment processing of the flue gases before their entry into the absorber. 

Other pre-treatment processes are usually SOx removal, NOx removal, and PM removal. 

More details on pre-treatment processes and equipment are in chapter 4.2. Modelling and 

Simulation. Pumps are used to provide pressure and velocity to liquids in the process, e.g. 

when the rich amine solution exits the absorption column. A mixer is used for the purpose 

of adding makeup water, or makeup amine, to a stream in order to completely regenerate the 

original amine aqueous solution before amine enters into the absorber. The type of mixer 

that could be used for this purpose is an inline or a static mixer. A fan is needed in order to 

provide pressure to the flue gas before entry into the absorber. A fan enables the flue gas to 

overcome the pressure drop in the absorber and flow through (Orangi, 2021). In some carbon 

capture processes, a compressor might be used for this purpose. In this thesis, it is presumed 

that two industrial high-temperature fans provide a two-stage compression of the flue gas 

flowing into the absorber.  

 

There are many possible improvements of the process. For example, a water wash can be 

used to reduce amine losses in the process. More specifically, it is possible to insert a stream 

(or multiple streams) of water into a process vessel, like the absorber, which flows 

countercurrently to the cleaned flue gas and absorbs the amine flowing out with the cleaned 

flue gas, thereby reducing amine losses. Such a stream could be made up of reusable water 

from the carbon capture process itself. For example, a part of the condensate from the 

condenser of the stripper could be used for the water wash stream. If full reflux is not used, 

the part of the condensate unused for reflux would otherwise be wastewater sent for further 

treatment and disposal. Water from the purification process of produced carbon dioxide (e.g. 

the cooling separator modelled in this thesis after the condenser) could also be used for this 

purpose. Such water could also be used for the purpose of amine make-up, although such 

considerations are beyond the scope of this thesis. Further possible improvements are 

outlined in chapter “6. Further study considerations”.  
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2.2.3. Process parameters 

There are several process parameters that are usually evaluated in order to better assess 

the designed carbon capture process, such as the loading capacity, absorption capacity, cyclic 

capacity, cyclic loading, and regeneration energy.  

2.2.3.1. Loading capacity  

Loading capacity () is the ratio of the number of moles of CO2 in the aqueous solution 

and the number of moles of amine in the aqueous solution. It has the unit of mol CO2/mol 

amine (Orangi, 2021; Singh, 2009; Kothandaraman, 2010; Soo et al., 2024). Since there is a 

rich, and a lean, amine stream in the process, there is also rich (rich), and lean (lean), loading 

capacity (Orangi, 2021). Sometimes, the used unit is mol CO2/kg amine (Singh, 2009; Soo 

et al., 2024). The parameter is referred to in various ways in literature, e.g. rich loading, lean 

loading, CO2 loading, amine loading, rich amine loading, lean amine loading, rich CO2 

loading, lean CO2 loading, CO2 lean loading, loading capacity of CO2, etc. (Orangi 2021; 

Singh, 2009; Kothandaraman, 2010). 

 

For MEA, the maximum CO2 loading capacity is limited to 0.5 mol CO2/mol amine 

because of stoichiometry, when carbamate formation becomes the only reaction (Singh, 

2009). However, at high partial pressures of CO2, carbamate can hydrolyse and produce 

additional amine molecules, which can react with more CO2 molecules. In this case, the CO2 

loading capacity of MEA can be greater than 0.5 mol CO2/mol amine (Singh, 2009). 

 

The formula for loading capacity is given as (Orangi, 2021): 

𝛼 =
𝑛𝐶𝑂2

𝑛𝑎𝑚𝑖𝑛𝑒
  (2-19) 

 

where 𝑛𝐶𝑂2
is the number of moles of CO2 in the aqueous solution and 𝑛𝑎𝑚𝑖𝑛𝑒 is the 

number of moles of amine in the aqueous solution. 
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Sing (2009) claims that another metric, the volumetric CO2 capacity, expressed in mol 

CO2/litre of solution, is sometimes a more practical parameter than CO2 loading in mol 

CO2/mol amine.  

2.2.3.2. Absorption capacity 

Absorption capacity (AC) is defined as the number of moles of CO2 absorbed in 1 litre of 

an aqueous amine solution at equilibrium (Orangi, 2021). Orangi (2021) indicates that this 

parameter signifies the potential carbon dioxide carrying capacity of the amine and provides 

the following formula for AC: 

 

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐴𝐶) = 𝛼𝑟𝑖𝑐ℎ × 𝐶  (2-20) 

 

where rich is the CO2 loading of an amine solution at equilibrium, while C is the molar 

concentration of an amine solution in mol amine/litre. Therefore, the AC has the unit of mol 

CO2 /litre. On the other hand, Singh (2009) also refers to (CO2) absorption capacity as rich 

loading and provides several other units, namely mole CO2/mole amine, mole CO2/kg amine, 

and kg CO2/mol amine. Singh (2009) also uses the term desorption capacity to refer to lean 

loading. Higher absorption capacity and lower desorption capacity of an amine are better for 

the process, as such capacities are going to decrease the solvent circulation rate (in kg/hr) 

and, therefore, the amount of used amine, which is economically beneficial to the design of 

the process (Singh, 2009). 

2.2.3.3. Cyclic loading 

Cyclic loading is defined as the difference between rich and lean CO2 loading (Orangi 

2021; Singh, 2009; Nwaoha et al., 2016): 

 

𝐶𝑦𝑐𝑙𝑖𝑐 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 = (𝛼𝑟𝑖𝑐ℎ − 𝛼𝑙𝑒𝑎𝑛)  (2-21) 

 



 

 

 

 

44 

 

 

 

 

Singh (2009) refers to this quantity as effective loading and cyclic CO2 loading as well. 

The units used for cyclic loading are mol CO2/mol amine (Orangi, 2021; Singh, 2009; 

Nwaoha et al., 2016) and mol CO2/kg amine (Singh, 2009). Cyclic loading is a quantity of 

CO2 that travels (or cycles) from the absorber unit to be taken out of the process in the 

stripper unit (i.e. the final product). A higher cyclic loading of an amine is going to decrease 

the solvent circulation flow rate (in kg/hr) and affect the dimensions of equipment, such as 

the heat exchanger, the reboiler, amine pumps, the absorber, and piping in general (Singh, 

2009). It is also going to reduce the consumption of electricity of amine pumps and of energy 

for heating of the solvent (Singh, 2009). An absorber with smaller dimensions is going to 

require a flue gas blower (or a fan) with lower energy consumption and dimensions (Singh, 

2009).  

2.2.3.4. Cyclic capacity 

Cyclic capacity (CC) is defined as the amount of CO2 desorbed from the process per 

volume of the amine solution (Orangi, 2021; Ma’mun, 2005): 

 

𝐶𝑦𝑐𝑙𝑖𝑐 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (𝛼𝑟𝑖𝑐ℎ × 𝛼𝑙𝑒𝑎𝑛) × 𝐶  (2-22) 

 

where rich is the CO2 loading after exit from the absorber, while lean is the CO2 loading 

after regeneration of the amine solution, and C is the molar concentration of an amine 

solution in mol amine/litre (Orangi, 2021). It can be noted that CC is CL multiplied by the 

concentration of the amine solution (Nwaoha et al., 2016). Therefore, the unit used for CC 

is mol CO2/litre, which is confirmed by Apaiyakul et al. (2022a). However, Ma’mun (2005) 

and Soo et al. (2024) also provide mol CO2/mol amine as a unit for cyclic capacity, while 

Nwaoha et al. (2016) provide both kmol CO2/m
3 of solution and mol CO2/litre of solution 

as units for CC. Soo et al. (2024) also provides mol CO2/kg as a unit for cyclic capacity. 

Figure 2-14 illustrates the concept of cyclic capacity. 
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Figure 2-14 Illustration of cyclic capacity (Ma’mun, 2005) 

 

Both Orangi (2021) and Singh (2009) also refer to cyclic capacity as the difference of 

lean and rich CO2 loadings. CC is important for evaluation of solvents. A higher CC is going 

to result a smaller solvent circulation rate, which is going to reduce the dimensions of the 

plant. The increase in CC is expected to reduce the capital costs, utility consumption and 

should result in lower cost of carbon capture. Higher CC could also result in decreasing the 

difference between absorption and regeneration temperatures, which would reduce the 

amount of energy required for heating and cooling of the solvent (Singh, 2009). 

 

A standard of the International Organization for Standardization (ISO) outlining “key 

performance parameters and characterization methods of absorption liquids for post-

combustion CO2 capture” is currently in draft stage as ISO/DIS 27927. The upcoming 

standard is going to codify quantities discussed above and their units. 

2.2.3.5. Reboiler duty and regeneration energy 

Reboiler duty (also called reboiler heat duty) is the (thermal) power required for operation 

of the reboiler, usually expressed in kW or MW. Regeneration energy is the amount of 

(reboiler’s) heat energy required in the process per mass quantity of CO2 coming out of the 



 

 

 

 

46 

 

 

 

 

condenser of the stripper (i.e. the product), usually expressed in MJ/kgCO2 or GJ/tCO2 

(Orangi, 2021; Topham et al., 2014; Agbonghae et al., 2014; Goto et al., 2011). Regeneration 

energy is also called the specific thermal energy requirement of regeneration (Topham et al., 

2014). Therefore, the regeneration energy determines the reboiler duty.  

 

Regeneration energy is different for every solvent and every process design. The required 

heat for regeneration energy (the total heat consumption) is made up of (Topham et al., 2014; 

Orangi, 2021; Oyenekan and Rochelle, 2007; Z. Li et al., 2015; Kothandaraman, 2010; S. 

Lu et al., 2023) the heat of reaction (also known as the heat of absorption or heat of 

desorption, etc.), the sensible heat, the stripping heat, and the heat needed for heating the 

condensate reflux. The heat of reaction is the heat released in the exothermic absorption 

reaction between CO2 and the amine. This heat must be brought back to the solution in order 

to reverse the absorption process. However, the reversal does not begin to occur until the 

solution is at a required temperature, e.g. 120 - 130°C for some amines. Therefore, it is 

necessary to provide sensible heat, which is the heat required to bring the solution to the 

desorption temperature. The stripping heat is related to the heat necessary for vaporization 

of water (stripping steam generation). It is also necessary to heat the reflux coming from the 

condenser, as the reflux cools the solution while flowing downwards (Agbonghae et al., 

2014).  

 

In HYSYS, the regeneration heat, and the reboiler duty, are determined by manually 

selected process parameters for the stripper (such as reflux ratio and reboiler temperature), 

as outlined in chapter “4. Modeling post-combustion capture of CO2 by using the amine 

process in Aspen HYSYS”.  
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2.3. Oxyfuel combustion 

Despite oxyfuel combustion being a separate category of carbon capture technologies, 

carbon dioxide capture also occurs post-combustion in the oxyfuel combustion process. The 

key difference is that, in oxyfuel combustion, the combustion of the fuel occurs in an 

atmosphere of pure, or almost pure (over 90%), oxygen (Z. Wu et al., 2023; Baukal, 2013; 

Raho et al., 2022). The rest of gases in the combustion medium can be recirculated flue gases 

(Raho et al., 2022; Bandilla, 2020; Talei et al., 2024). The oxyfuel combustion process 

results in a flue gas with 80% to 98% of carbon dioxide by volume (after condensation of 

water) (Z. Wu et al., 2023; Talei et al., 2024), which is a much higher CO2 concentration in 

comparison with flue gases emitted by combustion with regular air (Raho et al., 2022; Talei 

et al., 2024). The higher concentration of carbon dioxide in the flue gas leads to a 

significantly less expensive, and more energy efficient, CO2 separation process (Talei et al., 

2024; Bandilla, 2020).  

 

However, oxyfuel combustion requires significant additional equipment. For example, a 

cryogenic air separation unit (ASU) is required to provide oxygen for the process (Raho et 

al., 2022; Stanger et al., 2015) in addition to the usual post-combustion carbon capture 

equipment. The current electricity generation units (Wärtsilä 12V34DF gensets) are 

probably not compatible with pure oxygen combustion. Introducing pure oxygen to an area 

with a potentially explosive atmosphere hazard, such as a floating LNG terminal, is also 

difficult. All this makes oxyfuel combustion carbon capture a difficult technology to retrofit 

onto some existing plants, such as a floating LNG terminal with limited space on-board and 

onshore.  

 

Since it is likely not economically, or technically, feasible to retrofit the oxyfuel 

combustion carbon capture method at the Croatian LNG terminal, it is not going to be 

considered for the carbon capture project at the LNG terminal.  
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2.4. Other technologies 

There are also many other technologies used to capture carbon dioxide, such as cryogenic 

carbon capture (Air Liquide, n.d.) and membranes (Olabi et al., 2023), but describing other 

technologies is beyond the scope of this thesis. 
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 POSSIBLE UTILIZATIONS OF THE CAPTURED CO2 

There are numerous uses of CO2 in many industries today. The International Energy 

Agency (IEA) reports that around 230 million tonnes (Mt) of CO2 are used every year 

globally (IEA, 2019b). 

 

Any carbon capture process with a utilization of the captured carbon dioxide is called 

Carbon Capture and Utilization (CCU) (Desport and Selosse, 2022). In case the captured 

CO2 is exclusively stored underground (geological storage), the process is called Carbon 

Capture and Storage (CCS). In case the CO2 is used for an enhanced oil recovery (EOR) 

project in the oil and gas industry, the process is called Carbon Capture, Utilization, and 

Storage (CCUS). It might be possible to use the captured CO2 both industrially and for EOR 

at the same time, in which case the process is still called CCUS. There is a debate as to the 

proper name of each procedure in terms of the length of sequestration and origin of the 

carbon dioxide (Desport and Selosse, 2022), but such considerations are beyond the scope 

of this thesis. 

 

Carbon dioxide purity requirements for some uses are: 95% and above for enhanced oil 

recovery (EOR) (Topham et al., 2014; Ho et al., 2019), 99.9% for urea production (Ho et al., 

2019), 99.95% for laser applications (CO2Meter, 2024), 99.5% for medical uses (CO2Meter, 

2024), 99% for refrigeration (Ho et al., 2019), only 6% and above for mineral carbonation 

(Ho et al., 2019), 99.999% for research purposes (CO2Meter, 2024), and 99.5% for industrial 

uses (CO2Meter, 2024). Regarding the food and beverage industry in the EU, the carbon 

dioxide purity standard is set at 99% by the European Commission in the Commission 

Regulation (EU) No 231/2012 of 9 March 2012 laying down specifications for food additives 

listed in Annexes II and III to Regulation (EC) No 1333/2008 of the European Parliament 

and of the Council (OJ, Series L 2012/083, 22.3.2012). However, the EU specification also 

limits the concentration of other impurities (i.e. carbon monoxide and oil) and prescribes 

tests for other properties (e.g. acidity). Industry associations, like the European Industrial 

Gases Association (EIGA), the Compressed Gases Association of America (CGA), and the 



 

 

 

 

50 

 

 

 

 

International Society of Beverage Technologists (ISBT), together set higher quality 

standards in official recommended good practices for the food and beverage industry (i.e. 

purity of at least 99.9% v/v and other criteria) (Brownsort, 2019; European Chemicals 

Agency, 2014).  

 

Carbon dioxide mixture purities (also known as grades) in the industry are designated 

with decimal numbers, such as 3.5, 4.5, 5.0, etc. The first digit represents the number of 

nines in the purity percentage, under the condition that the first two nines represent the 

“99%”, after which comes the decimal point and the rest of the nines. The second digit 

represents the first number after the last nine in the purity percentage. Therefore, carbon 

dioxide of grade 4.5 signifies a 99.995% purity of the CO2 mixture (BOC Limited, n.d.). The 

technical and economical assessment of the potential carbon capture and purification process 

in this thesis also aims to show it is possible to achieve such purities with a carbon capture 

process from flue gases at an economical price for further utilizations. Utilizations provided 

in this chapter are by no means a complete list and they are meant only to showcase the 

numerous possible usages of the captured CO2. Additionally, the potential cost and economic 

benefit of a CCS project is investigated in the following subchapter. 

3.1. Potential cost and economic benefit of carbon capture and storage (CCS) 

Since there is no industrial use of carbon dioxide that is only stored underground, CCS is 

a pure cost operation. However, companies decide to conduct CCS investments in order to 

avoid possibly larger future costs of CO2 emission allowances, such as in the Emissions 

Trading System (ETS) of the European Union (EU). There is currently not a nationwide ETS 

in the United States of America (USA), but there are mandatory CO2 emission allowances 

trading systems in several states (Regional Greenhouse Gas Initiative, n.d.; International 

Carbon Action Partnership, n.d.; California Air Resources Board, n.d.; Greenhouse Gas 

Management Institute and Stockholm Environment Institute, n.d.). With CCS, the price of 

carbon dioxide emissions for the company has been locked-in (hedged) for the duration of 

the storage operation. The price of CCS projects depends on many different factors, 



 

 

 

 

51 

 

 

 

 

especially on the content of carbon dioxide in the feed gas, from which CO2 needs to be 

extracted. For feed gases with a higher content of carbon dioxide, the cost of CCS is 

generally lower per tonne of captured CO2 than for feed gases with lower content of carbon 

dioxide. For example, the price of capture is lower for ammonia, ethanol, and natural gas 

processing plants than the price of capture for power plants, steel mills, and cement factories 

(International Institute for Sustainable Development [IISD], 2023; Leeson et al., 2017; 

Global CCS Institute, 2021; IEA, 2021; Mahapatra, 2023). Other major cost factors for CCS 

projects are the technology used for capture, the transportation method and distance, 

availability of pre-existing pipelines, the location of the storage (injection) site (continental 

or offshore), and whether already-existing boreholes can be used or new ones should be 

drilled (IEA, 2021; Irlam, 2017; Moch et al., 2022; Schmelz et al., 2020; Markov, 2022). 

Important cost factors within solvent-based capture technologies are the solvent used, 

solvent concentration, and the source of energy for solvent regeneration (Orangi, 2021; 

Moch et al., 2022; Y. Wu et al., 2022; F. Wang et al., 2017). Optimal selection of the source 

of energy for solvent regeneration is a current topic of research in the field of carbon capture 

(Y. Wu et al., 2022; F. Wang et al., 2017; Van Wagener et al., 2013; Quang et al., 2023). 

The cost of CCS projects is also subject to lower unit costs with economies of scale, more 

advanced and optimised processes, as well as shared infrastructure (e.g. CCS networks) 

(Clean Air Task Force [CATF], 2023b; IEA, 2021; Moch et al., 2022; Global CCS Institute, 

2021).  

 

In Canada, the cost to date of the Quest CCS project has been estimated to 200 CAD/tCO2 

in 2021, although the total cost per tonne of CO2 captured at the end of the project should be 

around 60 CAD/tCO2 (The Globe and Mail, 2021; IISD, 2023). The estimated cost for the 

Boundary Dam project in Canada, a coal power plant retrofit, is 100 – 120 CAD/tCO2 (IISD, 

2023; Robertson and Mousavian, 2022). A 2023 study estimated the cost of a retrofit CCS 

project on a natural gas power plant at an oilsands facility in Canada to range from 111 

CAD/tCO2 to 144 CAD/tCO2 (IISD, 2023; MacDougall et al., 2023).  
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A policy brief at the Harvard Kennedy School in 2022 gathered carbon capture cost 

estimates from various reports for several industries in the US and concluded the following 

cost ranges for particular industries: 22 – 32 USD/tCO2 for ammonia production, 19 – 205 

USD/tCO2 for cement production, 20 – 132 USD/tCO2 for coal-fired power plants, 26 – 36 

USD/tCO2 for ethanol production, 49 – 150 USD/tCO2 for natural gas power plants, 65 – 

136 USD/tCO2 for hydrogen production, and 8 – 133 USD/tCO2 for steel mills (Moch et al., 

2022). These figures do not include transportation and storage costs. The brief gathered costs 

of 12 USD/tCO2 for compression prior to pipeline transport, 15 USD/tCO2 for pipeline 

transport, and 11 USD/tCO2 for storage from literature (Moch et al., 2022).  

 

An IEA commentary in 2021 declared that carbon capture costs can vary from 15 – 25 

USD/tCO2 for industries with a high CO2 concentration in the feed gas and 40 – 120 

USD/tCO2 for industries with a lower CO2 concentration in the feed gas (IEA, 2021). The 

same IEA commentary also declared a range of 2 – 14 USD/tCO2 for onshore pipeline 

transport in the US and declared the cost spread of onshore storage is greater, although “more 

than half of onshore storage capacity is estimated to be available below 10 USD/tCO2” (IEA, 

2021).  

 

A 2020 modeling study of the cost of potential CCS projects in northeastern and 

midwestern US concluded that carbon dioxide emissions from regional coal power plants 

can be captured, transported, and stored onshore in the region for 52 – 60 USD/tCO2, while 

the cost of CCS projects for carbon dioxide emitted from natural gas power plants in the 

region would range from 80 – 90 USD/tCO2. In case of offshore storage, the study concluded 

this would bring lowest CCS project costs to over 60 USD/tCO2 for carbon dioxide from 

coal power plants, but also concluded that offshore storage for CCS projects in the region 

should not be needed unless certain conditions prescribe it (Schmelz et al., 2020).  

 

However, a CRU Group report in 2023 indicated that a carbon dioxide emission 

allowance price of 200 USD/tCO2 would be needed in order for coal power plants with CCS 

https://www.iea.org/commentaries/is-carbon-capture-too-expensive
https://www.iea.org/commentaries/is-carbon-capture-too-expensive
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projects to be competitive with unabated coal power production under current prices of CCS 

projects and assumptions laid out in the report. The same figure was determined to be 180 

USD/tCO2 for natural gas power plants. The report also indicates that the cost of CCS 

projects should fall in the future with experience and, therefore, a CO2 emission allowance 

price of 125 USD/tCO2 would be needed for the same purpose. The report states that CCS 

project costs are often misquoted and that published figures typically do not account for the 

full costs (Butterworth, 2023). 

 

An interactive tool was published in 2023 by the Clean Air Task Force organisation, 

which provides a visualisation of cost estimates for potential CCS projects in every member 

state of the EU and the UK for emitters with more than 100,000 tonnes of carbon dioxide 

emissions per year (CATF, 2023b; CATF, 2023a). The tool presents the highest and lowest 

cost figures for two scenarios: 1) pipeline transport or not, and 2) only currently planned 

storage sites or all potential storage sites with over 100 Mt of CO2 capacity. The tool also 

provides a breakdown of the cost with respect to capture costs and transportation & storage 

costs. For included emitters near the LNG terminal (Thermal power plant Plomin and Plomin 

2, Rijeka refinery, and Koromačno cement factory), the scenario with all potential storage 

sites and pipeline transport was selected to view estimated cost figures. The overall cost 

estimation for these plants ranges from 75 EUR/tCO2 to 145 EUR/tCO2. Transportation & 

storage costs are estimated at 20 EUR/tCO2 for each plant and these are included in the 

overall cost estimation. The estimated amount of “capturable” CO2 for entire Croatia, 

provided by the tool and for the same scenario, is 6 Mtpa with an average lowest cost of 78 

EUR/tCO2 and an average highest cost of 136 EUR/tCO2 across all included emitters 

(CATF, 2023a). 

 

The Foundation for Industrial and Technical Research (SINTEF) from Norway has 

published an article in 2019 in which it estimates that the cost of CCS projects for coal power 

plants with over 1 Mtpa CO2 capture capacity is going to be approximately 93 USD/tCO2 

under laid out assumptions in the long term (Benjaminsen, 2019). The Longship project in 
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Norway aims to capture carbon dioxide from a Norcem cement factory and Fortum waste-

to-energy plant in Oslo, transport it in liquid form by ships (CO2 tankers) to a receiving 

terminal and transport it by a sub-sea pipeline to an offshore storage location in the North 

Sea (ccsnorway.com, 2022; Ređep, 2021). The Longship CCS project was estimated to cost 

1810 NOK/tCO2 for Fortum and 1085 NOK/tCO2 for Norcem in early 2020 (Killingland et 

al., 2020), while a unique cost of 1280 NOK/tCO2 was estimated in late 2020 as per report 

of Gassnova published later in the same year, with predicted cost reductions in the future 

(ccsnorway.com, 2022).  

 

Overall, the price of CO2 emission allowances in the EU ETS peaked at over 105 

EUR/tonne in February 2023. Since peaking in 2023, the allowance price has declined to 69 

EUR/tonne (January 15th 2024), although it spent most of the time from December 2021 to 

December 2023 between 80 EUR/tonne and 100 EUR/tonne (tradingeconomics.com, 2024; 

Ember-climate.org, 2024). At such market prices and price volatility, the economic benefit 

of a CCS project for power plants is currently not guaranteed in the near term.  

3.2. Utilizations in the oil and gas industry: EOR, EGR, and gas lift 

3.2.1. EOR 

An already established and conventional utilization of CO2 is Enhanced Oil Recovery 

(EOR) (Farajzadeh et al., 2020; Hepburn et al., 2019; Arnaut et al., 2021). EOR is a tertiary 

recovery method of crude oil and it is a technology in which the objective is to increase or 

sustain production from a crude oil reservoir for as long as possible by applying certain 

methods. In essence, application of EOR technology is achieved by “increasing the pressure 

difference between the reservoir and production wells or by increasing the mobility of the 

crude oil by reduction of the oil viscosity or by decreasing of the interfacial tension between 

the displacing fluids and oil” (Donaldson et al., 1989). Obviously, there are several EOR 

methods for different cases (Demirović, 2016; Vuković, 2019; Thomas, 2007), but carbon 

dioxide gas injection is one of the most applied EOR methods (Alvarado and Manrique, 

2010; Alamooti and Malekabadi, 2018; Soliz et al., 2022).  
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3.2.1.1. Sources of carbon dioxide 

Carbon dioxide used for EOR projects can come from various sources. In the USA, it has 

historically come mostly from natural carbon dioxide underground deposits, which is a 

consequence of specific economical, technical, and geological opportunities in the country 

(Alvarado and Manrique, 2010; IEA, 2019a). However, such sourcing of CO2 is 

incompatible with using EOR for sequestration of anthropogenic CO2 emissions. Carbon 

dioxide for EOR projects can also come from industrial processes (NETL, n.d.-b; IEA, 2020; 

Ćatić, 2021; Markov, 2022) and natural impurities in produced crude oil or natural gas at 

nearby production fields (IEA, 2020; Ćatić, 2021). For example, the Croatian EOR project, 

which started operation in 2015, uses carbon dioxide from produced natural gas separated at 

the Molve Central Gas Station (Novak, 2015; Markov, 2022). Therefore, carbon dioxide 

from a carbon capture project can be used for EOR projects. This study will not specifically 

examine the possibility of using carbon dioxide for CCS and/or EOR projects in Croatia, or 

nearby, since there are already several publications analysing the possibility for such projects 

in Croatia, such as Markov (2022), Turk (2023), Oberoi Dražić (2023), Brezovac (2021), 

Franki et al. (2019), Vulin et al. (2023), and Arnaut et al. (2021). However, it could be a 

topic of a future integrated assessment based on this thesis.  

3.2.2. EGR 

Enhanced Gas Recovery (EGR), where carbon dioxide can be injected for improved 

recovery of natural gas, has also been investigated over the past decade with promising 

perspective (S.-Y. Liu et al., 2022; Hamza et al., 2021; Kružić, 2021).  

3.2.3. Gas lift 

Another common usage of carbon dioxide in the oil and gas industry is the gas lift, as one 

of the artificial lift methods in production of crude oil. In essence, the CO2 is directly injected 

into the borehole at a certain point above the production interval in order to lower the density 

of the produced fluid column, among other effects, thereby reducing the “flowing 

bottomhole pressure”. This increases the pressure difference (the “drawdown”) between the 
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reservoir pressure and the flowing bottomhole pressure, which causes an increase in the 

inflow of fluids from the reservoir into the borehole and to the surface (an increase in the 

production of crude oil) (Liović, 2021; Perković, 2021; Nguyen, 2020; Brkić, 2020). 

3.3. Direct (“non-conversion”) utilizations of carbon dioxide 

Carbon dioxide is used for cooling of large industrial spaces, such as supermarkets. As a 

refrigerant in the heating, ventilation, air conditioning, and refrigeration (HVAC&R) 

industry, it is known as R744 (Dilshad et al., 2019; Mađerić et al., 2007; SINTEF, 2020). 

Another common use of carbon dioxide as a coolant is refrigeration of ice rinks (Vidović, 

2018). 

 

CO2 can also be used for cooling of food and drinks in transport (Atlas Copco, n.d.; 

Universal Industrial Gases, n.d.; Linde, n.d.-a; Linde, n.d.-g; Linde, n.d.-d). Carbon dioxide 

is useful for protection of agricultural products from pests during storage (e.g. in silos) as a 

fumigation technique (Atlas Copco, n.d; Linde, n.d.-f). CO2 is also used in food packaging 

processes, namely Modified Atmosphere Packaging (MAP) and Controlled Atmosphere 

Storage (CAS), owing to its bacteriostatic properties (Floros and Matsos, 2005; Linde, n.d.-

h). In the food and drinks industry, it has numerous other uses, such as gas stunning of 

animals (controlled atmosphere stunning or CAS) (Sindhøj et al., 2021; Linde, n.d.-c), drinks 

aeration or carbonization (Linde, n.d.-b; Steen and Ashurst, 2006), atmosphere 

modifications in greenhouses to increase crop yields (Y. Li et al., 2018; Waggoner, 1994; 

Linde n.d.-e), conserving wine (Linde, 2017a), etc. CO2 can also be used as a propellant for 

draft beer dispensing systems (M. J. Lewis and Young, 2001; James O2, n.d.; Kosin et al., 

2012) and as a propellant in aerosol cans and air guns (Linde, n.d.-a). 

 

In medicine and the pharmaceutical industry, carbon dioxide can be used for cooling of 

materials in transport or storage, such as medicines, vaccines, milk (Children’s Hospital of 

Philadelphia, n.d.; Hahn et al., 2018), tissue or blood samples, and tissues for transplant 

(Linde n.d.-a; ACP, 2014; Nippon Gases, 2023; Rooney et al., 2015; Pavlić, 2021; National 

https://www.linde-gas.com/en/processes/fumigation_and_pest_control/index.html
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Health Service, 2023; Meneghel et al., 2020). As such, CO2 is often used in its solid form, 

which is known as dry ice. Dry ice is solid carbon dioxide, which turns directly into vapour 

(sublimes) at a temperature of around -78.5°C and at normal pressure (101,325 Pa) 

(Encyclopaedia Britannica, 2024b; Span and Wagner, 1996). Organs for transplant are kept 

above water ice formation temperatures (Taylor et al., 2019; J. Chen et al., 2023; Michel et 

al., 2015), so dry ice cannot be used for storage or transportation of organs. Nevertheless, 

research into cryopreservation of organs is underway (Cornwall, 2023; de Vries et al., 2019), 

which could pave a way for such usage of dry ice in the future (Arav, 2022; Bhattacharya, 

2018; GIBIOMED, 2016).  

Whole blood (WB) and blood products for transfusion are usually stored at a range of 

temperatures above 2°C (Veselko, 2016; Žižak, 2019; Martić, 2014). However, some blood 

products (e.g. cryopreserved red blood cells, fresh frozen plasma, cryopreserved platelets, 

cryoprecipitate) and some blood research samples are stored at much lower temperatures and 

can be transported using dry ice for temperature control (Henkelman et al., 2014; 

nbtc.naco.gov.in, n.d.; Weinberg et al., 2009; Valeri and Ragno, 2006; Bohoněk, 2012; 

Noorman et al., 2016).  

In medicine, aside from cooling, carbon dioxide is also used in surgery (e.g. for 

insufflation in laparoscopic surgery) (Power et al., 2012), cryotherapy (Chircop and 

Formosa, 2015; gasworld, 2023), carboxytherapy (Drogovoz et al., 2021; Bagherani et al., 

2023), etc. 

 

In physics, a carbon dioxide laser was one of the first gas lasers to be invented and it finds 

applications in numerous industries (Duley, 1976; Niemz, 2019). Carbon dioxide also has 

applications in semiconductor manufacturing (e.g. photolithography, chemical vapour 

deposition of silicon dioxide, and cleaning) (Stockman, 2016; Google Patents, 2005; Linde, 

n.d.-a) and further potential uses in microelectronics manufacturing, such as described by 

Supekar and Skerlos (2014), Zh. Zhu et al. (2019), and Weibel and Ober (2003). In welding, 

it is used as a shielding gas for protection of the weld from atmospheric contamination (Kah 

and Martikainen, 2012). CO2 is also used in fire extinguishers, mainly for fires involving 



 

 

 

 

58 

 

 

 

 

electrical equipment and combustible liquids (Jurić, 2021; Yuan et al., 2021). It is used in 

supercritical fluid extraction (SFE) (Machado et al., 2013; Apeks Supercritical, 2019; Kosir, 

2017), which has applications in decaffeination (Marco et al., 2017; Zabot, 2020), fragrance 

and perfume production (Capuzzo et al., 2013; Air Source Industries, 2023), essential oils 

production (Milner et al., 1997; Kosir, 2017), etc., as well as potential applications in the 

pharmaceutical industry (Long et al., 2019), among others.  

 

Carbon dioxide is necessary for explosive atmosphere inerting and oxidation prevention 

(CEN/TR 15281:2022; Mačković, 2012; Žilić, 2017). Furthermore, it is used in quarrying 

and mining operations in compressed (liquid or supercritical) form for rock-breaking instead 

of the conventional blasting powder (YongBo et al., 2018; Y. Zhang et al., 2022; B. Wang 

et al., 2022; Linde, n.d.-a). In metrology, CO2 is used for calibration of certain gas analysers 

(Cecelski et al., 2022; Krizmanić, 2016; Air Liquide, 2024; Metroalfa, 2022; ISO 

6141:2015).  

 

Carbon dioxide is also used for pH control as a neutralizing agent (Galès et al., 2020; 

Linde, n.d.-a; Linde, 2024) and in production of paints and varnishes (Desport and Selosse, 

2022; Linde, n.d.-a). Carbon dioxide is used for cleaning purposes (“CO2 cleaning”), such 

as in the “dry-ice blasting” method (Electric Power Research Institute, 2002; Chai et al., 

2022; Linde, n.d.-a; Kohli, 2019). Furthermore, dry ice is used for creating special effects in 

the entertainment industry (Chai et al., 2022), for trapping mosquitoes (Jović, 2016; Jović, 

2017; Takahashi and Hasuda, 2021), and even as an insect anesthetic in research laboratories 

(Chai et al., 2022), among other uses. 

 

These have mostly been direct (or non-conversion) uses of carbon dioxide. There are also 

numerous conversion (or indirect) utilizations, where carbon dioxide is used as a feedstock 

(or a reactant or a co-reactant) and transformed into a certain valuable end-product (Desport 

and Selosse, 2022), which are presented in the following subchapter. 

  

https://www.sciencedirect.com/science/article/abs/pii/S0032591017309890


 

 

 

 

59 

 

 

 

 

3.4. Indirect (“conversion”) utilizations of carbon dioxide 

3.4.1. Mineral carbonation  

Carbon dioxide can be utilized with the process of carbon dioxide mineralization, also 

known as mineral carbonation or CO2-to-carbonates, which produces compounds called 

carbonates (Topham et al., 2014; Desport and Selosse, 2022). Carbonates are, for example, 

utilized in the production of construction materials, such as cement and concrete. A novel, 

but already proven, utilization of CO2 in the construction industry is the curing of concrete 

by injecting water and CO2 into the cement in order to enhance its strength and durability 

(Desport and Selosse, 2022; N. Li et al., 2022; Hepburn et al., 2019). Carbonate minerals 

have applications in production of fertilizers, paints, adhesives, cosmetics, and ceramics 

(Desport and Selosse, 2022). Carbonates can also be applied in enhanced weathering, also 

known as accelerated limestone weathering, as a CCUS technology and to combat ocean 

acidification (Chai et al., 2022; Hepburn et al., 2019).  

 

It should be noted that the advantage of mineral carbonation is that the carbon dioxide 

can even be used directly from the flue gas, without purification of the mixture (Desport and 

Selosse, 2022; Ho et al., 2019). This means it is possible to utilize the captured CO2 for 

carbonation without desorption from the absorbent (Chai et al., 2022; Kosaka et al., 2022). 

For example, if calcium hydroxide (Ca(OH)2) is used as an absorbent, it reacts with CO2 to 

form calcium carbonate (CaCO3), a compound directly used in several industries (Chai et 

al., 2022). Such a process is called “direct CO2 utilization after absorption” (Chai et al., 

2022; Ho et al., 2019) or CO2 capture and reduction (CCR) (Kosaka et al., 2022) or integrated 

CO2 capture and utilization (ICCU) (Kosaka et al., 2022). This removes the necessity for 

CO2 desorption and solvent regeneration processes, therefore significantly lowering the 

energy consumption and, consequently, the cost of the process, although it is not possible or 

profitable in all types of processes and it hasn’t been described for amine solvents (Ho et al., 

2019; Desport and Selosse, 2022). Chai et al. (2022) describes that laboratory results for 

such processes do not necessarily translate to pilot plants or to the industrial scale and that 

processes should undergo pilot plant trials before large-scale applications. An example is 
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stated where CO2 capture efficiency, with CaCO3 as the absorbent, is as high as 97% in the 

laboratory, while the efficiency for the same process is reduced to 21% in pilot or industrial 

plants (Chai et al., 2022). Such discrepancies in outcomes of technology scaling signify the 

need for a clear indication of a technology readiness level (TRL) in research articles for 

greater clarity with respect to the current applicability of described technologies, in order to 

avoid a skewed perception as to the difficulty of the global CO2 emissions abatement 

challenge. 

3.4.2. Chemicals, fertilizers, plastics, and polymers 

Carbon dioxide can be utilized for production of chemicals, plastics, polymers, and 

fertilizers (Desport and Selosse, 2022; Topham et al., 2014). Notable chemicals produced 

with carbon dioxide are methanol and salicylic acid (Desport and Selosse, 2022). Granted, 

carbon dioxide is only used to a minor degree in the conventional methanol production 

process (Topham et al., 2014; Hepburn et al., 2019), but another process utilizing strictly 

CO2 has been proposed and successfully operated in pilot and commercial industrial plants 

(Hepburn et al., 2019; IEA, 2019b). A notable example is an Icelandic CO2-to-methanol 

plant (IEA, 2019b; Hepburn et al., 2019; Topham et al., 2014). However, the profitability of 

such a process is currently not guaranteed in most parts of the world, since commercial CO2-

to-methanol plants make use of certain geographical advantages (e.g. abundant availability 

of cheap renewable energy), which largely contribute to the positive net-present-value of 

these projects (Hepburn et al., 2019; IEA, 2019b; Desport and Selosse, 2022; Topham et al., 

2014). Methanol can be used as a fuel, but it is also the basis of numerous chemical products 

(Desport and Selosse, 2022; Hepburn et al., 2019). Salicylic acid, having numerous 

medicinal properties, has been produced commercially with carbon dioxide since 1890 

(Topham et al., 2014). Cyclic carbonates, obtained by a reaction of carbon dioxide and 

epoxides, are important because they are used as electrolytes in lithium ion batteries 

(Topham et al., 2014; Pescarmona, 2021). 
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Carbon dioxide can be utilized in production of polymers directly or indirectly (Desport 

and Selosse, 2022; Topham et al., 2014). Indirect utilization includes production of 

chemicals which are precursors to different polymers. Some of these chemicals, e.g. ethylene 

and propylene (olefins), are also used for their other derivatives, which provides an even 

broader utilization of carbon dioxide (Desport and Selosse, 2022; Topham et al., 2014). 

Direct utilization includes a reaction (copolymerization) of carbon dioxide with other 

compounds to produce polymers (or, more correctly, copolymers), some of which are even 

biodegradable (Topham et al., 2014; Ballamine et al., 2022). Such processes have already 

been commercialized for years by various companies to produce polycarbonates and 

polyether polycarbonate polyols (Desport and Selosse, 2022; Topham et al., 2014; IEA, 

2019b). Polycarbonates have applications in packaging films, insulation, the automotive 

industry, data storage, electronics, biomedical materials, etc. (Topham et al., 2014; Desport 

and Selosse, 2022; Ballamine et al., 2022). New research also aims to expand the scope of 

polymers commercially producible with carbon dioxide (European Commission, 2024a; 

IEA, 2019b; Ballamine et al., 2022; Pescarmona, 2021). 

 

One of the largest uses of carbon dioxide is the production of urea. Urea is one of the 

main nitrogen fertilizers and it even comprises about 70% of global fertilizer production 

(Desport and Selosse, 2022). It is also the activity that uses up the most carbon dioxide out 

of all carbon dioxide utilization pathways (150 Mtpa) (Desport and Selosse, 2022; Topham 

et al., 2014; Hepburn et al., 2019). It should be noted that urea fertilizer production is 

criticized as a CCU approach as it is only a short term sequestration of CO2 (Desport and 

Selosse, 2022). However, urea is also a raw material and a catalyst in production of many 

polymers, such as urea-formaldehyde resin (with applications as an adhesive and a slow-

release fertilizer) (Encyclopaedia Britannica, 2019; Guo et al., 2018) and polyurethane (an 

important insulator, among other uses) (Ballamine et al., 2022; Google Patents, 1978; 

Google Patents, 1979; Somarathna et al., 2018; Akindoyo et al., 2016). 
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3.4.3. Fuels and e-fuels 

Carbon dioxide can be utilized for production of fuels. Fuels produced by mixing carbon 

dioxide and hydrogen (which is obtained by electrolysis from water) are called electrofuels 

(Brynolf et al., 2018; Ridjan et al., 2016). Electricity is the primary source of energy for their 

production (Brynolf et al., 2018; Airbus, 2021b). These are also known as e-fuels or 

synthetic fuels. It is preferable that the electricity for electrolysis comes from renewable 

sources, since production of the fuel would be more CO2-intensive otherwise. Therefore, 

these fuels can be used as excess renewable energy storage as well. The production process 

is usually called Power-to-liquids or Power-to-gas, although this is usually the name of the 

fuel as well (Airbus, 2021b; Brynolf et al., 2018; Desport and Selosse, 2022). A number of 

gaseous and liquid fuels can be produced from carbon dioxide and hydrogen, such as 

methanol, methane, diesel, and gasoline (Hepburn et al., 2019; Brynolf et al., 2018; Desport 

and Selosse, 2022; Topham et al., 2014). Even large car manufacturers have invested into e-

fuels manufacturing plants. For example, Audi is producing blue crude, e-diesel, e-gasoline 

(or e-benzin), and e-gas fuels (Nady et al., 2022; Q. Zhu, 2019; Audi, 2018; Patonia and 

Poudineh, 2023) and it has declared it believes e-fuels will represent a significant market in 

the future of liquid car fuels (Electrek, 2023; Audi, 2023). Porsche has also recently started 

production of e-fuels by being a member of the project consortium of the Haru Oni 

production plant near Punta Arenas in Chile, which started e-methanol production at the end 

of 2022 (Porsche, 2022; Porsche, 2023; Siemens Energy, 2022; HIF Global, 2023; MAN 

Energy Solutions, 2023). The produced e-methanol from Haru Oni is converted into other 

fuels, like eGasoline, eLiquefied Gas (eLG), jet fuel, etc. (HIF Global, 2023). Some 

companies have taken up e-fuel production for airplanes (Nordic Electrofuel, 2022) and 

Airbus has already committed to achieve using 10% of Sustainable Aviation Fuel (SAF) in 

their commercial aircraft and helicopter internal operations during 2023 (Airbus, 2023b; 

Airbus, 2021b; Airbus, 2022). Airbus has also achieved flights powered with 100% SAF for 

both engines in its own testing programme (Airbus, 2023a; Airbus, 2021a). 
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There has also been modelling research into production of e-fuels, such as methane, with the 

purpose of balancing national energy systems containing a high share of renewable energy 

sources, which has indicated it is possible to achieve energy system balancing with a power-

to-gas technology (Njirić, 2022). Methane, as an e-fuel, is also known as substitute natural 

gas or synthetic natural gas (SNG), synthetic methane, and e-methane (Hussain et al., 2021; 

Speight, 2020; Njirić, 2022; Gorre et al., 2019; Fonder et al., 2024). 

 

CO2 can be utilized for production of biofuels from microalgae (Z. Zhang et al., 2020; Ho 

et al., 2019), though the process is not yet commercially viable (Saravanan et al., 2022; 

Tomar et al., 2023) and there have been recent doubts as to the viability of the technology in 

the future (Yale E360, 2023; Tomar et al., 2023). It should be noted that the carbon dioxide 

for production of biofuels from microalgae can sometimes even be used directly from the 

flue gas, without purification of the CO2 mixture (Z. Zhang et al., 2020; Zieliński et al., 

2023). This means it is possible to utilize the CO2 for microalgae biofuels without desorption 

and absorbent regeneration processes, which lowers the energy consumption and, 

consequently, the cost of the process.  

3.4.4. Geothermal energy and energy storage 

Some research has suggested CO2 could be used instead of water in geothermal energy 

production processes in order to achieve more favourable heat extraction (i.e. Enhanced 

geothermal systems, EGS), although there has not yet been a pilot plant of such technology 

to date (Pruess, 2007; Vulin et al., 2020). 

 

It is possible to use compressed carbon dioxide as an energy storage medium, both 

underground and above the ground (Alami et al., 2019; Z. Liu et al., 2020; Energy Dome, 

2024; Electrek, 2022), although the technology has not been widely deployed yet. 

  

https://www.sciencedirect.com/science/article/abs/pii/S096014811831365X
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 MODELING POST-COMBUSTION CAPTURE OF CO2 IN ASPEN HYSYS 

4.1. Flue gas compositions and physical properties 

The amine chemical absorption process was chosen as the most viable process to be 

considered for this thesis and for the Croatian LNG terminal.  

 

The composition of flue gases from electrical power production on the Croatian LNG 

terminal was provided by LNG Croatia. The composition of flue gases had been obtained by 

assessments of flue gas composition by the company Metroalfa d.o.o. in December 2020 and 

January 2022. Three measurements for each of the three engines were conducted in every 

assessment and an average of the three measurements for each engine was also provided in 

every assessment. Assessments were done at usual working capacities for each engine (60% 

load for the left engine, 55% load for the middle engine, and 50% load for the right engine). 

Assessments included measurements of physical properties of the flue gas streams as well. 

 

For the work in this thesis, averages from the 2022 assessment for each engine were taken 

to form representative compositions and properties for modelling and simulation of the 

carbon capture process in Aspen HYSYS. Assessment reports provided stream compositions 

in mol%. Note that mol% and vol% can be used interchangeably for gases. Mass% figures 

were calculated automatically by HYSYS. Following tables contain the compositions and 

physical properties of the flue gas used for modelling and simulation (Table 4-1, Table 4-2, 

Table 4-3, Table 4-4, Table 4-5, and Table 4-6): 

 

Table 4-1 Composition of flue gas from Engine 1 (the right engine) under working 

conditions, 2022 assessment (Metroalfa, 2022) 

Components Unit Value Unit Value 

CO2 mol % 5.110 mass % 7.860 

O2 mol % 12.330 mass % 13.79 

N2 mol % 75.300 mass % 73.75 



 

 

 

 

65 

 

 

 

 

H2O mol % 7.290 mass % 4.590 

NOx kg/h 2.021 Same Same 

Particulate matter 

(solid particles) 
kg/h 0.040 Same Same 

 

Table 4-2 Physical properties of flue gas from Engine 1 (the right engine) under working 

conditions, 2022 assessment (Metroalfa, 2022) 

Parameter Unit Value 

Pressure (absolute) Pa 103,010 

Temperature °C 354.6 

Density kg/m3 0.5641 

Volumetric Flow Rate m3/h 27730 

 

Table 4-3 Composition of flue gas from Engine 2 (the centre engine) under working 

conditions, 2022 assessment (Metroalfa, 2022) 

Components Unit Value Unit Value 

CO2 mol % 5.240 mass % 8.070 

O2 mol % 12.120 mass % 13.572 

N2 mol % 75.100 mass % 73.623 

H2O mol % 7.510 mass % 4.735 

NOx kg/h 2.016 Same Same 

Particulate matter 

(solid particles) 
kg/h 0.028 Same Same 

 

Table 4-4 Physical properties of flue gas from Engine 2 (the centre engine) under working 

conditions, 2022 assessment (Metroalfa, 2022) 

Parameter Unit Value 

Pressure Pa 103,010 

Temperature °C 349.6 
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Density kg/m3 0.5678 

Volumetric Flow Rate m3/h 26,402 

 

Table 4-5 Composition of flue gas from Engine 3 (the left engine) under working 

conditions, 2022 assessment (Metroalfa, 2022) 

Components Unit Value Unit Value 

CO2 mol % 5.45 mass % 8.394 

O2 mol % 11.78 mass % 13.191 

N2 mol % 75.0 mass % 73.523 

H2O mol % 7.76 mass % 4.892 

NOx kg/h 1.785 Same Same 

Particulate matter 

(solid particles) 
kg/h 0.029 Same Same 

 

Table 4-6 Physical properties of flue gas from Engine 3 (the left engine) under working 

conditions, 2022 assessment (Metroalfa, 2022) 

Parameter Unit Value 

Pressure Pa 103,010 

Temperature °C 358.1 

Density kg/m3 0.5599 

Volumetric Flow Rate m3/h 30,142 

 

It is not possible to enter the volumetric flow rate of gases for streams in Aspen HYSYS 

manually, although it is possible to enter the mass flow rate (kg/hr). However, the mass flow 

rate is not provided by the assessment. The mass flow rate of the flue gas for each engine is, 

then, obtained from the volumetric flow rate by using the relationship of density, mass and 

volume:  
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𝜌 =
𝑚

𝑉
  (3-1) 

 

Where m is mass in kilograms (kg), V is volume in cubic meters (m3), taken as the volume 

component of the volumetric flow rate, and 𝜌 is the (measured) density in kg/m3. HYSYS 

calculates the stream density automatically after the stream’s composition, temperature, and 

pressure are entered. It is also not possible to enter measured densities into stream properties, 

as HYSYS uses its own correlations to calculate the stream’s density. However, measured 

densities (from the assessment by Metroalfa d.o.o), instead of calculated densities (by 

HYSYS), were used to obtain, and enter, mass flow rates of the streams. The result of 

multiplication of measured density (kg/m3) and volume (m3) provides the mass to be used 

for the hourly mass flow rate. 

 

Another option is to use the following equation: 

𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 × 𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑜𝑓 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒  (3-2) 

 

Or, in terms of units:  

 

𝑘𝑔

ℎ𝑟
×

𝑚3

𝑘𝑔
=

𝑚3

ℎ𝑟
  (3-3) 

 

Equation 3-2 can be rearranged to provide mass flow rate directly: 

 

𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 = 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 ×  𝑑𝑒𝑛𝑠𝑖𝑡𝑦  (3-4) 

 

Or, in terms of units: 

 

𝑘𝑔

ℎ𝑟
=

𝑚3

ℎ𝑟
×

𝑘𝑔

𝑚3
  (3-5) 
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 It should be noted that the densities calculated by HYSYS do not deviate considerably 

from any measured densities, with the difference occurring only on the fifth, third, and 

second digit after the decimal point for the first, second, and third engine’s flue gas density 

respectively. HYSYS also calculates the volumetric flow rate of gaseous streams (after the 

mass flow rate has been entered) as two stream properties named “Act. Volume Flow 

[m3/h]” and “Act. Gas Flow [ACT_m3/h]”, but these stream properties cannot be entered 

manually. If the vapour fraction of the stream is 1.000, meaning the stream is completely 

gaseous and contains no liquid fraction, the two properties should have the same value.  

 

Using the data outlined above, the mass flow rate of the flue gas from engine 1 is 

calculated as 15,642.493 kg/h, the mass flow rate of the flue gas from engine 2 is calculated 

as 14,991.056 kg/h, and the mass flow rate of the flue gas from engine 3 is calculated as 

16,876.506 kg/h. The values of mass flow rates are entered into stream conditions in HYSYS 

respectively and with all decimal numbers from the calculator output (not shown here).  

 

For the “Engine 1” stream, “Act. Volume Flow [m3/h]” and “Act. Gas Flow 

[ACT_m3/h]” have the same value of 27,725.744 m3/hr. For the “Engine 2” stream, “Act. 

Volume Flow [m3/h]” and “Act. Gas Flow [ACT_m3/h]” have the same value of 26,367.816 

m3/hr. For the “Engine 3” stream, “Act. Volume Flow [m3/h]” and “Act. Gas Flow 

[ACT_m3/h]” have the same value of 30,094.687 m3/hr. These values are quite close to the 

volumetric flow rates provided by measurements in the tables above. The volumetric flow 

rates calculated by HYSYS will inevitably be somewhat different, since a different density 

figure is used for the calculation by HYSYS. 

 

Since the sum of mol, and mass, fractions of components (e.g. CO2, O2, etc.) were greater 

than 1.00 for flue gases of all three engines (because the averages of measurements do not 

add up to 1.00) the normalization function was applied in the HYSYS stream composition 

entry form. This resulted in the following composition(s) for flue gas streams (Table 4-7, 

Table 4-8, and Table 4-9):  
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Table 4-7 Stream composition of the flue gas from Engine 1 

Components Unit Value Unit Value 

CO2 mol % 5.108 mass % 7.863 

O2 mol % 12.288 mass % 13.794 

N2 mol % 75.277 mass % 73.751 

H2O mol % 7.288 mass % 4.592 

NOx kg/h - - - 

Particulate matter 

(solid particles) 
kg/h - 

- - 

 

Table 4-8 Stream composition of the flue gas from Engine 2 

Components Unit Value Unit Value 

CO2 mol % 5.242 mass % 8.070 

O2 mol % 12.124 mass % 13.571 

N2 mol % 75.123 mass % 73.623 

H2O mol % 7.512 mass % 4.735 

NOx kg/h - - - 

Particulate matter 

(solid particles) 
kg/h - 

- - 

 

Table 4-9 Stream composition of the flue gas from Engine 3 

Components Unit Value Unit Value 

CO2 mol % 5.451 mass % 8.394 

O2 mol % 11.781 mass % 13.191 

N2 mol % 75.008 mass % 73.523 

H2O mol % 7.761 mass % 4.892 

NOx kg/h - - - 
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Particulate matter 

(solid particles) 
kg/h - 

- - 

 

NOx and particulate matter (PM) were not included in the stream compositions for 

simulation and modelling. The reason for this is outlined below in chapter 4.2 Modelling 

and simulation. Temperatures and pressures were kept the same as the original values 

declared in the tables of physical properties above for each stream. The mixer feature was 

then used in HYSYS to unify the three streams into one, as it should happen in the real 

project, before pre-treatment and entry into the absorber. This is shown in Figure 4-1: 

 

Figure 4-1 Unification of the three streams of flue gases 

 

 The sum of mass flow rates of the three streams of flue gases is 47,510.055 kg/h, 

provided both by HYSYS and by summation of figures from the measurements, since it 

follows from the law of conservation of mass. The composition of the unified stream of flue 

gases has been calculated by Aspen HYSYS as shown in Table 4-10 and Table 4-11:  
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Table 4-10 Composition of the unified flue gas stream under working conditions (“Main 

stream”) 

Components Unit Value Unit Value 

CO2 mol % 5.272 mass % 8.117 

O2 mol % 12.069 mass % 13.510 

N2 mol % 75.133 mass % 73.630 

H2O mol % 7.527 mass % 4.744 

NOx kg/h - - - 

Particulate matter 

(solid particles) 
kg/h - - - 

 

And physical properties of the unified stream of flue gases have been calculated by 

HYSYS as: 

 

Table 4-11 Physical properties of the unified flue gas stream under working conditions 

Parameter Unit Value 

Pressure Pa 103,010 

Temperature °C 354.3 

Density kg/m3 0.5643 

Volumetric Flow Rate m3/h 84,188 

 

The same unified flue gas stream was used for all cases in this thesis. In addition, the flue 

gas was pre-treated with slight pressurization by a two-stage compression with two industrial 

high-temperature fans and cooled with a heat exchanger utilizing the seawater located at the 

terminal. Heat exchangers for regasification of LNG at the terminal already use seawater as 

the working fluid, so the potential operator is experienced with using heat exchangers which 

need to withstand corrosion and other possible conditions brought on by the usage of 

seawater (e.g. particles intrusion, erosion, scale deposits, marine life, etc.). Other types of 

cooling pre-treatment are also available, such as direct contact cooling described by Orangi 
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(2021). Cooling is necessary as the 354°C temperature (394°C after the two-stage fan 

compression) is too large for the chemical process in the absorber. The temperature of the 

main stream in this thesis is lowered to 50°C. The main stream is compressed from 103,010 

Pa to 123,000 Pa in a two-stage fan compression and the stream loses 3000 Pa in the cooler 

(heat exchanger) to attain the final pressure of 120,000 Pa (1.2 bar) before entry into the 

absorber. A pump for the cooling water is also modelled to obtain the power duty (and, 

therefore, power supply cost) and the capital cost of the pump.  

 

The mixing and pre-treatment process is shown in Figure 4-2: 

 

Figure 4-2 Unification and the pre-treatment process of the flue gas 

 

Aspen HYSYS is a widely used process simulation software used in the chemical 

engineering industry. It offers steady-state and dynamic process simulation, though only 

steady-state behaviour was studied in this thesis. HYSYS offers two main computational 

modes: Equilibrium (“Efficiency”) modelling and Rate-based (“Advanced”) modelling. 

Advanced modelling is the more rigorous method (Madeddu et al., 2017; Aspen Technology 

Inc, 2022) and presents much more options for the user to define. It also includes more 
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complex relations in its calculations, as described in detail in the HYSYS V12.1 user manual. 

Advanced modelling was used for both the absorber and the desorber simulations in this 

thesis. The choice between the two was not available in Aspen HYSYS for other pieces of 

equipment, as chemical reactions do not widely occur in other equipment used in the 

simulation.  

Aspen Technology Inc., or AspenTech, offers two main chemical engineering simulations 

programs: Aspen Plus and Aspen HYSYS. Aspen HYSYS is primarily geared towards the 

petrochemical industry, while Aspen Plus is aimed at general chemical engineering 

(ChemEngGuy, n.d.-a; ChemEngGuy, n.d.-b). Since amine-based post-combustion carbon 

capture utilises the same process equipment, and fluids, as acid gas removal units at natural-

gas processing plants and refineries, HYSYS already contains the equipment models and 

thermodynamic property packages needed for such simulations. Aspen Plus also contains 

the necessary properties for such a simulation, but it has a more complex interface with much 

more options for the user to define since it is a general chemical engineering program 

(Abdullah, 2023). In addition, most literature studied for this thesis used HYSYS to model 

post-combustion CO2 capture. Therefore, the choice was made to use HYSYS instead of 

Aspen Plus for this thesis, as also elaborated in the introduction.  

 

Prior to any modelling, all stream components to be used in the simulation must be chosen 

from the component list with a selection tool. A “Property package” must be selected next. 

A property package contains methods for calculation of reactions and properties of mixtures 

and components, specialized to a certain use case. HYSYS contains several property 

packages aimed at, so called, acid gas cleaning. For this thesis, the “Acid Gas – Chemical 

Solvents” property package was chosen, as it supports precisely the amine required for these 

simulations and modelling (MEA). After the selection of a property package, reaction sets 

are added automatically into the simulation. Once these steps are complete, the modelling 

work can begin. 
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4.2. Modelling and simulation 

The goal in this thesis is to try to achieve around 90% (%mass) removal efficiency of CO2 

in the absorber and around 90% (%mass) purity of the CO2 mixture at the outlet of the 

desorber (or, more precisely, at the outlet of the condenser of the desorber) or at the outlet 

of the separator coming after the condenser of the desorber. Cases with 85-95% removal 

efficiency (in the absorber) are commonly evaluated in literature. Around 99% CO2 mixture 

purity is usually used in Enhanced Oil Recovery (EOR), although mixtures with somewhat 

less than 99% purity can also be used (Simon, 2020a; Simon, 2020b). However, purities of 

at least 99.5% are required for industrial uses of CO2, which are described in the next chapter. 

Simulation of purification to such a high level is beyond the scope of this thesis, but the 

procedure will be shortly described in this sub-chapter.  

 

The objective of achieving 90% capture efficiency in the absorber, rather than 99%, is 

due to the exothermic reaction between CO2 and an amine (i.e. the reaction releases heat)  

(McCann et al., 2011; Madeddu et al., 2017). The amount of heat released in the reaction of 

CO2 and an amine (called the “heat of reaction”, “reaction heat”, the “heat of absorption” or 

“absorption heat”) (Mukherjee and Samanta, 2019) greatly contributes to the total heat 

consumption of the carbon capture process. This is so because the heat required to reverse 

the reaction, in order to regenerate the amine and “free” the captured CO2, is theoretically 

equal to the heat released during the absorption reaction (the “reaction heat”) (S. Lu et al., 

2023). Since amines have a high reaction heat with CO2 (Neveux et al., 2013; Z. Li et al., 

2015), and other heat requirements are also present in the process as discussed in chapter 

“2.2.3. Process parameters”, the cost of regeneration heat is the greatest barrier towards the 

wide-spread utilization of the technology. Therefore, a higher capture efficiency also leads 

to higher costs, possibly leading to diminishing returns. Cases with a lower and a higher 

capture efficiency (and lower and higher regeneration energy) than the base case are also 

going to be examined within this thesis to test their economic feasibility. 
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Primary, secondary, and tertiary alkanolamines generally differ by their heat of reaction. 

Heat of reaction is the highest for primary amines, like MEA, while it is lesser for secondary 

amines and the smallest for tertiary amines (Chowdhury et al., 2009; Goto et al., 2011). 

However, each amine is different by its reaction selectivity towards acid gases (e.g. MDEA 

reacts more readily with H2S than with CO2) and by certain other properties (Nwaoha et al., 

2017), so trade-offs have to be considered while choosing the amine for every application 

(Goto et al., 2011).  

 

The most common method of final purification of CO2 mixtures for industrial uses is 

liquefaction (Messer, 2023b). The CO2 mixture is usually compressed in multiple stages in 

order to raise the liquefaction temperature of the CO2 in the mixture (Knapik et al., 2018). 

In-between the compression stages, the mixture is cooled to liquify and separate a part of the 

water from the mixture. The CO2 mixture should be dehydrated to a dew point of -40°C, or 

lower, to avoid freezing of water in heat exchangers and other equipment (White, 2002), as 

well to avoid corrosion and hydrate formation (Øi et al., 2022). For initial dehydration, and 

dehydration throughout the dehydration process before the final liquefaction of carbon 

dioxide, different technologies like separators, water knockout drums, molecular sieves, 

activated carbon, activated alumina, etc. can be used (White, 2002; Rai, 2016; Kumar et al., 

2010). Mixture components like nitrogen (N2) and oxygen (O2) lower the liquefaction 

temperature of the CO2 from the mixture, thereby causing greater cooling energy usage (Xu 

et al., 2012; Knapik et al., 2018; Xu et al., 2014). Therefore, higher CO2 concentrations, in 

comparison with N2 and O2 concentrations, are required to achieve CO2 liquefaction at a 

higher temperature (Goos et al., 2011; H. Li, 2008). After liquefaction, CO2 is stored in 

insulated storage tanks under pressure (White, 2002; Meixner et al., 2013). 

 

Generally, CO2 can exist as a liquid below its critical temperature of about 31°C (critical 

point temperature) and above its triple point with a temperature of about -56.6°C and 

pressure of about 517,950 Pa (Span and Wagner, 1996; Linde, 2017b), as it can be seen in 

the phase diagram (Figure 4-3): 
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Figure 4-3 Phase diagram of Carbon dioxide (Xu et al., 2012) 

 

Although the term “cryogenic” is often used by the industry, and in literature, to describe 

such CO2 separation technologies (i.e. by liquefaction), most of these processes operate at 

temperatures above the scientific definition of cryogenic, which is -153°C (Rufford et al., 

2012). 

 

As indicated in the flue gas composition, there are also oxides of nitrogen (NOx) and 

particulate matter (PM) in the flue gases. NOx compounds are NO (nitric oxide) and NO2 

(nitrogen dioxide), formed by nitrogen and oxygen during combustion of fossil fuels in the 

presence of air (Aeroqual, 2024). Particulate matter is, by definition, a term for a mixture of 

solid particles and liquid droplets found in the air (United States Environmental Protection 

Agency [EPA], 2016). In the case of flue gas from the LNG terminal, the measured PM were 

only solid particles. Simulation of NOx or PM removal is beyond the scope of this thesis, 

especially since Aspen HYSYS is not primarily aimed at simulating solids (Aspen Tech 

Support Center, 2022), although removal technologies will be shortly presented below and 

a cost estimation will be given, where available. The amount of NOx in the flue gas is 

0.012254%, while the amount of PM in the flue gas is 0.000204% (of the total mass flow 
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rate of the flue gases, respectively). While their shares might not be relatively large, these 

shares are large enough to possibly warrant a removal process, if such removal is necessary 

in accordance with standards of a prospective utilization industry. There could also be other 

chemical substances present in the flue gas, but measurements were conducted only for 

substances stated in the composition tables. The concentration of sulfur oxides (SOx) in the 

flue gas from each engine was also measured in 2020 (expressed as sulfur dioxide, SO2), but 

the value of the mass concentrations of SO2 was only indicated as lower than 10 mg/m3 (for 

each engine) and the value of the mass flow rate of SO2 was only indicated as lower than 

0.176 kg/hr (first engine), lower than 0.168 kg/hr (second engine), and lower than 0.172 

kg/hr (third engine) (Metroalfa, 2020). No mass concentration (mg/m3) or mass flow rate 

(kg/hr) values were reported for sulfur oxides (or sulfur dioxide) in the 2022 assessment 

report (Metroalfa, 2022) 

 

NOx removal technologies can be classified into three categories: oxidation, reduction, 

and absorption/adsorption (Zi. Zhu and Xu, 2022). Very common industrial processes for 

removal of NOx from flue gas streams are selective catalytic reduction (SCR) and selective 

non-catalytic reduction (SNCR). The two are largely different by their removal efficiency, 

which is over 90% for SCR and below 50% for SNCR (Zi. Zhu and Xu, 2022). The capital 

cost of an SCR system for gas turbines, or internal combustion engines, could be estimated 

in the range of 10 - 50 EUR/kW (based on electrical output) (Lecomte et al., 2017). Yearly 

operational costs have been estimated as 700 EUR per tonne of removed NOx for an engine 

with an installed capacity of 20 - 50 MW(th), which operates for 4000 hours/year with an 

SCR system having 75% removal efficiency (Lecomte et al., 2017). A NOx, SO2, and CO2 

removal process integrating desalinated wastewater was proposed in 2022, which could be 

beneficial since the terminal could desalinate and demineralize seawater for usage in the 

chemical absorption process (Lim and Kim, 2022), although this also depends on the 

available space for such an installation. 
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A common method of PM removal from flue gas streams are electrostatic precipitators 

(ESPs) (Mizuno, 2000; Järvinen et al., 2023). ESPs function by using electrical energy (a 

corona discharge) to charge particles either positively or negatively. The charged particles 

are then attracted to collector plates with the opposite charge. ESPs can have more than 99% 

removal efficiencies (EPA, 2016; Mizuno, 2000). Electrostatic precipitators are widely used 

because of a small pressure loss, broad temperature applicability, and a high removal 

efficiency (Sun et al., 2020), all of which would be beneficial to this application. The capital 

cost of ESPs depends on their size and complexity. Main operational costs of ESPs are 

electricity costs, labour costs, and maintenance costs (Tomašić, n.d.-b; Tomašić, n.d.-a). A 

detailed guide for estimation of capital and operational costs of ESPs was published by the 

U.S. Environmental Protection Agency, 1999 (Turner et al., 1999). Figure 4-4 shows an 

electrostatic precipitator. 

 

 

Figure 4-4 Electrostatic precipitator (mechanicrealm.com, 2022) 

      

The removal process for NOx could be installed before entry of the flue gas into the 

absorber or after the flue gas exits the stripper or the separator after the stripper. Since such 

impurities have a potential to interact unfavourably with capture, compression, and transport 

https://www.epa.gov/air-emissions-monitoring-knowledge-base/monitoring-control-technique-electrostatic-precipitators#:~:text=An%20electrostatic%20precipitator%20(ESP)%20removes,plates%20carrying%20the%20opposite%20charge.
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of CO2, it could be better to remove them before entry of the flue gas into the amine absorber 

(Sass et al., 2005). PM should be removed as a part of the pre-treatment of flue gas (Babcock 

& Wilcox, 2024). 

NOx could also be partly spontaneously removed during the absorption process through 

exiting along with the clean gas at the top of the absorber or during the final liquefaction 

process of CO2 from a mixture, as described above, although NOx compounds could also 

negatively affect the chemical reactions of amine absorption (Sass et al., 2005). It is also 

possible that particulate matter spontaneously deposits in the process equipment, but such 

considerations are beyond the scope of this thesis. 

 

Since it was determined by a physical inspection of the FSRU in October 2022 that there 

is no room on the ship for a carbon capture amine unit, but there is space on the shore part 

of the terminal, a pipeline would be required to transport the flue gas from the ship’s funnels 

to the shore. However, that consideration is beyond the scope of this thesis. 
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4.3. First case – MEA 30% concentration 

The first case is modelled and simulated with a 30% MEA solution (%mass). 30% is a 

common concentration of MEA used in industry and described in literature regarding carbon 

capture (Chai et al., 2022; Jones, 2018). The process flow diagram is shown in Figure 4-5:  

 

Figure 4-5 Aspen HYSYS process flow diagram - first case 

 

The stream “Flue gas from engines” enters the absorber with the composition as described 

in Table 4-10 and temperature and pressure that are a result of pre-treatment shown in Figure 

4-2. The “Lean amine” stream enters the absorber with the composition and physical 

properties as shown in Table 4-12 and Table 4-13, respectively: 
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Table 4-12 “Lean amine” stream composition 

Components Unit Value Unit Value 

CO2 mol % 1.921 mass % 3.600 

O2 mol % 0 mass % 0 

N2 mol % 0 mass % 0 

H2O mol % 86.547 mass % 66.400 

MEA mol % 11.532 mass % 30.000 

Molar flow kgmole/h 2129.343 - - 

Mass flow - - kg/h 50,000 

 

Table 4-13 “Lean amine” stream physical properties 

Parameter Unit Value 

Pressure Pa 110,000 

Temperature °C 30 

Density kg/m3 1044.215 

Act. Volume Flow m3/h 47.88 

 

The absorber column uses structured packing with stage packing height of 1.000 m and 

the number of stages is 10. Figure 4-6 shows the absorber column design window in Aspen 

HYSYS. 
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Figure 4-6 Absorber column design window in Aspen HYSYS, “Design” tab 

 

In the “Parameters” tab, “Advanced” (Rate-based) modelling was selected. Packing type 

has been selected as Mellapak, packing vendor Sulzer, packing material Plastic, and 250Y 

as packing dimensions. The inner diameter of the column has been chosen as 2.650 m, based 

on the hydraulic simulation of the column explained below. Diagnostics level was chosen as 

Medium.  

To properly design a column, hydraulic design must also be carried out. In fact, this is 

where the diameter and stage packing height (and, therefore, the overall height of the 

column) should be modelled first, after achieving simulation convergence of the column, 

and only then should these parameters be entered into the “Parameters” tab. It should be 

noted that these settings do not carry over automatically between the two tabs. Hydraulic 

modelling of the column is done in the “Internals” tab of the absorber window shown in 

Figure 4-7:  
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Figure 4-7 “Internals” tab of the absorber window in Aspen HYSYS 

 

After adding all 10 stages as one “Section” and choosing the packing parameters, column 

diameter, and stage packing height, one can see the hydraulic plots by clicking on the “View 

Hydraulic Plots” button. Optimized column hydraulics for this case look as shown in Figure 

4-8: 
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Figure 4-8 Column hydraulics window for the absorber, with Stage 1 in focus 

 

Additional hydraulic settings can be chosen with the “View” button in the “Details” sub-

tab of the “Internals” tab, visible in Figure 4-7. There, a parameter named “Minimum Liquid 

Flow Rate per Unit Area” was selected to be 0.200 m3/h-m2. This value was entered because 

AspenTech included that numerical value in its new template of a carbon capture case for a 

natural gas power plant in HYSYS V12.1. The numerical value was different in templates 

for acid gas cleaning included with previous versions of HYSYS. The particular template 

can be found in the novel “Sustainability” template package available only from HYSYS 

V12.1 upwards. The value of this parameter remains the same for all templates in the “old” 

Acid gas cleaning template package. This value is a minor detail, but it is important for full 

replication of simulation and modelling results, as templates are often used for quicker 

modelling in HYSYS. 
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In the absorber, 90.03% CO2 removal efficiency (%mass and %mol) is achieved. The 

stream “Clean gas” flows out from the top of the absorber with the following composition 

and physical properties (Table 4-14 and Table 4-15): 

 

Table 4-14 “Clean gas” composition 

Components Unit Value Unit Value 

CO2 mol % 0.77 mass % 1.23 

O2 mol % 12.01 mass % 14.04 

N2 mol % 74.76 mass % 76.51 

H2O mol % 12.45 mass % 8.19 

MEA mol % 0.01 mass % 0.03 

Molar flow kgmole/h 1670.166 - - 

Mass flow - - kg/h 45,718.565 

 

Table 4-15 “Clean gas” physical properties 

Parameter Unit Value 

Pressure Pa 105,000 

Temperature °C 54.06 

Density kg/m3 1.058 

Act. Gas Flow m3/h 43,210.87 

 

The “Rich amine” stream flows out at the bottom of the absorber with the following 

composition and physical properties (Table 4-16 and Table 4-17): 
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Table 4-16 “Rich amine” composition 

Components Unit Value Unit Value 

CO2 mol % 5.455  mass % 9.833  

O2 mol % 0 mass % 0 

N2 mol % 0 mass % 0 

H2O mol % 82.971 mass % 61,220 

MEA mol % 11.568 mass % 28.941 

Molar flow kgmole/h 2121.234 - - 

Mass flow - - kg/h 51,791.490 

 

Table 4-17 “Rich amine” physical properties 

Parameter Unit Value 

Pressure Pa 115,000 

Temperature °C 47.05 

Density kg/m3 1058 

Act. Volume Flow m3/h 49.21 

 

The “Rich amine” passes through the “Rich amine pump” which raises its pressure from 

115,000 Pa to 300,000 Pa prior to passage through the rich/lean amine heat exchanger and 

entry into the stripper column. In the heat exchanger, the rich amine attains a higher 

temperature, which lowers the amount of heat necessary for heat transfer in the desorber, 

thereby reducing the reboiler energy required for regeneration. The rich amine enters the 

desorber at the second stage with a temperature of 110°C and a pressure of 300,000 Pa.  

The absorber was modelled with 7 stages and a full reflux. The general settings can be seen 

in Figure 4-9: 
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Figure 4-9 General settings of the desorber 

 

Advanced (Rate-based) modelling was also selected for the stripper. Identical packing 

settings were chosen as for the absorber. However, the stripper was modelled with two 

diameters, as shown in Figure 4-10: 
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Figure 4-10 Internals tab of the stripper settings 

 

An error “Internals calculations completed with warnings” is given by HYSYS because 

a diameter section (stages 2 – 7) was modelled as one section with structured packing longer 

than 4.572 metres overall. In reality, the packing will indeed be in shorter multiple sections, 

but that is not important for the purposes of this simulation. Modelling the same diameter 

section as several separate shorter sections resolves this error. However, the error could also 

be present in case the operating points on the hydraulic plots approach flooding (excessive 

vapour flow) or weeping (insufficient vapour flow) points too much. 

 

The hydraulic plots demonstrating a well-performed hydraulic dimensioning for both 

diameters are shown in Figure 4-11 and Figure 4-12: 



 

 

 

 

89 

 

 

 

 

 

Figure 4-11 Hydraulic plots of the desorber, Stage 1 

 

 

 

Figure 4-12 Hydraulic plots of the desorber, Stage 5 

 

Convergence of the stripper column was achieved with parameters of 0.2 reflux ratio and 

130°C reboiler temperature. The 130°C temperature is justified for MEA by Jones (2018) 
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and Google Patents (2006). In case partial reflux is used for the stripper, an additional third 

parameter must be defined. A mixture predominantly composed of water and CO2 (with only 

0.14% mass of O2, N2, and MEA) flows out from the top of the stripper into the condenser. 

Cooling water utility cools the condenser, from which a condensed water mixture flows back 

into the stripper (this is the reflux), while a vapour mixture with 55.81% mass of CO2 flows 

out from the top of the condenser as the “Pure CO2” (from desorber) stream. 64.64% (% 

mass) recovery of CO2 from the rich amine mixture entering the stripper has been achieved.  

 

The “Pure CO2” (from desorber) stream has the following composition and physical 

properties (Table 4-18 and Table 4-19): 

 

Table 4-18 “Pure CO2” (from desorber) stream composition 

Components Unit Value Unit Value 

CO2 mol % 34.09 mass % 55.81 

O2 mol % 0.01 mass % 0.01 

N2 mol % 0.04 mass % 0.04 

H2O mol % 65.86 mass % 44.13 

MEA mol % 0.001 mass % 0.002 

Molar flow kgmole/h 219.413 - - 

Mass flow - - kg/h 5898.524 

 

Table 4-19 “Pure CO2” (from desorber) stream physical properties 

Parameter Unit Value 

Pressure Pa 110,000 

Temperature °C 90.87 

Density kg/m3 0.9840 

Act. Volume Flow m3/h 5994.73 
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The reboiler heat duty has been calculated by HYSYS as 1.764e+7 kJ/h or 4900 kW (4.9 

MW). Taking into account that the mass flow of CO2 in the “Pure CO2” stream from the 

stripper is 3291.979 kg/h, the MEA regeneration energy for CO2 in this simulation is 5.36 

MJ/kgCO2 captured. This CO2 mass flow figure is just slightly different than the CO2 mass 

flow coming out of the separator, as outlined below, since some CO2 is inevitably drawn 

down with the condensing water. The difference between “CO2 captured” and “CO2 

avoided” metrics is outlined in chapter “5. Economics of the project”. 

 

A regeneration energy between 3 - 4 MJ/kgCO2 for MEA is often aimed at in literature, 

as reviewed by Orangi (2021). However, such energies are not necessarily achieved through 

lowering the absorption efficiency in the absorption column, but rather through lowering the 

CO2 mass recovery from the stripper. The reduction in regeneration energy can occur 

because less CO2 can be stripped from the rich amine (and the lean amine stream is able to 

accommodate the extra acid gas loading), with the process still operating normally, which 

allows for a reduction in reboiler temperature, heat duty, and the regeneration energy, 

although it also causes a drop in the produced quantity of CO2 per unit of time. It should be 

noted that this might be desirable in a pure cost scenario of the process, i.e. carbon capture 

and storage (CCS). However, if CO2 is captured for a purpose with a potential positive 

revenue, spending more heat energy to achieve extra CO2 recovery might result in a 

significant revenue increase. A revenue comparison with the first will be outlined in chapter 

“5. Economics of the project”. 

 

After leaving the condenser, the CO2 mixture heads into a horizontal separator utilizing 

water cooling (which could utilize the seawater at the site of the terminal) to ensure greater 

removal of water. Figure 4-13 shows the settings of the separator in HYSYS. 
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Figure 4-13 Horizontal separator for water removal (HYSYS settings menu) 

 

In the parameters sub-tab, a heating duty of -5.6e+6 kJ/h is selected in order to achieve a 

90% CO2 purity (Figure 4-14):  
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Figure 4-14 Horizontal separator for water removal, Parameters tab 

 

And a horizontal separator is chosen in the “Rating” tab (Figure 4-15):  

 

 

Figure 4-15 Horizontal separator selection 

 

A cooling water pump for the separator is also simulated in order to obtain the power duty, 

the power supply cost, and an estimation of the capital cost of the pump (Figure 4-16). 
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Figure 4-16 Cooling water pump for the separator 

 

The following are the composition and properties of the “Dehydrated” CO2 stream (Table 4-

20 and Table 4-21): 

 

Table 4-20 “Dehydrated CO2” stream composition 

Components Unit Value Unit Value 

CO2 mol % 80.081 mass % 90.728 

O2 mol % 0.028  mass % 0.023  

N2 mol % 0.092  mass % 0.066  

H2O mol % 19.800  mass % 9.182  

MEA mol % 202×10-11 mass % 318×10-9 

Molar flow kgmole/h 93.380 - - 

Mass flow - - kg/h 3627.097 

 

Table 4-21 “Dehydrated CO2” stream physical properties 

Parameter Unit Value 

Pressure Pa 90,000 

Temperature °C 59.59 

Density kg/m3 1.269 

Act. Gas Flow m3/h 2857.96 
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After flowing out of the separator, it is intended for the CO2 stream to undergo a proper 

dehydration and liquefaction process in order to reach industrial standard purities, as 

described above. The mass flow of CO2 coming out of the separator is 3289.689 kg/hr. 

 

On the other hand, the stream of water flowing out of the separator could be reused for 

make-up water, for a potential water wash in the absorber to reduce amine loss, or be 

processed and disposed of in accordance with environmental regulations. According to a 

Bellona report on health and environmental impacts of amines used in CO2 capture from 

2009, MEA has a relatively high biodegradability and itself has no adverse effect to human 

health, animals, vegetation, and other organisms (Shao and Stangeland, 2009). However, 

compounds generated by amine decomposition and corrosion could be problematic for the 

environment. Additionally, other amines like MDEA and piperazine are ecotoxic and have 

low biodegradability (Shao and Stangeland, 2009; Chai et al., 2022). Another nearby plant, 

the Rijeka Refinery owned by INA, d.d., already has an MDEA amine process for purifying 

fuel gas in order to use it for energy. Wastewater from the entire refinery (including the 

amine unit) is processed on-site and it is released into the sea in accordance with all 

environmental regulations and laboratory testing (Budiša et al., 2013). This proves such a 

procedure is possible in the vicinity of the potential plant. Therefore, experience of the 

refinery in such operations could be helpful in planning of this project. 

 

The regenerated amine from the stripper flows out from the bottom of the reboiler as the 

“Bottoms product” stream. The “Bottoms product” stream has the following composition 

and physical properties (Table 4-22 and Table 4-23):  
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Table 4-22 “Bottoms product” stream composition 

Components Unit Value Unit Value 

CO2 mol % 2.151  mass % 3.924  

O2 mol % 0 mass % 0 

N2 mol % 0 mass % 0 

H2O mol % 84.946  mass % 63.416  

MEA mol % 12.902  mass % 32.660  

Molar flow kgmole/h 1901.820 - - 

Mass flow - - kg/h 45,892.966 

 

Table 4-23 “Bottoms product” stream physical properties 

Parameter Unit Value 

Pressure Pa 250,000 

Temperature °C 130 

Density kg/m3 978.917  

Act. Volume Flow m3/h 46.88 

 

The Bottoms stream flows into the rich/lean amine heat exchanger to provide heat back to 

the lean amine flowing into the stripper. The heat exchanger is a shell & tube heat exchanger 

of TEMA Type AFL with 10,000 Pa specified as the pressure drop for the shell-side fluid. 

The F shell type enables pure countercurrent flow, which can provide the greatest 

temperature exchange between the fluids in comparison with other flow types, as outlined 

in chapter “2.2.2. Process equipment”. The LMTD (logarithmic mean temperature 

difference) of the heat exchanger is 18.38°C, which is slightly higher than what is usual in 

literature (Orangi, 2023). A detailed performance of the heat exchanger can be seen in its 

“Performance” tab (Figure 4-17): 
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Figure 4-17 Information in the Performance tab of the heat exchanger 

 

The plot of temperature and heat flow for the heat exchanger is also available in the 

“Performance” tab (Figure 4-18): 

 

 

Figure 4-18 Plot of temperature and heat flow in the Performance tab of the heat 

exchanger 
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Once the “Bottoms product” stream flows out of the heat exchanger, it heads towards the 

mixer in order to regenerate the original 30% amine solution. 12.09 kg/h of MEA (at 15°C 

and 240,000 Pa) is added to the stream and 4088.90 kg/h (at 15°C and 240,000 Pa) of make-

up water is added to the stream. The regenerated amine solution is then passed through a 

cooler (also a shell & tube heat exchanger) where water (as “Regen cool energy” energy 

stream) is used to achieve a 30°C solution temperature. There is a pressure drop in the cooler 

of 130,000 Pa, bringing the solution pressure down to the original 110,000 Pa. From this 

point, the process with (regenerated) lean amine continues like from the beginning. 

 

Table 4-24 shows all electricity duties in the case: 

 

Table 4-24 Electricity duties in the first case 

Equipment Energy stream name Required power 

High-temperature fan Fan energy 329.9 kW 

High-temperature fan 2 Fan energy 2 255.3 kW 

Water pump 1 (P-100) 
Main stream cooler Water 

utility 
1.948 kW 

Rich amine pump (P-102) Rich amine pump energy 3.372 kW 

Water pump 2 (P-100-2) Separator pump utility 0.6151 kW 

Make-up water pump (P-

100-2-2) 

Make-up water stream 

energy 
0.001970 kW 

Regenerated amine pump 

(P-103) 
Regen pump energy 2.856 kW 

 

The total electricity duty in the case is 591.135 kW. The MEA make-up pump is not 

evaluated because of a very small capacity and duty. 
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Table 4-25 shows all mass flows of cooling water duties in the case: 

 

Table 4-25 Cooling water duties in the first case 

Equipment Energy stream name Mass flow 

Cooler of main stream Main stream cooler energy 605,768.54 kg/h 

Separator Cooling separator energy 191,250.30 kg/h 

Regenerated amine cooler Regen cool energy 175,977.53 kg/h 

 

Cooling water is presumed to enter into the heat exchanger at 16°C (the average 

yearly temperature of sea at the LNG terminal, obtained from LNG Croatia) and exit at 23°C. 

The temperature of the cooling water can be edited in the “Economics” tab of HYSYS under 

the Process utilities option, as the default temperatures are different.  

 

Steam mass flow required in the reboiler is 8031 kg/hr. LP Steam utility is used. The lean 

amine acid gas loading in the case is 0.1667 mol/mol, while the rich amine acid gas loading 

is 0.4716 mol/mol, which is within the acceptable range in accordance with literature 

(Apaiyakul et al., 2022b; Orangi, 2021). 
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4.4. Second case – MEA 30% conc. with 3.83 MJ/kgCO2  

The second case is also modelled and simulated with 30% MEA The process flow is the 

same as for the first case, as shown in Figure 4-5.  

 

The stream “Flue gas from engines” enters the absorber with the same composition and 

physical properties as in the first case. The “Lean amine” stream enters the absorber with the 

composition and physical properties as shown in Table 4-26 and Table 4-27, respectively: 

 

Table 4-26 “Lean amine” stream composition 

Components Unit Value Unit Value 

CO2 mol % 3.36 mass % 6.17  

O2 mol % 0 mass % 0 

N2 mol % 0 mass % 0 

H2O mol % 84.87 mass % 63.83 

MEA mol % 11.77 mass % 30.00 

Molar flow kgmole/h 2943 - - 

Mass flow - - kg/h 70,500.00 

 

Table 4-27 “Lean amine” stream physical properties 

Parameter Unit Value 

Pressure Pa 110,000 

Temperature °C 30 

Density kg/m3 1070.601 

Act. Volume Flow m3/h 65.85 

 

The absorber column is set up in the same way as in the first case. It uses structured 

packing with stage packing height of 1.000 m and the number of stages is 10.  
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In the “Parameters” tab, “Advanced” (Rate-based) modelling was selected. Packing type 

has been selected as Mellapak, packing vendor Sulzer, packing material Plastic, and 250Y 

as packing dimensions. The inner diameter of the column has been chosen as 2.650 m, based 

on the hydraulic simulation of the column. Diagnostics level was chosen as Medium.  

 

To properly design a column, hydraulic design must also be carried out. Optimized 

column hydraulics for this case look as shown in Figure 4-19: 

 

 

Figure 4-19 Column hydraulics window for the absorber, with Stage 1 in focus 

 

The parameter named “Minimum Liquid Flow Rate per Unit Area” was also selected to 

be 0.200 m3/h-m2.  

 

In the absorber, 87.91% CO2 removal efficiency (%mass and %mol) is achieved. The 

stream “Clean gas” flows out from the top of the absorber with the following composition 

and physical properties (Table 4-28 and Table 4-29): 
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Table 4-28 “Clean gas” composition 

Components Unit Value Unit Value 

CO2 mol % 1.38 mass % 2.19 

O2 mol % 12.27 mass % 14.16 

N2 mol % 73.36 mass % 77.16 

H2O mol % 12.45 mass % 6.49 

MEA mol % 0.005101 mass % 0.01124 

Molar flow kgmole/h 1635.07 - - 

Mass flow - - kg/h 45,334.42 

 

Table 4-29 “Clean gas” physical properties 

Parameter Unit Value 

Pressure Pa 105,000 

Temperature °C 49.56 

Density kg/m3 1.088 

Act. Gas Flow m3/h 41,665.42 

 

The “Rich amine” stream flows out at the bottom of the absorber with the following 

composition and physical properties (Table 4-30 and Table 4-31): 

Table 4-30 “Rich amine” composition 

Components Unit Value Unit Value 

CO2 mol % 5.52  mass % 9.93  

O2 mol % 0 mass % 0 

N2 mol % 0 mass % 0 

H2O mol % 82.82 mass % 60.97 

MEA mol % 11.66 mass % 29.09 

Molar flow kgmole/h 2969.9 - - 

Mass flow - - kg/h 72,675.64 
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Table 4-31 “Rich amine” physical properties 

Parameter Unit Value 

Pressure Pa 115,000 

Temperature °C 47.50 

Density kg/m3 1051.87 

Act. Volume Flow m3/h 69.09 

 

The “Rich amine” passes through the “Rich amine pump” which raises its pressure from 

115,000 Pa to 300,000 Pa prior to passage through the rich/lean amine heat exchanger and 

entry into the stripper column. The rich amine enters the desorber at the second stage with a 

temperature of 110°C and a pressure of 300,000 Pa.  

The absorber was modelled with the same general settings as in the first case (7 stages and 

a full reflux).  

 

Advanced (Rate-based) modelling was also selected for the stripper. Identical packing 

settings were chosen as for the absorber. However, the stripper was modelled with two 

diameters. As in the first case, the slimmer diameter extended only to stage 1, while the 

wider diameter extended from stage 2 to stage 7. The slimmer diameter amounted to 1.03 m, 

while the slimmer diameter amounted to 0.65 m.  

 

Hydraulic plots demonstrating the performed hydraulic dimensioning for both diameters 

are shown in Figure 4-20 and Figure 4-21: 
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Figure 4-20 Hydraulic plots of the desorber, Stage 1 

 

 

Figure 4-21 Hydraulic plots of the desorber, Stage 5 

 

 

Convergence of the stripper column was achieved with parameters of 0.2 reflux ratio and 

119°C reboiler temperature. A mixture predominantly composed of water and CO2 (with 
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only 0.13% mass of O2, N2, and MEA) flows out from the top of the stripper into the 

condenser. Cooling water utility cools the condenser, from which a condensed water mixture 

flows back into the stripper (this is the reflux), while a vapour mixture with 71.82% mass of 

CO2 flows out from the top of the condenser as the “Pure CO2” (from desorber) stream. 

39.73% (% mass) recovery of CO2 from the rich amine mixture entering the stripper has 

been achieved, which is a primary reason for the lower regeneration energy of this case, in 

comparison with the first case.  

 

The “Pure CO2” (from desorber) stream has the following composition and physical 

properties (Table 4-32 and Table 4-33): 

 

Table 4-32 “Pure CO2” (from desorber) stream composition 

Components Unit Value Unit Value 

CO2 mol % 51.10 mass % 71.82 

O2 mol % 0.03 mass % 0.03 

N2 mol % 0.10 mass % 0.09 

H2O mol % 48.77 mass % 28.06 

MEA mol % 4.24×10-6 mass % 8.28×10-6 

Molar flow kgmole/h 127.45 - - 

Mass flow - - kg/h 3990.98 

 

Table 4-33 “Pure CO2” (from desorber) stream physical properties 

Parameter Unit Value 

Pressure Pa 200,000 

Temperature °C 98.80 

Density kg/m3 2.045 

Act. Volume Flow m3/h 1951.41 
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The reboiler heat duty has been calculated by HYSYS as 1.098e+7 kJ/h or 3049 kW (3.05 

MW). Taking into account that the mass flow of CO2 in the “Pure CO2” stream from the 

stripper is 2866.48 kg/h, the MEA regeneration energy for CO2 in this simulation is 3.83 

MJ/kgCO2 captured. This CO2 mass flow figure is just slightly different than the CO2 mass 

flow coming out of the separator, as outlined below, since some CO2 is inevitably drawn 

down with the condensing water. 

 

A regeneration energy between 3 - 4 MJ/kgCO2 for MEA is often aimed at in literature, 

as reviewed by Orangi (2021). Hence, as discussed in the first case, it has been proven in 

this thesis that such energies are not necessarily achieved through lowering the absorption 

efficiency in the absorption column, but rather through lowering the CO2 mass recovery from 

the stripper. This might be desirable in a pure cost scenario of the process, i.e. carbon capture 

and storage (CCS). However, if CO2 is captured for a purpose with a potential positive 

revenue, spending more heat energy to achieve extra CO2 recovery might result in a 

significant revenue increase. A revenue comparison with the first will be outlined in chapter 

“5. Economics of the project”.  

 

After leaving the condenser, the CO2 mixture heads into a horizontal separator utilizing 

water cooling (which could be the seawater at the site of the terminal) to ensure greater 

removal of water, as also outlined in the first case. In the parameters sub-tab, a heating duty 

of -2.5e+6 kJ/h is selected in order to achieve a 95.33% (%mass) and 89.43% (%mol) CO2 

purity. A horizontal separator is chosen in the “Rating” tab.  

 

Table 4-34 and Table 4-35 show the composition and properties of the “Dehydrated” CO2 

stream, respectively. 
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Table 4-34 “Dehydrated CO2” stream composition 

Components Unit Value Unit Value 

CO2 mol % 89.43 mass % 95.33 

O2 mol % 0.05  mass % 0.023  

N2 mol % 0.17  mass % 0.066  

H2O mol % 10.35  mass % 4.52  

MEA mol % 1.65×10-12 mass % 2.434×10-12 

Molar flow kgmole/h 72.80 - - 

Mass flow - - kg/h 3005.61 

 

Table 4-35 “Dehydrated CO2” stream physical properties 

Parameter Unit Value 

Pressure Pa 180,000 

Temperature °C 59.28 

Density kg/m3 2.710 

Act. Gas Flow m3/h 1109.05 

 

After flowing out of the separator, it is intended for the CO2 stream to undergo a proper 

dehydration and liquefaction process in order to reach industrial standard purities, as 

described above. The mass flow of CO2 coming out of the separator is 2865.28 kg/hr. 

 

The regenerated amine from the stripper flows out from the bottom of the reboiler as the 

“Bottoms product” stream. The “Bottoms product” stream has the following composition 

and physical properties (Table 4-36 and Table 4-37):  
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Table 4-36 “Bottoms product” stream composition 

Components Unit Value Unit Value 

CO2 mol % 3.48  mass % 6.33  

O2 mol % 0 mass % 0 

N2 mol % 0 mass % 0 

H2O mol % 84.35  mass % 62.88 

MEA mol % 12.18  mass % 30.79 

Molar flow kgmole/h 2842.44 - - 

Mass flow - - kg/h 68,684.66 

 

Table 4-37 “Bottoms product” stream physical properties 

Parameter Unit Value 

Pressure Pa 200,000 

Temperature °C 119 

Density kg/m3 1012.83 

Act. Volume Flow m3/h 67.81 

 

The Bottoms stream flows into the rich/lean amine heat exchanger to provide heat back to 

the lean amine flowing into the stripper. The heat exchanger is a shell & tube heat exchanger 

of TEMA Type AFL with 55,000 Pa specified as the pressure drop for the shell-side fluid. 

The LMTD (logarithmic mean temperature difference) of the heat exchanger is 7.40°C.  

 

A detailed performance of the heat exchanger can be seen in its “Performance” tab (Figure 

4-22): 
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Figure 4-22 Information in the Performance tab of the heat exchanger 

 

The plot of temperature and heat flow for the heat exchanger is also available in the 

“Performance” tab (Figure 4-23): 

 

 

Figure 4-23 Plot of temperature and heat flow in the Performance tab of the heat 

exchanger 

 

Once the “Bottoms product” stream flows out of the heat exchanger, it heads towards the 

mixer in order to regenerate the original 30% amine solution. 5.128 kg/h of MEA (at 15°C 
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and 101,300 Pa) is added to the stream and 1810.21 kg/h (at 15°C and 101,300 Pa) of make-

up water is added to the stream. The regenerated amine solution is then passed through a 

cooler (also a shell & tube heat exchanger) where water (as “Regen cool energy” energy 

stream) is used to achieve a 30°C solution temperature. There is a pressure rise in the cooler 

of 8650 Pa, bringing the solution pressure up to the original 110,000 Pa. From this point, the 

process with (regenerated) lean amine continues like from the beginning. 

 

Table 4-38 shows all electricity duties in the case: 

 

Table 4-38 Electricity duties in the second case 

Equipment Energy stream name Required power 

High-temperature fan Fan energy 329.9 kW 

High-temperature fan 2 Fan energy 2 255.3 kW 

Water pump 1 (P-100) 
Main stream cooler Water 

utility 
4.734 kW 

Rich amine pump (P-102) Rich amine pump energy 3.372 kW 

Water pump 2 (P-100-2) Separator pump utility 0.6151 kW 

Make-up water pump (P-

100-2-2) 

Make-up water stream 

energy 
0.0008723 kW 

 

The total electricity duty in the case is 593.922 kW. The MEA make-up pump is not 

evaluated because of a very small capacity and duty. 
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Table 4-39 shows all mass flows of cooling water duties in the case. 

 

Table 4-39 Cooling water duties in the second case  

Equipment Energy stream name Mass flow 

Cooler of main stream Main stream cooler energy 605,768.54 kg/h 

Separator Cooling separator energy 85,379.60 kg/h 

Regenerated amine cooler Regen cool energy 184,757.23 kg/h 

 

Cooling water is presumed to enter into the heat exchanger at 16°C (the average yearly 

temperature of sea at the LNG terminal, obtained from LNG Croatia) and exit at 23°C. Steam 

mass flow required in the reboiler is 4997 kg/hr. LP Steam utility is used. The lean amine 

acid gas loading in the case is 0.2856 mol/mol, while the rich amine acid gas loading is 

0.4736 mol/mol. 
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4.5. Third case – MEA 40% conc. with 99% capture efficiency and 99% product 

purity 

A third case is only going to be presented shortly. The third case was made with 40% 

MEA (%mass) and the goal was to achieve at least 99% capture efficiency in the absorber 

and at least 99% purity of the CO2 mixture on exit from the condenser of the desorber (both 

%mass and %mol). Such criteria should largely increase the price of capture for reasons 

outlined above in chapter 4. Several optimizations are also done in the case, such as a water 

wash for the absorber and water from the partial reflux is reused both for the water was and 

for the water make-up. The process diagram is shown in Figure 4-24: 

 

 

Figure 4-24 The process diagram of the third case 

 

The pre-treatment is the same as in the previous two cases, except one fan is used and the 

stream is compressed to 110,000 Pa. A mixture of 40% amine flows into the absorber at 

stage 3 with a mass flow rate of 40,001.98 kg/hr and a (lean) CO2 loading of 0.1467 mol/mol. 

The water wash stream flows into the absorber at the top stage with a flow rate of 4220 kg/hr 

and a 99.77% (%mass) water content (or 99.91% mol). The purpose of the water wash is to 

reduce amine losses, as outlined in chapter “2.2.2. Process equipment”. In the “Clean gas” 
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stream, 21.55 kg/hr of CO2 and 4.46 kg/hr of MEA flow out of the absorber. The rich amine 

flows out of the absorber with a mass flow rate of 45,497.64 kg/hr, of which 5535.87 kg/hr 

is carbon dioxide, and a (rich) CO2 loading of 0.4798 mol/mol.  

 

The absorber has 25 stages with packing and “Advanced Modeling” is chosen. Stage 

packing height is 1.00 m. The column has two diameters, 2.2 m for the first two stages and 

2.65 m for the rest of the stages. Mellapak packing is used, packing vendor is Sulzer, packing 

material is Plastic, and 250Y is chosen as packing dimension (for both parts of the column). 

Hydraulic design was done accordingly and it is shown in Figure 4-25:  

 

 

Figure 4-25 Absorber hydraulics window with Stage 14 in focus for the third case 

 

The lean/rich heat exchanger is a TEMA AFL type with LMTD of 29.15°C and detailed 

performance in Figure 4-26 and 4-27: 
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Figure 4-26 Information in the Performance tab of the heat exchanger 

 

Figure 4-27 Plot of temperature and heat flow in the Performance tab of the heat 

exchanger 

 

The heated rich amine stream enters into the stripper at stage 4. The desorber also has 25 

stages with packing and “Advanced Modeling” is chosen. Stage packing height is also 1.00 
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m. The column has two diameters, 1.25 m for stages 1 - 3 and 1.85 m for the rest of the 

stages. Mellapak packing is used, packing vendor is Sulzer, packing material is Plastic, and 

250Y is chosen as packing dimension (for both parts of the column). Hydraulic design was 

done accordingly and it is shown in Figure 4-28:  

 

 

Figure 4-28 Stripper hydraulics window with Stage 14 in focus for the third case 

 

The desorber column was successfully converged with parameters of 88.00 kgmole/hr 

vapour flow from condenser, 500 kgmole/hr condensate flow from the condenser, and 

3.500e+7 kJ/hr reboiler duty, as shown in Figure 4-29:  

 

Figure 4-29 Stripper specifications 
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As mentioned previously, an additional, third, parameter must be defined in case partial 

reflux is used for the stripper, so that the “Degrees of Freedom” equal 0 and HYSYS can try 

to converge the column. 64.28% (%mass and %mol) recovery of CO2 from the rich amine 

mixture entering the stripper has been achieved. 3835.07 kg/hr of CO2 flow out of the 

condenser of the stripper with the “Clean CO2” stream. The purity of the CO2 in the produced 

mixture is 99.57% (%mass) and 99.02% (%mol), so the goal of the case has been achieved.  

 

The amine stream of the bottoms product goes to regeneration by three streams: 8.36 

kg/hr of MEA and two make-up water streams. The standalone water make-up stream 

contributes 1010.56 kg/hr. The condensed water stream, from the condenser of the stripper, 

contributes the other part. The “Condensed water” stream has a flow rate of 9028.79 kg/hr 

and it is made up of 99.65% water (%mass), or 99.86% (%mol) of water, with a small amount 

of CO2 (26.37 kg/hr) and MEA (5.57 kg/hr) contributing the rest. The condensed water 

stream is split into two parts to provide water for the water wash in the absorber and for the 

amine solution make-up process. The stream contributes to make-up water with a flow rate 

of 6353.79 kg/hr (6331.31 kg/hr of water). 

The “Condensed water” stream also splits into another stream with the flow rate of 

2675.00 kg/hr for the water wash. The flow ratios for the two streams in TEE-100 are 

approximately 0.704 and 0.296. The %mol and %mass compositions of the two streams are 

identical. Another stream of 1545.00 kg/hr of water is added to complete the water wash 

stream, which is then heated before entering the absorber at the top stage. 

 

The regenerated amine stream is pumped and cooled before entering the absorber at the 

third stage. Steam mass flow required in the reboiler is 15,935.17 kg/hr. LP Steam utility is 

used. The reboiler heat duty has been set as 3.5e+7 kJ/h or 9722 kW (9.72 MW). Taking into 

account that the mass flow of CO2 in the “Clean CO2” stream from the stripper is 3835.06 

kg/h, the MEA regeneration energy for CO2 in this simulation is 9.13 MJ/kgCO2. The total 

electricity duty in the case is 212.772 kW. All mass flows of cooling water duties in the case 

are 657,670.01 kg/hr.  
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 ECONOMICS OF THE PROJECT 

In this chapter, the foundational assumptions for the economic analysis are going to be 

provided and the scenarios presented in chapter “4. Modelling post-combustion capture of 

CO2 with Aspen HYSYS” are going to be evaluated.  

5.1. Foundational assumptions for the economic analysis 

5.1.1. Capital expenditures (CAPEX) and operating expenditures (OPEX) 

The total costs of the project are divided into capital expenditures (CAPEX) and operating 

expenditures (OPEX). CAPEX are the “funds used by a company to acquire, upgrade, and 

maintain physical assets such as property, plants, buildings, technology, or equipment” 

(Investopedia, 2024a). Capital expenditures include purchases like buildings, land, ground 

preparations, engineering costs, equipment, utility connections to infrastructure, computers 

and servers, vehicles, furniture, and patents (Investopedia, 2024a; Kallevik, 2010; Orangi, 

2021). OPEX are shorter-term expenses required for day-to-day costs of running a business 

and occur on a “regular and predictable basis”, such as wages and utility costs 

(Investopedia, 2024a). CAPEX in this thesis is going to include equipment costs and it is 

going to be based on the cost of equipment provided by the Aspen Process Economic 

Analyzer (APEA), an economic evaluation tool integrated into HYSYS. Because of an 

update of the HYSYS university licence during the drafting of the thesis, the economic 

evaluation has been conducted in HYSYS V14. Therefore, provided costs of this version of 

APEA refers to the year 2022. APEA provides the costs based on operating conditions and 

required materials. Of course, the actual, and most accurate, costs of equipment are going 

to be provided in a quotation offered by an equipment vendor. 

 

Since the costs provided by APEA are for 2022, inflation must be taken into account to 

update the CAPEX for each case. In chemical engineering projects, the change in cost due 

to inflation can be evaluated by using the Chemical Engineering Plant Cost Index (CEPCI) 

(chemengonline.com, n.d.; Vatavuk, 2002; Orangi, 2021). The equation used for adjusting 

the CAPEX value with the help of CEPCI is: 
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𝐶𝐴𝑃𝐸𝑋2024 = 𝐶𝐴𝑃𝐸𝑋2022 ×
𝐶𝐸𝑃𝐶𝐼2024

𝐶𝐸𝑃𝐶𝐼2022
   (5-1) 

 

where CEPCI2024 is the average value of CEPCI for 2024, CEPCI2022 is the average value 

of CEPCI for 2022, CAPEX2024 is the updated amount of CAPEX for 2024 and CAPEX2022 

is the amount of CAPEX obtained by APEA in HYSYS. Values of CEPCI are published 

monthly and lag three months (Maxwell, 2024), so there is a yearly average value available 

for 2022. However, an average of values up to, and including, April 2024 is going to be used 

for CEPCI2024. The average value of CEPCI for 2022 is 816.0. The values used for 2024 are 

going to be for January (795.4), February (800.0), March (800.7), and April (799.1, a 

preliminary figure) (Maxwell, 2024). Therefore, the value of CEPCI for 2024 is currently 

798.8. 

 

Aspen HYSYS does not include the ability to estimate the cost of certain equipment, e.g. 

mixers, so a manual cost estimation procedure should be carried out for such equipment. 

Also, Aspen HYSYS does not include high-temperature industrial fans in its process 

equipment, so a manual cost estimation procedure should be carried out for these.  

 

Since only major equipment is evaluated in this thesis, other items like control valves, 

mixers, piping, etc. are not evaluated. Therefore, the CAPEX for each case is going to be 

increased by 20% to better account for the cost of other equipment and capital costs, as 

recommended by Orangi (2021). The costs of design, engineering, procurement, and 

construction are also not covered in this thesis. Likewise, crew wages are not covered in 

OPEX by this analysis. 

Net present value (NPV) calculation is going to be carried out in Microsoft Excel using 

the Equation 5-2 (Investopedia, 2024b): 
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𝑁𝑃𝑉 = ∑
𝑅𝑡

(1 + 𝑖)𝑡

𝑛

𝑡=0

 (5-2) 

 

where NPV is the net present value of the project, Rt is the cash flow in year t, i is the 

discount rate, and t is the number of the time period. 

5.1.2. The discount rate 

The discount rate used in the economic analysis is going to be 7%, which is the value 

used by LNG Croatia (LNG Hrvatska, 2023b).  

5.1.3. Maintenance costs 

Maintenance cost are yearly costs required to repair and upkeep owned assets (Orangi, 

2021). The value of maintenance costs is usually expressed as a percentage of the CAPEX. 

A value of 4% of CAPEX, based on analysis by Orangi (2021) is going to be used in each 

case. Maintenance costs are a part of OPEX.  

5.1.4. Time of plant operation 

The plant operation lifetime is taken as 25 years. The projected operation lifetime of the 

FSRU is 20 years, although this can be prolonged, while the projected operation lifetime of 

the mainland part of the terminal is 40 years (LNG Hrvatska, 2023b). Therefore, the plant 

could operate for even longer, but 25 years was selected as a safe timeframe before a 

complete overhaul would be required.  

 

The number of working hours of the plant in a year is taken as 8598 hours. The LNG 

terminal has a 7-day general maintenance period each year, so the terminal operates for 358 

days each regular year, or 8592 hours. However, there are 6 leap years in 25 years (if the 1st 

year of operation is a regular year and the 4th year of operation is the first leap year in the 

25-year period), where the number of days is 366 and the number of working hours of the 

LNG terminal is, therefore, 8616. There are 19 non-leap years in such a case. Therefore, the 
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number of working hours in 25 years has been calculated as a weighted average of working 

hours in 19 non-leap years and of working hours in 6 leap years, as follows: 

 

8592
ℎ𝑟

𝑦𝑒𝑎𝑟 × 19 𝑦𝑒𝑎𝑟 + 8616
ℎ𝑟

𝑦𝑒𝑎𝑟 × 6 𝑦𝑒𝑎𝑟

25 𝑦𝑒𝑎𝑟
= 8597.76

ℎ𝑟

𝑦𝑒𝑎𝑟
 

(5-3) 

 

The weighted average calculates to 8597.76 hours/year, which is rounded to 8598 

hours/year. In reality, it cannot be guaranteed that the plant will commence operations on 

the first year after a leap year, so the actual number of average yearly working hours might 

be somewhat different.  

5.1.5. The price of electricity 

The price of electricity was obtained from HEP OPSKRBA d.o.o. for their tariff model 

HEP PRO, which is aimed at large customers (e.g. shipyards, hospitals, ironworks, glass 

industry, aluminum industry, industrial plants, office buildings, etc.) and includes a higher 

(day) and a lower (night) tariff. The price of electricity in the HEP PRO model is currently 

0.249187 EUR/kWh for the day tariff and 0.159225 EUR/kWh for the night tariff (HEP 

OPSKRBA, 2023b). The day tariff is applied from 07:00 to 21:00 hours during the winter 

time and from 08:00 to 22:00 during the Daylight Savings Time, while the night tariff is 

applied from 21:00 to 07:00 hours during the winter time and from 22:00 to 08:00 hours 

during the Daylight Savings time (HEP OPSKRBA, 2023a). In either case, the day tariff is 

applied during 14 hours of the day and the night tariff is applied during 10 hours of the day. 

Since the carbon capture plant is presumed to work 24 hours a day in a steady-state condition, 

an effective electricity price shall be used to simplify the calculation. 
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The effective electricity price for the period of 1 day (24 hours) is obtained by calculating 

a weighted arithmetic mean of the tariff prices: 

 

14 ℎ × 0.249187
𝐸𝑈𝑅
𝑘𝑊ℎ

+ 10 ℎ × 0.159225
𝐸𝑈𝑅
𝑘𝑊ℎ

24 ℎ
= 0.2192

𝐸𝑈𝑅

𝑘𝑊ℎ
 

(5-4) 

 

Therefore, 0.2192 EUR/kWh has been calculated as the effective electricity price for the 

plant. 

5.1.6. The price of MEA 

The price of MEA has been sourced from Aromada et al. (2021), where it is declared as 

2069 EUR/m3, which is 2.069 EUR/litre. The price can be recalculated for 2024 by using an 

online inflation calculator for the eurozone at officialdata.org (2024). Therefore, the price of 

MEA has been calculated as 2.49 EUR/litre for 2024 and, finally, 2.45 EUR/kg by using the 

MEA density value of 1016 kg/m3 from Alliance Chemicals (2021). It should be noted that 

this calculation does not include changes in the real cost, but only in the nominal cost, so the 

real price is likely different. Some online MEA price indices claim an even lower price of 

MEA in Europe, such as Intratec Solutions (2024) and Business Analytiq (2024). 

 

A few prices of MEA have been provided in literature for the US market as well. A price 

of 0.87 USD/lb was declared in Sexton et al. (2016). This would be 1.14 USD/lb in 2024 US 

dollars per usinflationcalculator.com (2024) and then 2.26 EUR/kg with the exchange rate 

of 1 USD = 0.89846689 EUR on 29th August 2024 from XE.com (2024). A conversion factor 

of 1 pound (lb) = 0.45359237 kilograms (kg) from RapidTables.com (2024) was also used. 

A technical report by Fisher et al. (2005) provides 1200 USD/tonne as the price of MEA, 

which converts into 1.74 EUR/kg in 2024. 

 

As far as other amines are concerned, a price of 19.50 HRK/kg for MDEA in 2022 in 

Croatia was obtained from Hemetek Potroško (2023). 
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5.1.7. The price of process water 

The price of process water (used for the MEA solution and the Make-up Water stream) is 

taken as 0.0002665064 EUR/kg. This is a price assumed for the purchase of process water 

directly from a vendor. The price has been deduced from several sources. Fisher et al. (2005) 

and Fisher et al. (2007) estimated the price of water at 0.92 USD/1000 gallons, which is 

0.8265895388 EUR/1000 gallons. As 1 US gallon is 3.785411784 litres (unitconverters.net, 

2024), the price of 0.0002184 EUR/litre can be obtained. Since HYSYS provides the density 

of make-up water at 15°C as 999.2 kg/m3, the price of 0.0002186 EUR/kg can be obtained. 

Adjusting for the 51.7% cumulative inflation rate for USD from 2007 until 2024 

(usinflationcalculator.com, 2024) results in 0.0003316 EUR/kg.  

Another estimate was given by Panja et al. (2022) as 1,465,000 USD/year for 3600 gpm 

(gallons per minute) for “Raw make-up water”. This would be 1,855,872,000 gallons per 

year (based on 8592 working hours per year), 13,627.482 litres per minute or 

7,025,239,738.396 litres per year for a case with 90% capture of CO2 from the flue gas of a 

power plant. In total, the price of make-up water amounts to 0.0002085338 USD/litre or 

0.0001873607 EUR/litre. With the water density of 999.2 kg/m3, this results in 

0.0001875107 EUR/kg. Adjusting for the 7.5% cumulative inflation rate for USD from 2022 

until 2024 (usinflationcalculator.com, 2024) results in 0.0002014128 EUR/kg. 

The arithmetic average of the two values (0.0003316 EUR/kg and 0.0002014128 

EUR/kg) results in 0.0002665064 EUR/kg, which is going to be used in this thesis.  

 

However, it is also possible to produce own water at the plant. A municipal water 

connection is available at the terminal and LNG terminals are usually located at a seashore, 

where seawater is also an available resource. Of course, demineralization and desalination 

would be required for such water sources. Desalination is the removal of minerals from water 

such that the water can become potable or non-potable water or used for irrigation (Devčić, 

2022). Demineralization is the removal of all, or almost all, dissolved minerals from water 

such that the water can be used for chemical processes and steam boilers (Baranović, 2020).  
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Demineralization can be used to provide high-purity water for industrial, and chemical, 

processes and it is possible to apply demineralization to water sourced from a public utility 

(Crnobrnja, 2008; Čaušević Pokas, 2018; Baranović, 2020; Pahljina, 2023; Cigula, 2018). 

Desalination and demineralization would be required for sea water, which is overall more 

expensive to treat than freshwater (Pahljina, 2023; Džeko, 2009; Cigula, 2018). Evaluation 

of the price of demineralization and the price of desalination is beyond the scope of this 

thesis, although rough estimates are provided by Pahljina (2023) as 9.5 EUR/1000 litres, 

then from 0.5 USD/m3 to 2.5 USD/m3, and up to 3.20 USD/m3 for different types of plants. 

Estimates are also provided by Džeko (2009) as 9.2772 HRK/m3 for seawater and 12.66 

HRK/m3 for brackish water. It should be noted that such water treatment plants entail a larger 

plant area overall, although the possible extent of the plant area is not considered in this 

thesis. 

It is less likely that well water or surface freshwater would be available as a resource, as 

the land part of the terminal is located on a karst island with no surface freshwater bodies in 

the near vicinity, at least not of considerable size. Such sources are sometimes possible for 

other mainland plants, such as the demineralized well water used at CPS Molve in the 

process of treating produced natural gas (Hemetek Potroško, 2023). 

5.1.8. The price of steam 

The price of steam for the plant is taken as 24.77 EUR/tonne. A price of 30 EUR/tonne 

for MP Steam at Rijeka Refinery was obtained from Dejanović (2023), while a price of 17 

EUR/tonne for steam was obtained from Ali et al. (2019), and a price of 0.032 EUR/kWh 

for steam was obtained from Aromada et al. (2021). With the price of 0.032 EUR/kWh, a 

price of 19.52 EUR/tonne was calculated based on the first 30% MEA case: 

 

4900 𝑘𝑊 × 8598
ℎ𝑟

𝑦𝑒𝑎𝑟 × 0.032
𝐸𝑈𝑅
𝑘𝑊ℎ

8.031
𝑡𝑜𝑛𝑛𝑒

ℎ𝑟
 × 8598

ℎ𝑟
𝑦𝑒𝑎𝑟

= 19.52
𝐸𝑈𝑅

𝑡𝑜𝑛𝑛𝑒
 (5-5) 
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The three prices were then adjusted for eurozone inflation with the calculator from 

officialdata.org (2024) and 30.23 EUR/tonne, 20.60 EUR/tonne, and 23.48 EUR/tonne were 

obtained, respectively. An arithmetic average of 30.23 EUR/tonne, 20.60 EUR/tonne, and 

23.48 EUR/tonne was considered as a reasonable estimation, since it takes into account 

values from literature and a similar plant in the proximity of the LNG terminal. The plant 

uses LP steam in the simulation, which is less expensive than MP and HP steam. It is unclear 

whether the price of steam in literature includes the price of water or not, but the cost of 

traditional energy (e.g. natural gas) contributes significantly more to the price of steam. 

Therefore, the cost of water for the production of steam is not evaluated in this thesis. 

 

Furthermore, since the LNG terminal uses the LNG boil-off gas for free for electricity 

generation, it is possible that such natural gas could also be used for steam generation. In 

this case, the cost of steam generation (and, therefore, the regeneration energy) would be 

virtually free for the LNG terminal. Therefore, the price of carbon capture is going to be 

expressed with and without the cost of steam for each case in the economic analysis. Of 

course, if the terminal could not cover the entire consumption from the boil-off gas, it could 

possibly cover at least a part of it. The required yearly amount of natural gas to enable the 

heat transfer in the reboiler can be calculated for each case from the heat flow in the reboiler 

provided by HYSYS, the higher heating value (HHV) for natural gas, and the yearly amount 

of operating hours of the plant. HYSYS provides the heat flow value in kJ/hr, while HHV is 

usually provided in kWh/m3 (Gradska plinara Zagreb - Opskrba [GPZ - Opskrba], 2024) or 

in MJ/m3. If HHV is expressed in MJ/m3, the required amount of natural gas can be 

calculated with the following equation: 

 

𝐻𝑒𝑎𝑡 𝑓𝑙𝑜𝑤 
𝑘𝐽
ℎ𝑟

1000
𝑘𝐽
𝑀𝐽

× 8598
ℎ𝑟

𝑦𝑒𝑎𝑟

𝐻𝐻𝑉
𝑀𝐽
𝑚3

= 𝑅𝑁𝐺
𝑚3

𝑦𝑒𝑎𝑟
 

(5-6) 
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where heat flow is the amount of heat being transferred from the steam to the stripped 

amine mixture in the reboiler in kJ/hr, 1000 kJ/MJ is the factor used to transform the heating 

value from kJ to MJ, HHV is the higher heating value of natural gas in MJ/m3, and RNG is 

the volume of required natural gas per year. The HHV can be provided as a range by natural 

gas suppliers. For example, Gradska plinara Zagreb - Opskrba d.o.o. (GPZ) provides the 

HHV as a range from 10.28 kWh/m3 to 12.75 kWh/m3 (GPZ - Opskrba, 2024). Therefore, 

the arithmetic mean of the lower and higher value (11.515 kWh/m3) is going to be used for 

such calculations in this thesis. 

 

If the HHV is expressed in kWh/m3, the heat flow can be transformed from kJ into kWh 

for an easier calculation: 

  

𝐻𝑒𝑎𝑡 𝑓𝑙𝑜𝑤 
𝑘𝐽
ℎ𝑟

3600
𝑘𝐽

𝑘𝑊ℎ

× 8598
ℎ𝑟

𝑦𝑒𝑎𝑟

𝐻𝐻𝑉
𝑘𝑊ℎ
𝑚3

= 𝑅𝑁𝐺
𝑚3

𝑦𝑒𝑎𝑟
 

(5-7) 

 

If 0.9 is assumed as heat transfer efficiency (e.g. in a direct fired heater) between natural 

gas and the water or steam, then the obtained RNG value should also be divided by 0.9. 

 

In any case, if a fossil fuel, such as natural gas, is used for steam production, there are 

also associated CO2 emissions as a by-product of the process. Natural gas is assumed as the 

fuel for steam generation at the plant in the simulation. To calculate the amount of CO2 

emissions, a CO2 emissions factor of natural gas can be used. The CO2 emissions factor 

obtained is 56.1 tonnes CO2/TJ (MINGOR, 2023; LNG Hrvatska, 2022a).  

 

Usually, electricity and steam for industrial plants are generated in an on-site Combined 

Heat and Power (CHP) plant and extra electricity can be sold to a power utility company 

(Dejanović, 2023; Hemetek Potroško, 2023), but such a consideration is outside of the scope 
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of this thesis. Only a simple steam production process with natural and a direct fired heater 

is assumed in this thesis. 

 

It is possible to integrate the capture of CO2 from flue gas originating from steam 

generation into the amine carbon capture process at the plant. However, that is not considered 

in this thesis. Since it is possible that the real-world process would be designed in such a 

way, the price of CO2 emission allowances possibly arising from steam generation will not 

be taken into account in the main techno-economic analysis, although the amount of such 

CO2 emissions will be informatively declared for each case and the cost parameter of 

EUR/CO2avoided is going to be introduced. Of course, such a design would increase the 

amount of amine, electricity, and steam needed for the process, but it could also result in 

increased revenue from the additional CO2 production, although the net financial benefit of 

such a design is not explored in this thesis.  

 

An alternative to the use of natural gas to produce steam could be to use the temperature 

of the flue gas from the electricity production process at the LNG terminal to heat up water, 

and possibly generate steam, before the flue gas enters the absorber. Additional use of the 

heat of flue gases is one of the working principles of a CHP plant. In the worst case, this 

could reduce the amount of fossil fuels required for steam generation and, therefore, reduce 

the CO2 emissions of the process. There are several other alternatives, which will be 

mentioned in the next chapter (“6. Further study considerations”).  

5.1.9. Removal of NOx and PM 

Determination of the price of removal of NOx and PM in the pre-treatment stage is beyond 

the scope of this thesis. Presumably, the process equipment is also covered by the 20% 

increase in the calculated CAPEX. However, a rough estimate can be obtained based on 

information provided in chapter 4.2. Modelling and simulation.  
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5.1.10. Final purification 

Determination of the price of final purification, for the last 10% of the CO2 mixture purity, 

is beyond the scope of this thesis. Presumably, the process equipment is covered by the 20% 

increase in the calculated CAPEX. Nevertheless, it can be presumed that molecular sieves, 

active carbon, and cooling could be used for the final purification to remove water and other 

impurities before compression for pipeline transport or liquefaction and storage (White, 

2002; Rai, 2016; Kumar et al., 2010; Meixner et al., 2013).  

Dehydration, or the removal of water from the mixture, is an important part of the final 

purification process in order to lower the dew point before liquefaction of carbon dioxide 

from the mixture so that there would be no ice, hydrates or free water formation and 

corrosion in pipelines or pumps and compressors (Kumar et al., 2010; Rai, 2016; White, 

2002; Øi et al., 2022) and to remain within product specifications (required purity). Øi et al., 

2022 offers a cost estimation of dehydration of CO2 by TEG and by molecular sieves in 

Aspen HYSYS. 

5.1.11. Storage and transportation 

Storage of liquid CO2 in steel tanks at the plant (the mainland part of the LNG terminal) 

and transportation of CO2 as freight (by trucks and/or trains) to wholesale distributors is 

presumed. Pipeline and CO2-carrier (ship) transportation are also possible from the site of 

the potential project. However, a detailed evaluation of transportation costs is beyond the 

scope of this thesis. Markov (2022) provides an academic method of estimating the cost of 

pipeline CO2 transportation within the scope of a hypothetical CCS project in Croatia.  

 

Furthermore, as previously mentioned in chapter “3. Possible utilizations of the captured 

CO2”, an interactive tool was published in 2023, which presents transportation & storage 

costs of potential CCS projects in Europe. For included emitters near the LNG terminal 

(Thermal power plant Plomin and Plomin 2, Rijeka refinery, and Koromačno cement 

factory), transportation & storage costs are estimated at 20 EUR/tCO2 for each plant (CATF, 

2023b; CATF, 2023a) for pipeline transport. Without the possibility of pipeline transport, 
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the transportation & storage costs are estimated at 22 EUR/tCO2 for Thermal power plant 

Plomin and Plomin 2 and Koromačno cement factory by the tool, while transportation & 

storage costs remain at 20 EUR/tCO2 for the Rijeka refinery. If pipeline transport is not 

available, the tool presumes “rail, a river barge, or a sea-going ship” as possible modes of 

transport (CATF, 2023b). Finally, 20 EUR/tCO2 is going to be assumed as transportation & 

storage costs for the project in this thesis. Depending on the delivery point, or point of 

collection, transportation costs might actually be borne by the buyer, in part or in full. 

5.1.12. The price of carbon dioxide 

5.1.12.1.  Supply issues 

Prices of CO2 on the European and American markets have risen significantly from 

2021. The CO2 for industrial uses (described in chapter “3. Possible utilizations of the 

captured CO2”) is often produced as a by-product of an industrial process or from natural 

CO2 underground deposits, depending on the region. In Europe, carbon dioxide is largely 

sourced from ammonia production plants (gasworld, 2022d). In the US, carbon dioxide is 

largely sourced from bioethanol production plants, in addition to natural underground 

deposits (gasworld, 2022d; gasworld, 2024e; Irwin, 2024). Bioethanol refers to ethanol 

produced from agricultural sources (crops), since ethanol can also be produced from 

petroleum. In any case, certain industrial processes contain a relatively high concentration 

of carbon dioxide in their by-product streams, as outlined in the chapter on possible 

utilizations of the captured CO2. The CO2 can then be captured from the mixture of by-

product gases, purified, transported, stored, and sold to end-customers.  

 

However, a large number of ammonia plants, which had served as a major source of 

CO2 in Europe, have closed in 2021 because of rising natural gas prices (Fertilizers 

Europe, 2024; U.S. Energy Information Administration, 2022; gasworld, 2021; gasworld, 

2022b; Index.hr, 2022), thereby reducing the supply of carbon dioxide in Europe, while 

demand was retained or even grew (gasworld, 2024a; gasworld, 2024f; gasworld, 2024c), 

causing a drastic rise in prices of CO2. Emerging applications for CO2, like green concrete 
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and e-fuels (e.g. SAF and e-methanol), have the potential to drive the demand for CO2 up 

even more in the medium to long term (gasworld, 2024i). 70 - 80% of ammonia plants in 

the EU closed in 2021 (Fertilizers Europe, 2024; Independent Commodity Intelligence 

Services, 2022). By 2023, 40 - 50% were still shut down. In 2024, 10 - 20% of EU 

production remains suspended (Fertilizers Europe, 2024). However, some ammonia plants 

are still closing down and the fertilizer industry in Europe faces a challenging next several 

years (S&P Global, 2023; MarketScreener, 2024; de Zeeuw, 2024; Fertilizers Europe, 

2024). The price of natural gas has relatively dropped and become stabilized (de Zeeuw, 

2024), although it is still higher than pre-2021 levels (de Zeeuw, 2024) and its direction 

in the future is unknown. The price of natural gas is also significantly higher in Europe 

than in the US (Argus Media, 2024; de Zeeuw, 2024).  

 

Since the supply of CO2 is mainly sourced as a by-product of other processes, the supply 

is overly dependent on other industries, which can cause instabilities and intermittencies in 

the supply of carbon dioxide to the market (gasworld, 2024e). What is more, “ammonia is a 

seasonal feedstock” (gasworld, 2022d), important for the production of fertilizers. Each year, 

ammonia plants go into scheduled maintenance and shutdowns after the fertilizer season 

(gasworld, 2023; gasworld, 2022d), generally from April to July, while they produce the 

most from August to March (gasworld, 2022d). Therefore, CO2 production shortages are 

already an annual occurrence.  

Furthermore, a major supply disruption occurred in the US in 2022 because of a 

contamination issue with the CO2 of a large producer which owns the Jackson Dome, a 

geological formation from which much of the carbon dioxide supply is produced in the US. 

The CO2 was contaminated with elevated levels of hydrocarbons, including ethane and 

benzene, supposedly stemming from the CO2 producer’s decision to quickly utilise more of 

its CO2 supply for EOR projects, amidst a rise in oil and gas prices, while drilling additional 

wells to cover the rest of the CO2 market demand (gasworld, 2023; gasworld, 2022c; 

Bettenhausen, 2022; gasworld, 2022a). Unfortunately, it seemed that the CO2 produced from 

new wells had contained more impurities (gasworld, 2023). For several months, buyers were 
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only able to obtain 30% - 50% of required CO2 volumes (Bettenhausen, 2022). The producer 

responded that, while customers had been facing issues with purity, all compositions had 

been within regulatory and contractual requirements and that it had been the responsibility 

of gas distributors to address the issues (Bettenhausen, 2022). 

 

Despite all these issues in the past few years, prices and supply of carbon dioxide have 

somewhat stabilized (gasworld, 2024h; gasworld, 2024e), although prices remain higher 

than before (gasworld, 2024d) and it cannot be predicted what the situation with the supply 

and prices would be like in the future (gasworld, 2024i; gasworld, 2024k). Therefore, the 

CO2 industry calls for diversification of supply and for more carbon capture and utilization 

projects (gasworld, 2024g; gasworld, 2024h, gasworld, 2024b). In the light of such a rise in 

CO2 prices, the number of carbon capture projects has drastically increased in the last couple 

of years. In 2023, around 20 CCUS projects in 7 countries reached a final investment 

decision (FID) and around 110 projects could reach the same stage in 2024 (gasworld, 2024l; 

IEA, 2024). 

 

The size of the US carbon dioxide market can currently be estimated at around 47 

thousand tonnes per day or 17.2 million tonnes per year (Mtpa), based on the information 

from gasworld, 2024j, which states that a production of 1650 tonnes per day is about 3.5% 

of the US carbon dioxide market. The food and beverage industry comprises about 70% of 

the high purity merchant CO2 demand in the US (gasworld, 2023). Merchant CO2 is a 

category “that includes all industrial uses except for enhanced oil recovery (EOR)” 

(Bettenhausen, 2022). CO2 produced from geological deposits makes up around 24% of the 

US supply of merchant CO2, while production from the Jackson Dome alone contributes 

around 15% to the overall US merchant CO2 supply (Bettenhausen, 2022) and the other part 

of Jackson Dome’s CO2 production is used for EOR (Vikara et al., 2019). 

The yearly demand for carbon dioxide in the EU currently amounts to around 3.5 Mtpa 

(gasworld, 2024h). The European merchant CO2 market sources more than 50% of carbon 
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dioxide from “fossil-based sources, primarily ammonia” (gasworld, 2024b; gasworld, 

2024h). 

5.1.12.2.  Prices 

CO2 price quotations for several purities and volumes were obtained in July 2023 from 

several vendors. Carbon dioxide is often sold in tanks (also known as cylinders) with a 

certain volume. When the user purchases a cylinder for the first time, the cylinder can come 

pre-filled with CO2. When the tank empties, users can then purchase re-fillings of the CO2 

volume of the tank or exchange the empty cylinder for another filled cylinder from the 

vendor at the price of a re-filling. Purchasing a new tank, which is pre-filled with carbon 

dioxide, is more expensive than purchasing only CO2 (re-fills). The prices outlined in this 

sub-chapter relate only to purchasing CO2 itself (or re-fillings of CO2). The CO2 prices are 

provided without value-added tax (VAT, Cro. PDV), which is applied at the rate of 25% for 

CO2 sales in Croatia. 

 

Salona Var d.o.o. sells 40L of food-grade CO2 (Linde “BIOGON”) at 50.4 EUR and 40L 

of industrial-grade CO2 (e.g. for welding) at 34 EUR. A 40-litre tank of CO2 contains 30 kg 

of carbon dioxide (Salona Var, 2023; Linde, n.d.-i). Therefore, that is a price of 1.68 EUR/kg 

(1680 EUR/tonne) for food-grade CO2 and 1.13 EUR/kg (1130 EUR/tonne) for industrial-

grade CO2.  

 

Proinstal Škarec d.o.o. sells 10L of CO2 (both food-grade and industrial) at 32 EUR. A 

10-litre tank of CO2 contains 8 kg of carbon dioxide (Proinstal Škarec, 2023). Therefore, 

that is a price of 4 EUR/kg (4000 EUR/tonne) of CO2. From July 2023, Proinstal Škarec 

d.o.o. has updated their price of 10 litres of CO2 to 38.4 EUR (Proinstal Škarec, 2024), which 

is a price of 4.8 EUR/kg (4800 EUR/tonne). 

 

Messer sells 40L of 2.5 grade CO2 (99.5% purity) at 34.62 EUR. The 40-litre tank also 

contains 30 kg of carbon dioxide. Therefore, that is a price of 1.154 EUR/kg (1154 
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EUR/tonne). Messer sells 40L of food-grade CO2 (“Gourmet C”) at 54.84 EUR. The 40-litre 

tank also contains 30 kg of carbon dioxide. Therefore, that is a price of 1.828 EUR/kg (1828 

EUR/tonne). Messer sells 50L of 5.5 grade CO2 (99.9995% purity) at 613.74 EUR. The 50-

litre tank contains 37.5 kg of carbon dioxide. Therefore, that is a price of 16.3664 EUR/kg 

(16.366.4 EUR/tonne) (Messer, 2023a). 

 

GTG plin d.o.o. outlined their CO2 prices in a table, as shown in Table 5-1 (GTG plin, 

2023).  

 

Table 5-1 Prices of carbon dioxide from GTG plin d.o.o. in 2023 

Product Volume Mass Price 

CO2 40 L 30 kg 
0.9954 EUR/kg  

(995.4 EUR/tonne) 

CO2 50 L 37.5 kg 
1 EUR/kg 

(1000 EUR/tonne) 

CO2 4.8 grade 40 L 30 kg 
1 EUR/kg 

(1000 EUR/tonne) 

CO2 FOOD 2 3 L 2.5 kg 
3.5384 EUR/kg 

(3538.4 EUR/tonne) 

CO2 FOOD 2 7 L 5 kg 
2.4328 EUR/kg 

(2432.8 EUR/tonne) 

CO2 FOOD 2 10 L 8 kg 
2.0094 EUR/kg 

(2009.4 EUR/tonne) 

CO2 FOOD 2 14 L 10 kg 
1.8794 EUR/kg 

(1879.4 EUR/tonne) 

CO2 FOOD 2 20 L 15 kg 
1.6962 EUR/kg 

(1696.2 EUR/tonne) 

CO2 FOOD 2 27 L 20 kg 
1.6046 EUR/kg 

(1604.6 EUR/tonne) 

CO2 FOOD 2 Battery (12x37.5 kg) 450 kg 
0.95 EUR/kg 

(950 EUR/tonne) 
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CO2 Battery (12x37.5 kg) 450 kg 
1 EUR/kg 

(1000 EUR/tonne) 

CO2 Battery (16x40L) 480 kg 
1 EUR/kg 

(1000 EUR/tonne) 

 

An arithmetic mean of the outlined prices, 1.75 EUR/kg (1746.95 EUR/tonne) is going 

to be considered in this thesis for calculations of financial feasibility. The price of 5.5 grade 

CO2 is not considered in the arithmetic average as it is a large outlier value and it is for a 

specific product. Also, cases with the lowest (0.95 EUR/kg, 950 EUR/tonne) and the highest 

price (4.8 EUR/kg, 4800 EUR/tonne) are going to be outlined. Furthermore, since it is 

expected that long-term, and large volume, supply contracts have a lower price, a case with 

the CO2 price of 0.5 EUR/kg (500 EUR/tonne) is going to be outlined.  

 

In Germany, even higher prices were observed for CO2. For example, a refill of a CO2 

tank of 0.425 kg of CO2 for personal water carbonators is being sold at 5.0336 EUR 

(Saturn.de 2024; Sodabaer.de, 2024) and higher (dm.de, 2024; dieschweissprofis.de, 2024) 

in Germany. This corresponds to a price of 11.8438 EUR/kg (11,843.8 EUR/tonne). A 10 

kg refill of food grade CO2 can be bought at 41.65 EUR (4.165 EUR/kg or 4165 EUR/tonne) 

(sodao-shop.de., 2024). The CO2 prices are provided here without VAT, (Ger. MwSt.), which 

is applied at the rate of 19% for CO2 sales in Germany.  

 

In Switzerland, Linde sells 4.5 grade (99.995% purity), 3.0 grade (99.9% purity), and 

food-grade CO2 (Linde “BIOGON”), as shown in Table 5-2:  

 

Table 5-2 Prices of carbon dioxide from Linde in Switzerland (Linde Gas Schweiz, 2024a; 

Linde Gas Schweiz, 2024b) 

Product Volume Mass Price 

CO2 3.0 grade 2 L 1.5 kg 

49.10 CHF 

(32.73 CHF/kg; 

32,733.33 CHF/tonne) 
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(34.76 EUR/kg 

34,762.80 EUR/tonne) 

CO2 3.0 grade 10 L 7.5 kg 

52.90 CHF 

(7.05 CHF/kg 

7053.33 CHF/tonne) 

 

(7.49 EUR/kg 

7490.64 EUR/tonne) 

CO2 3.0 grade 20 L 15 kg 

73.60 CHF 

(4.91 CHF/kg 

4906.67 CHF/tonne) 

 

(5.21 EUR/kg 

5210.88 EUR/tonne) 

CO2 3.0 grade 40 L 30 kg 

135.55 CHF 

(4.52 CHF/kg 

4518.33 CHF/tonne) 

 

(4.80 EUR/kg 

4798.47 EUR/tonne) 

CO2 3.0 grade 50 L 37.5 kg 

169.40 CHF 

(4.52 CHF/kg 

4517.33 CHF/tonne) 

 

(4.80 EUR/kg 

4797.41 EUR/tonne) 

CO2 4.5 grade 10 L 7.5 kg 

148.50 CHF 

(19.80 CHF/kg 

19,800.00 CHF/tonne) 

 

(21.03 EUR/kg 

21,027.60 EUR/tonne) 

CO2 4.5 grade 40 L 30 kg 

387.25 CHF 

(12.91 CHF/kg 

12,908.33 CHF/tonne) 

 

(13.71 EUR/kg 

13,708.65 EUR/tonne) 

CO2 BIOGON 

C 3.0 grade 
- 667 kg 

2996.50 CHF 

(4.49 CHF/kg 

4492.50 CHF/tonne) 
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(4.77 EUR/kg 

4771.04 EUR/tonne) 

 

The middle reference exchange rate from CHF to EUR on 30th August 2024 (1 CHF = 

1.062 EUR) from European Central Bank (2024) was used. 

 

Information on CO2 prices in the US and the UK were also obtained from another 

researcher in the field and presented in Table 5-3, with a note that the price greatly depends 

on the distance of the consumer from the source of CO2 (Mikulandrić, 2023): 

 

Table 5-3 Prices of certain CO2 products (Mikulandrić, 2023) 

Product type Price 

Liquid CO2 delivered by trucks (spot 

price) 

From 500 USD/tonne in the US to 2000 

EUR/tonne in the UK 

Liquid CO2 delivered by trucks (long-term 

contracts) 
200 EUR/tonne to 300 EUR/tonne 

Solid CO2 (dry ice) 
2000 EUR/tonne to 6000 EUR/tonne with 

delivery 

Gaseous CO2 (in cylinders) 
1000 EUR/tonne to 6000 EUR/tonne (with 

delivery) 
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5.2. First case – MEA 30% 

Based on foundational assumptions outlined in chapter “5.1. Foundational assumptions 

for the economic analysis”, and information obtained from Aspen Process Economic 

Analyzer, the capital expenditures for the case with 30% MEA (and a 5.36 MJ/kg of CO2 

regeneration energy) are presented in Table 5-4. 

 

Table 5-4 Capital expenditures in the first case 

Equipment Price (EUR) Total direct cost (EUR) 

Absorber 471,200.00 779,000.00 

Desorber 141,000.00 565,300.00 

High-temperature fan 161,487.94 161,487.94 

High-temperature fan 2 161,487.94 161,487.94 

Lean/rich heat exchanger 

(E-104) 
58,200.00 179,000.00 

Water pump 1 (P-100) 22,900.00 121,000.00 

Rich amine pump (P-102) 9800.00 64,400.00 

Water pump 2 (P-100-2) 17,500.00 81,900.00 

Make-up water pump  

(P-100-2-2) 
5120.00 35,200.00 

Regenerated amine pump 

(P-103) 
9,800.00 64,400.00 

Main stream cooler  94,300.00 390,600.00 

Regenerated amine cooler 

(E-105)  
27,900.00 113,600.00 

Separator (V-100) 24,900.00 150,400.00 

MEA (starting stream) 
15,000.00 kg at 2.45 

EUR/kg 
36,750.00 
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Water (starting stream) 
33,199.94 kg at 

0.0002665064 EUR/kg 
8.85 

 

The “Price” column refers to the cost of a piece of equipment, while the “Total direct 

cost” column refers to the complete costs associated with the equipment’s installation. 

Therefore, the capital expenditure for the project is 2,904,534.73 EUR.  

Applying the CEPCI to account for inflation in the chemical engineering sector, as 

described in chapter “5.1.1 Capital expenditures (CAPEX) and operating expenditures 

(OPEX)”, the capital expenditure is actually slightly reduced to 2,843,311.69 EUR.  

After applying the 20% increase to better account for the cost of other equipment and 

capital costs, as recommended by Orangi (2021), the CAPEX amounts to 3,411,974.03 EUR.  

 

As indicated by Orangi (2021) and Razzaghianarmarzi (2024), there is a method that can 

be applied manually to equipment costs obtained from HYSYS in order to arrive at a better 

estimation of equipment installations costs (or “total direct costs”), such as the enhanced 

detail factor method (EDF). The EDF method allows for a more detailed manual design of 

process equipment with different materials.  

 

It should be noted that the costs of design, engineering, procurement, and construction 

are not covered in this thesis. APEA states that the total capital cost of the project is 

8,672,320 EUR, which is a figure that includes both total installed costs of equipment and 

the engineering and construction costs, as well as certain other cost categories, although no 

other data was specified for the economic analyser other than those mentioned in this thesis. 

 

HYSYS (or APEA) could not estimate the cost of the two fans, since it does not have a 

high-temperature industrial fan model. Therefore, the power law method of cost estimation 

was used, as described by Orangi (2021), Razzaghianarmarzi (2024), and Smith (2005), 

based on the flue gas molar flow from the base case of Orangi (2021) and the scaling factor 

(exponential size factor, e) of 0.65.  
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Based on foundational assumptions outlined in chapter “5.1. Foundational assumptions 

for the economic analysis”, and information obtained from Aspen Process Economic 

Analyzer, the operating expenditures for the case with 30% MEA (and a 5.36 MJ/kg of CO2 

regeneration energy) are presented in Table 5-5. 

 

Table 5-5 Yearly operating expenditures in the first case 

Utility or material Unit price 
Required number 

of units 
Yearly price 

Electricity 0.2192 EUR/kWh 5,082,579.59 kWh 
1,114,101.45 

EUR 

MEA make-up 2.45 EUR/kg 12.09 kg/hr 254,677.06 EUR 

Make-up water 0.0002665064 EUR/kg 4088.90 kg/hr 9369.40 EUR 

Steam 24.77 EUR/tonne 8.031 tonne/hr 
1,710,168.85 

EUR 

Transportation costs 20 EUR/tonne 28,284.75 tonnes 565,694.92 EUR 

Maintenance costs 4% of CAPEX 1 136,478.96 EUR 

 

The required electrical energy is based on the total electricity duty of 591.135 kW, 

declared in chapter 4, and the yearly number of working hours of the plant. The same 

procedure is applied for other utilities in the table. The total yearly operating expenditure 

(OPEX) is 3,790,490.64 EUR. Therefore, the total cost (capital expenditure + operating 

expenditure) over 25 years of the project would be 98,174,240.03 EUR.  

 

CO2 makes up 90.73% mass in the “Dehydrated CO2” stream, which amounts to 

3289.689 kg/hr. Therefore, the yearly amount of produced CO2 in the project would be 

28,284,746.022 kg or 28,284.75 tonnes. Therefore, the total amount of produced CO2 over 
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25 years of the project would be 707,118,650.55 kg or 707,118.65 tonnes. Then, the cost of 

CO2 capture would be 0.14 EUR/kg or 138.84 EUR/tonne.  

 

With transportation costs not borne by the producer at all, the cost of CO2 capture would 

be 0.12 EUR/kg or 118.84 EUR/tonne. Without the cost of steam, as outlined in chapter 

“5.1.8. The price of steam”, the cost of CO2 capture would be 0.08 EUR/kg or 78.37 

EUR/tonne. Without the cost of steam and without the cost of transportation, the cost of CO2 

capture would be 0.06 EUR/kg or 58.37 EUR/tonne. 

 

Based on foundational assumptions outlined in chapter “5.1. Foundational assumptions 

for the economic analysis”, the yearly gross incomes possible for the case with 30% MEA 

(and a 5.36 MJ/kg of CO2 regeneration energy) are presented in Table 5-6. 

 

Table 5-6 Yearly gross incomes possible for the first case 

CO2 production rate 

(kg/hr) 
Price of CO2 (EUR/kg) 

Yearly income 

(EUR) 

3289.689  0.5  14,142,373.01 

3289.689  0.95  26,870,508.72 

3289.689  1.75  49,498,305.54 

3289.689  4.8  135,766,780.91 

 

Based on the capital expenditure (CAPEX) of 3,411,974.03 EUR, yearly operating 

expenditure (OPEX) of 3,790,490.64 EUR, the price of CO2 of 1.75 EUR/kg, and the 

discount rate of 7%, the NPV can then be calculated as 529,247,848.78 EUR with the 

Equation 5-2, as shown in Table 5-7. 
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Table 5-7 NPV calculation table for the first case 

Yea

r 

OPEX 

(EUR) 

Gross income 

(EUR) 

Cash flow 

(EUR) 

Discounted 

cashflow 

(EUR) 

NPV (EUR) 

0   -3,411,974.03 -3,411,974.03 -3,411,974.03 

1 -3,790,490.64 49,498,305.54 45,707,814.90 42,717,584.02 39,305,609.98 

2 -3,790,490.64 49,498,305.54 45,707,814.90 39,922,975.72 79,228,585.70 

3 -3,790,490.64 49,498,305.54 45,707,814.90 37,311,192.26 116,539,777.96 

4 -3,790,490.64 49,498,305.54 45,707,814.90 34,870,273.14 151,410,051.10 

5 -3,790,490.64 49,498,305.54 45,707,814.90 32,589,040.32 183,999,091.42 

6 -3,790,490.64 49,498,305.54 45,707,814.90 30,457,047.03 214,456,138.44 

7 -3,790,490.64 49,498,305.54 45,707,814.90 28,464,529.93 242,920,668.37 

8 -3,790,490.64 49,498,305.54 45,707,814.90 26,602,364.42 269,523,032.79 

9 -3,790,490.64 49,498,305.54 45,707,814.90 24,862,022.82 294,385,055.62 

10 -3,790,490.64 49,498,305.54 45,707,814.90 23,235,535.35 317,620,590.96 

11 -3,790,490.64 49,498,305.54 45,707,814.90 21,715,453.60 339,336,044.56 

12 -3,790,490.64 49,498,305.54 45,707,814.90 20,294,816.45 359,630,861.01 

13 -3,790,490.64 49,498,305.54 45,707,814.90 18,967,118.17 378,597,979.18 

14 -3,790,490.64 49,498,305.54 45,707,814.90 17,726,278.67 396,324,257.85 

15 -3,790,490.64 49,498,305.54 45,707,814.90 16,566,615.58 412,890,873.42 

16 -3,790,490.64 49,498,305.54 45,707,814.90 15,482,818.30 428,373,691.72 

17 -3,790,490.64 49,498,305.54 45,707,814.90 14,469,923.64 442,843,615.36 

18 -3,790,490.64 49,498,305.54 45,707,814.90 13,523,293.12 456,366,908.48 

19 -3,790,490.64 49,498,305.54 45,707,814.90 12,638,591.70 469,005,500.19 

20 -3,790,490.64 49,498,305.54 45,707,814.90 11,811,767.95 480,817,268.13 

21 -3,790,490.64 49,498,305.54 45,707,814.90 11,039,035.46 491,856,303.60 

22 -3,790,490.64 49,498,305.54 45,707,814.90 10,316,855.57 502,173,159.17 

23 -3,790,490.64 49,498,305.54 45,707,814.90 9,641,921.10 511,815,080.27 

24 -3,790,490.64 49,498,305.54 45,707,814.90 9,011,141.21 520,826,221.48 

25 -3,790,490.64 49,498,305.54 45,707,814.90 8,421,627.30 529,247,848.78 

 

Additionally, the NPV for the case with the price of 0.5 EUR/kg is 117,224,548.23 EUR. 

The NPV for the case with the price of 0.95 EUR/kg is 265,552,936.43 EUR. Finally, the 

NPV for the case with the price of 4.8 EUR/kg is 1,534,584,702.13 EUR. 
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The minimum price of CO2 required for the project to break even after 25 years (NPV = 

0 EUR) is 0.14 EUR/kg or 144.36 EUR/tonne, obtained with the “What-If analysis” function 

in Excel. The yearly gross income in that case should be only 4,083,273.90 EUR. 

 

The amount of natural gas required for amine regeneration in this case, based on equation 

(5-7) and division by 0.9, is 4,064,636.53 m3. If the terminal could not cover any of that 

amount from the boil-off gas, the yearly cost at the price of 41 EUR/MWh (approximately 

the price on CEGH on 1st September 2024) would be 1,918,975.88 EUR. It should be noted 

that this cost is already accounted for with the cost of steam in this thesis. In fact, it is very 

close to the figure outlined in chapter “5.1.8. The price of steam”. 

The corresponding CO2 emissions from the amine regeneration process, based on the CO2 

emissions factor of natural gas of 56.1 tonnes CO2/TJ and an HHV of 11.515 kWh/m3, are 

then 9452.59 tonnes/year. If CO2 emissions would have to be paid for in the EU ETS system, 

their yearly cost would amount to 756,207.55 EUR/year, with a presumed CO2 allowance 

price of 80 EUR/tonne. 

The CO2 emitted with the clean gas (the “Clean gas” stream) amounts to 563.81 kg/hr 

and, therefore, 4,847,638.38 kg/year (4847.64 tonne/year). If these CO2 emissions would 

have to be paid for in the EU ETS system, their yearly cost would amount to 387,760.00 

EUR/year, with a presumed CO2 allowance price of 80 EUR/tonne.  

 

Taking into consideration the CO2 emissions from the reboiler, and the “cleaned” gas, the 

possible cost of carbon capture would then be 0.18 EUR/kg (179.28 EUR/tonne), after 

adding these costs to the yearly operational costs. This cost could be referred to as the “CO2 

avoided” cost, although the CO2 avoided cost is usually calculated by subtracting the amount 

of emissions generated by the carbon capture process from the captured (i.e. produced) CO2 

amount, instead of adding the monetary values (IISD, 2023). The cost of 0.14 EUR/kg 

(138.84 EUR/tonne) can be referred to as the “CO2 captured” cost. 
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As laid out in chapter “1. Introduction”, it is possible to exclude an installation from the 

EU ETS under criteria laid out in Article 27 and 27a of the Directive 2003/87/EC (OJ, Series 

L 275, 25.10.2003) and under criteria laid out in transposed Croatian national legislation 

(Article 39 and Article 40 of the Act on Climate Change and Ozone Layer Protection (OG 

127/19) and Article 11 and Article 12 of the Regulation on trading greenhouse gas emission 

allowances). Most notably, Article 27 of the Directive states that “Following consultation 

with the operator, Member States may exclude from the EU ETS installations which have 

reported to the competent authority emissions of less than 25 000 tonnes of carbon dioxide 

equivalent and, where they carry out combustion activities, have a rated thermal input below 

35 MW,(…)”, while Article 27a of the Directive states that “Member States may exclude 

from the EU ETS installations that have reported to the competent authority of the 

Member State concerned emissions of less than 2 500 tonnes of carbon dioxide 

equivalent(…)” (OJ, Series L 275, 25.10.2003). 

Additionally, CCU plants might be exempted from the EU ETS, depending on the nature 

of the utilization and the duration of storage of the CO2 in the end-product, although the 

emissions legislation on the EU level for such plants is still not complete (Publyon, 2024). 

It is also not clear whether emissions from the capture process would still be counted towards 

the EU ETS or not, and under what conditions, in case of a CCU plant, although it is probable 

that the real-world process would be designed in such a way that the CO2 originating from 

the capture process would also be captured anyway, as outlined in chapter “5.1.8. The price 

of steam”.  
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5.3. Second case – MEA 30% and 3.83 MJ/kgCO2 regeneration energy 

CAPEX for the second case is presented in Table 5-8. 

 

Table 5-8 Capital expenditures in the second case 

Equipment Price (EUR) Total direct cost (EUR) 

Absorber 471,200.00 779,000.00 

Desorber 557,700.00 1,101,800.00 

High-temperature fan 161,487.94 161,487.94 

High-temperature fan 2 161,487.94 161,487.94 

Lean/rich heat exchanger 

(E-104) 
202,800.00 385,300.00 

Water pump 1 (P-100) 22,900.00 121,000.00 

Rich amine pump (P-102) 11,300.00 66,000.00 

Water pump 2 (P-100-2) 17,500.00 81,900.00 

Make-up water pump (P-

100-2-2) 
5000.00 31,100.00 

Main stream cooler 94,300.00 390,600.00 

Regenerated amine cooler 

(E-105) 
31,900.00 117,700.00 

Separator (V-100) 24,900.00 150,400.00 

MEA (starting stream) 
15,000.00 kg at 2.45 

EUR/kg 
51,817.50 

Water (starting stream) 
33,199.94 kg at 

0.0002665064 EUR/kg 
11.99 

 

The “Price” column refers to the cost of a piece of equipment, while the “Total direct 

cost” column refers to the complete costs associated with the equipment’s installation. 

Therefore, the capital expenditure for the project is 3,599,605.37 EUR.  
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Applying the CEPCI to account for inflation in the chemical engineering sector, the 

capital expenditure is actually slightly reduced to 3,523,731.34 EUR.  

After applying the 20% increase to better account for the cost of other equipment and 

capital costs, as recommended by Orangi (2021), the CAPEX amounts to 4,228,477.61 EUR.      

 

It should be noted that the costs of design, engineering, procurement, and construction 

are not covered in this thesis. APEA states that the total capital cost of the project is 

9,973,720 EUR, which is a figure that includes both total installed costs of equipment and 

the engineering and construction costs, as well as certain other cost categories, although no 

other data was specified for the economic analyser other than those mentioned in this thesis. 

 

OPEX for the second case is presented in Table 5-9. 

 

Table 5-9 Yearly operating expenditures in the second case 

Utility or material Unit price 
Required number 

of units 
Yearly price 

Electricity 0.2192 EUR/kWh 5,106,541.11 kWh 
1,119,353.81 

EUR 

MEA make-up 2.45 EUR/kg 44,090.54 kg 108,021.83 EUR 

Make-up water 0.0002665064 EUR/kg 15,564,185.58 kg 4147.96 EUR 

Steam 24.77 EUR/tonne 42,968.47 tonnes 
1,064,328.96 

EUR 

Transportation costs 20 EUR/tonne 24,635.71 tonnes 492,714.17 EUR 

Maintenance costs 4% of CAPEX 1.00 169,139.10 EUR 

 

The required electrical energy is based on the total electricity duty of 593.922 kW, 

declared in chapter 4, and the yearly number of working hours of the plant. The same 

procedure is applied for other utilities in the table. The total yearly operating expenditure 
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(OPEX) is 2,957,705.84 EUR. Therefore, the total cost (capital expenditure + operating 

expenditure) over 25 years of the project would be 78,171,123.55 EUR.  

 

CO2 makes up 95.33% mass in the “Dehydrated CO2” stream, which amounts to 2865.28 

kg/hr. Therefore, the yearly amount of produced CO2 in the project would be 24,635,708.53 

kg or 24,635.71 tonnes. Therefore, the total amount of produced CO2 over 25 years of the 

project would be 615,892,713.26 kg or 615,892.71 tonnes. Then, the cost of CO2 capture 

would be 0.13 EUR/kg or 126.92 EUR/tonne.  

 

With transportation costs not borne by the producer at all, the cost of CO2 capture would 

be 0.11 EUR/kg or 106.92 EUR/tonne. Without the cost of steam, as outlined in chapter 

“5.1.8. The price of steam”, the cost of CO2 capture would be 0.08 EUR/kg or 83.72 

EUR/tonne. Without the cost of steam and without the cost of transportation, the cost of CO2 

capture would be 0.06 EUR/kg or 63.72 EUR/tonne. 

 

The yearly gross incomes possible for the second case are presented in Table 5-10. 

 

Table 5-10 Yearly gross incomes possible for the second case 

CO2 production rate 

(kg/hr) 
Price of CO2 (EUR/kg) Yearly income (EUR) 

2865.28 0.5 12,317,838.720 

2865.28 0.95 43,112,435.520 

2865.28 1.75 23,403,893.568 

2865.28 4.8 118,251,251.712 

 

Based on the capital expenditure (CAPEX) of 4,228,477.61 EUR, yearly operating 

expenditure (OPEX) of 2,957,705.84 EUR, the price of CO2 of 1.75 EUR/kg, and the 
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discount rate of 7%, the NPV can then be calculated as 463,718,004.75 EUR, as shown in 

Table 5-11.  

 

Table 5-11 NPV calculation table for the second case 

Year OPEX (EUR) 
Gross income 

(EUR) 

Cash flow 

(EUR) 

Discounted 

cashflow 

(EUR) 

NPV (EUR) 

0   -4,228,477.61 -4,228,477.61 -4,228,477.61 

1 -2,957,705.84 43,112,435.52 40,154,729.68 37,527,784.75 33,299,307.14 

2 -2,957,705.84 43,112,435.52 40,154,729.68 35,072,696.03 68,372,003.17 

3 -2,957,705.84 43,112,435.52 40,154,729.68 32,778,220.59 101,150,223.76 

4 -2,957,705.84 43,112,435.52 40,154,729.68 30,633,851.02 131,784,074.77 

5 -2,957,705.84 43,112,435.52 40,154,729.68 28,629,767.30 160,413,842.08 

6 -2,957,705.84 43,112,435.52 40,154,729.68 26,756,791.87 187,170,633.95 

7 -2,957,705.84 43,112,435.52 40,154,729.68 25,006,347.55 212,176,981.50 

8 -2,957,705.84 43,112,435.52 40,154,729.68 23,370,418.27 235,547,399.76 

9 -2,957,705.84 43,112,435.52 40,154,729.68 21,841,512.40 257,388,912.16 

10 -2,957,705.84 43,112,435.52 40,154,729.68 20,412,628.41 277,801,540.57 

11 -2,957,705.84 43,112,435.52 40,154,729.68 19,077,222.81 296,878,763.38 

12 -2,957,705.84 43,112,435.52 40,154,729.68 17,829,180.20 314,707,943.58 

13 -2,957,705.84 43,112,435.52 40,154,729.68 16,662,785.23 331,370,728.82 

14 -2,957,705.84 43,112,435.52 40,154,729.68 15,572,696.48 346,943,425.29 

15 -2,957,705.84 43,112,435.52 40,154,729.68 14,553,921.94 361,497,347.24 

16 -2,957,705.84 43,112,435.52 40,154,729.68 13,601,796.21 375,099,143.45 

17 -2,957,705.84 43,112,435.52 40,154,729.68 12,711,959.07 387,811,102.52 

18 -2,957,705.84 43,112,435.52 40,154,729.68 11,880,335.58 399,691,438.10 

19 -2,957,705.84 43,112,435.52 40,154,729.68 11,103,117.37 410,794,555.47 

20 -2,957,705.84 43,112,435.52 40,154,729.68 10,376,745.20 421,171,300.67 

21 -2,957,705.84 43,112,435.52 40,154,729.68 9,697,892.71 430,869,193.39 

22 -2,957,705.84 43,112,435.52 40,154,729.68 9,063,451.13 439,932,644.52 

23 -2,957,705.84 43,112,435.52 40,154,729.68 8,470,515.08 448,403,159.60 

24 -2,957,705.84 43,112,435.52 40,154,729.68 7,916,369.23 456,319,528.83 

25 -2,957,705.84 43,112,435.52 40,154,729.68 7,398,475.92 463,718,004.75 

 

Additionally, the NPV for the case with the price of 0.5 EUR/kg is 104,850,609.50 EUR. 

The NPV for the case with the price of 0.95 EUR/kg is 234,042,871.79 EUR. Finally, the 

NPV for the case with the price of 4.8 EUR/kg is 1,339,354,449.16 EUR. 
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The minimum price of CO2 required for the project to break even after 25 years (NPV = 

0 EUR) is 0.13 EUR/kg or 134.79 EUR/tonne, obtained with the “What-If analysis” function 

in Excel. The yearly gross income in that case should be only 3,320,553.69 EUR. 

 

The amount of natural gas required for amine regeneration in this case, based on equation 

(5-7) and division by 0.9, is 2,529,602.93 m3. If the terminal could not cover any of that 

amount from the boil-off gas, the yearly cost at the price of 41 EUR/MWh (approximately 

the price on CEGH on 1st September 2024) would be 1,194,263.49 EUR. It should be noted 

that this cost is already accounted for with the cost of steam in this thesis. In fact, it is very 

close to the figure outlined in chapter “5.1.8. The price of steam” and calculated for this case. 

The corresponding CO2 emissions from the amine regeneration process, based on the CO2 

emissions factor of natural gas of 56.1 tonnes CO2/TJ and an HHV of 11.515 kWh/m3, are 

then 5882.77 tonnes/year. If CO2 emissions would have to be paid for in the EU ETS system, 

their yearly cost would amount to 470,621.37 EUR/year, with a presumed CO2 allowance 

price of 80 EUR/tonne. 

The CO2 emitted with the clean gas (the “Clean gas” stream) amounts to 992.62 kg/hr 

and, therefore, 8,534,515.08 kg/year (8534.52 tonne/year). If these CO2 emissions would 

have to be paid for in the EU ETS system, their yearly cost would amount to 682,761.21 

EUR/year, with a presumed CO2 allowance price of 80 EUR/tonne.  

 

Taking into consideration the CO2 emissions from the reboiler, and the “cleaned” gas, the 

possible cost of carbon capture would then be 0.17 EUR/kg (173.74 EUR/tonne), after 

adding these costs to the yearly operational costs. This cost could be referred to as the “CO2 

avoided” cost, although the CO2 avoided cost is usually calculated by subtracting the amount 

of emissions generated by the carbon capture process from the captured (i.e. produced) CO2 

amount, instead of adding the monetary values (IISD, 2023). The cost of 0.13 EUR/kg 

(126.92 EUR/tonne) can be referred to as the “CO2 captured” cost. It is probable that the 

real-world process would be designed in such a way that the CO2 originating from the 
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capture process would be captured anyway, as outlined in chapter “5.1.8. The price of 

steam”. 

5.4. Third case – MEA 40% with 99% capture efficiency and 99% product purity 

The economic analysis of the third case is going to be described just briefly. CAPEX for 

the third case is 4,624,432.10 EUR. The same cost for a single fan was used as in the previous 

two cases. Heating of the water wash stream was not considered towards CAPEX or OPEX. 

By applying the CEPCI to account for inflation in the chemical engineering sector, the 

capital expenditure is actually slightly reduced to 4,526,956.33 EUR. After applying the 20% 

increase to better account for the cost of other equipment and capital costs, as recommended 

by Orangi (2021), the CAPEX amounts to 5,432,347.59 EUR.      

 

It should be noted that the costs of design, engineering, procurement, and construction 

are not covered in this thesis. APEA states that the total capital cost of the project is 

11,549,500 EUR, which is a figure that includes both total installed costs of equipment and 

the engineering and construction costs, as well as certain other cost categories, although no 

other data was specified for the economic analyser other than those mentioned in this thesis.  

OPEX for the third case is presented in Table 5-12. 

 

Table 5-12 Yearly operating expenditures in the third case 

Utility or material Unit price 
Required number 

of units 
Yearly price 

Electricity 0.2192 EUR/kWh 1,829,410.00 kWh 401,006.67 EUR 

MEA make-up 2.45 EUR/kg 71,853.49 kg 176,041.04 EUR 

Make-up water 0.0002665064 EUR/kg 8,688,794.69 kg 2315.62 EUR 

Steam 24.77 EUR/tonne 137,010.56 tonnes 
3,393,751.63 

EUR 

Transportation costs 20 EUR/tonne 24,635.71 tonnes 492,714.17 EUR 

Maintenance costs 4% of CAPEX 1.00 217,293.90 EUR 
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The total yearly operating expenditure (OPEX) is 4,683,123.04 EUR. Therefore, the total 

cost (capital expenditure + operating expenditure) over 25 years of the project would be 

122,510,423.56 EUR.  

 

CO2 makes up 95.33% mass in the “Clean CO2” stream, which amounts to 3835.07 kg/hr. 

Therefore, the yearly amount of produced CO2 in the project would be 32,973,898.96 kg or 

32,973.90 tonnes. Therefore, the total amount of produced CO2 over 25 years of the project 

would be 824,347,474.09 kg or 824,347.47 tonnes. Then, the cost of CO2 capture would be 

0.15 EUR/kg or 148.62 EUR/tonne.  

 

With transportation costs not borne by the producer at all, the cost of CO2 capture would 

be 0.13 EUR/kg or 133.67 EUR/tonne. Without the cost of steam, as outlined in chapter 

“5.1.8. The price of steam”, the cost of CO2 capture would be 0.05 EUR/kg or 45.69 

EUR/tonne. Without the cost of steam and without the cost of transportation, the cost of CO2 

capture would be 0.03 EUR/kg or 30.75 EUR/tonne. 

 

The yearly gross incomes possible for the second case are presented in Table 5-13. 

 

Table 5-13 Yearly gross incomes possible for the third case 

CO2 production rate 

(kg/hr) 
Price of CO2 (EUR/kg) Yearly income (EUR) 

3835.07 0.5 16,486,949.48 

3835.07 0.95 57,704,323.19 

3835.07 1.75 31,325,204.02 

3835.07 4.8 158,274,715.03 
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Based on the capital expenditure (CAPEX) of 5,432,347.59 EUR, yearly operating 

expenditure (OPEX) of 4,683,123.04 EUR, the price of CO2 of 1.75 EUR/kg, and the 

discount rate of 7%, the NPV can then be calculated as 612,454,618.54 EUR. Additionally, 

the NPV for the case with the price of 0.5 EUR/kg is 132,124,525.69 EUR. The NPV for the 

case with the price of 0.95 EUR/kg is 305,043,359.11 EUR. Finally, the NPV for the case 

with the price of 4.8 EUR/kg is 1,784,460,045.11 EUR. 

 

The minimum price of CO2 required for the project to break even after 25 years (NPV = 

0 EUR) is 0.16 EUR/kg or 156.16 EUR/tonne, obtained with the “What-If analysis function 

in Excel. The yearly gross income in that case should be only 5,149,275.60 EUR. 

 

The amount of natural gas required for amine regeneration in this case, based on equation 

(5-7) and division by 0.9, is 8,065,968.69 m3. If the terminal could not cover any of that 

amount from the boil-off gas, the yearly cost at the price of 41 EUR/MWh (approximately 

the price on CEGH on 1st September 2024) would be 3,808,064.81 EUR. It should be noted 

that this cost is already accounted for with the cost of steam in this thesis. In fact, it is very 

close to the figure outlined in chapter “5.1.8. The price of steam” and calculated for this case. 

The corresponding CO2 emissions from the amine regeneration process, based on the CO2 

emissions factor of natural gas of 56.1 tonnes CO2/TJ and an HHV of 11.515 kWh/m3, are 

then 18,757.97 tonnes/year. If CO2 emissions would have to be paid for in the EU ETS 

system, their yearly cost would amount to 1,500,637.60 EUR/year, with a presumed CO2 

allowance price of 80 EUR/tonne. 

The CO2 emitted with the clean gas (the “Clean gas” stream) amounts to 21.55 kg/hr and, 

therefore, 185,277.82 kg/year (185.28 tonne/year). If these CO2 emissions would have to be 

paid for in the EU ETS system, their yearly cost would amount to 14,822.23 EUR/year, with 

a presumed CO2 allowance price of 80 EUR/tonne.  

 

Taking into consideration the CO2 emissions from the reboiler, and the “cleaned” gas, the 

possible cost of carbon capture would then be 0.19 EUR/kg (194.57 EUR/tonne), after 
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adding these costs to the yearly operational costs. This cost could be referred to as the “CO2 

avoided” cost. The cost of 0.15 EUR/kg (148.62 EUR/tonne) can be referred to as the “CO2 

captured” cost. It is probable that the real-world process would be designed in such a way 

that the CO2 originating from the capture process would be captured anyway, as outlined in 

chapter “5.1.8. The price of steam”.  
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 FURTHER STUDY CONSIDERATIONS 

Anything that has been mentioned to be outside of the scope of this thesis could be 

grounds for further research. Lowering the cost of carbon capture can be explored through 

different optimizations of the process in HYSYS, such as vapour recompression (Orangi, 

2021; Razzaghianarmarzi, 2024), using a water wash in the absorber, reusing water from the 

condenser and the separator (and, perhaps, from the final purification process) for the water 

wash and the amine make-up, etc. Different amines, additives, certain amine blends, and 

solution concentrations could also be considered, as these have shown to be able to reduce 

the reboiler energy required for regeneration of the amine (Orangi, 2021).  

 

Specific cost of a pipeline for a carbon capture project could be included in future 

research, as described by Markov (2022). The cost of different transport modalities might 

also be assessed, such as trains, trucks, and ships, as constructing a pipeline might not be a 

viable option for some emitters. There has already been an interest in alternative transport 

options in the Croatian region (Bellona, 2022). CO2 carriers (ships) might play an important 

role in future carbon capture projects, as there are several carriers being built right now 

(Bond, 2024; upstreamonline.com, 2022), although this will depend on actually 

implemented projects. Several emitters could also work together to secure a good 

transportation deal. Further research could try to include estimation of the size of a 

considered carbon capture plant, as it is not possible to automatically estimate the area of a 

plant in Aspen HYSYS and some emitters might not have enough space for such an 

installation.  

 

If an emitter from the Croatian coastal region would not invest in a CO2 utilization project, 

and would rather hedge the cost of emissions with a CO2 storage project, it could be an 

option to join the CCS Ravenna project. CCS Ravenna is going to store CO2 from hard-to-

abate sectors in a depleted natural gas field below the Adriatic Sea off the coast of Ravenna, 

Italy (Eni and Snam, 2024).  
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For more accurate results, heat exchangers could be rigorously modelled in dedicated 

programs, like ASPEN Exchanger Design and Rating (EDR). Other packing materials might 

also be considered. For example, it has been shown that 3D printed polymer packing could 

potentially replace conventional steel packing in the absorption process, which could help 

reduce high capital costs of the process (Chai et al., 2022). 

 

Regarding the kind of plant considered in this thesis, it might be interesting to evaluate 

incorporating a cryogenic carbon capture plant at the LNG terminal or even an air separation 

plant, although there are other options for utilization of the cold energy as well (Noor 

Akashah et al., 2023; Lebedevas and Malūkas, 2024; Mikulić, 2023). 

 

Other energy sources could be considered for steam generation in order to regenerate the 

amine in the stripper. For example, it has been proposed that deep geothermal energy might 

be used for steam generation instead of fossil fuels (Van Wagener et al., 2013; F. Wang et 

al., 2017), although such an option would depend on the availability of geothermal energy. 

Concentrated solar power was also proposed to alleviate steam generation costs. It could 

also be possible to combine multiple alternative sources of energy with auxiliary traditional 

sources (F. Wang et al., 2017; Y. Wu et al., 2022; Quang et al., 2023). Optimal selection of 

the source of energy for solvent regeneration is a current topic of research in the field of 

carbon capture (Y. Wu et al., 2022; F. Wang et al., 2017; Van Wagener et al., 2013; Quang 

et al., 2023). 

 

Other kinds of carbon capture technologies could be considered, such as those presented 

in chapter “2. Carbon dioxide emissions reduction technologies”, although cost estimation 

for such methods can be difficult. Wärtsilä has been testing an onboard carbon capture 

system, which should be commercialised after a pilot installation (Wärtsilä, 2024b).  
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 CONCLUSION 

Since the price of carbon dioxide has become high enough in the past few years, this 

thesis has shown that it is now profitable to invest into post-combustion carbon capture on 

the example of flue gases from the Croatian LNG terminal. For the first case, a production 

price of 138.84 EUR/tonne CO2 was calculated and an NPV of 529,247,849 EUR was 

calculated for the base selling price of 1.75 EUR/kg CO2. For the second case, a production 

price of 126.92 EUR/tonne CO2 was calculated and an NPV of 463,718,005 EUR was 

calculated for the base selling price of 1.75 EUR/kg CO2. For the third case, a production 

price of 148.62 EUR/tonne CO2 was calculated and an NPV of 612,454,619 EUR was 

calculated for the base selling price of 1.75 EUR/kg CO2. It has also been shown that 

spending more heat energy to achieve extra CO2 recovery (i.e. having a larger regeneration 

energy) can pay off in terms of a significant NPV increase, if CO2 is captured for a purpose 

with a potential positive revenue.  

 

Therefore, it is possible that the number of investment decisions into pure CCS plants 

will be lower in the short to medium term, except if aided by subsidies in the US and the EU 

and by unfavourable CCU legislation, while it is impossible to predict carbon dioxide prices 

in the long-term with a high degree of confidence. Despite stabilized supply, a higher-than-

before price of CO2 currently remains in the market because traditional CO2 producers (e.g. 

ammonia plants) have still not recuperated fully from the plant closures, while natural gas 

prices remain up as well. A larger number of post-combustion carbon capture and utilization 

plants are expected to come online in the medium term since many projects have entered 

serious planning and implementation stages in the last year. Also, a rise in the volume of 

CO2 trading and transportation can be expected in the long-term, with more than a few CO2 

carriers currently being built and several CO2 terminals planned.  

 

Carbon dioxide already has many applications and a high degree of importance for the 

economy, while there are still emerging markets for CO2 with a much greater potential 

demand in the future and the requirement to ensure a stable supply to the market.  
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