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Introduction 

CO2 and its capture from industrial gases for mitigating Greenhouse Gas concentration of the 

atmosphere has a modest history in Hungary. From the time, when my research started in this 

field significant change can be observed. The historical events of the 90’s have led to the 

shrinkage of the heavy industry in Hungary and thus in 2005, at the time of the ratification of 

the Kyoto Protocol the desired CO2 emission level was already met with the requirements. 

Coming to the end of the first commitment of the Kyoto protocol in 2012 and formulating the 

EU202020 initiative to reduce CO2 emissions there has been a great movement and research 

interest among others towards carbon dioxide capture.1 Besides the movement of environmental 

protection in the winter of 2009, the crisis of natural gas between Ukraine and Russia peaked. 

In 6th of January supply restriction had to take place in order to protect the civilian supply. At 

the same time industrial customers had to substitute their energy demand with other types of 

fuels. These historical events were very much in the air. 

In 2009, I spent a semester at the University of Kaiserslautern, Germany as an Erasmus student. 

At the University of Kaiserslautern in the Laboratory of Thermodynamics within the European 

FP7 project CASTOR, research on post-combustion carbon capture (PCC) were carried out in 

pilot plant scale. At the department during the semester I had the chance to work on modeling 

of such process. Coming home, fortunately I could continue my research on carbon capture at 

the Department of Chemical and Environmental Process Engineering. 

The fine influence of these historical and personal events, furthermore my curiosity gave the 

cause working on CO2 capture from industrial gases during the past years.  

  

                                                 
1 http://esmig.eu/page/20-20-20-goals 

 

http://www.uni-kl.de/en/home/
http://esmig.eu/page/20-20-20-goals
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Literature Review 

 

The world’s annual primary energy usage has surpassed 12 Billion ton oil equivalent and it is 

expected to reach 18 Billion toe by 2035. The composition of the primary energy use is 

dominated by fossil energy carriers. The rapid increment of the energy demand and the 

energetic structure is leading to growing CO2 emissions. 

Greenhouse gases are responsible for the Earth’s fine temperature balance. Among Greenhouse 

gases anthropogenic emissions it is CO2 that has the greatest influence.  

There are three forms of CO2 mitigation approaches distinguished. 

 Energy rationalization 

 Application of renewable energy sources 

 CCS techniques 

 

Energy conservation, energy saving, energy transformation efficiency collectively belongs to 

the group of energy rationalization. Other approach is to exchange existing fossil backed 

sources to non-carbon ones. The third approach supplements and existing processes and embed 

to a new industrial chain.  

Post-combustion capture of CO2 is one potential form within the chain of carbon capture and 

sequestration. Its main advantage within all approaches is that it can be implemented to existing 

systems without stressing the original plants operation. This feature is the most advantageous 

in short and midterm, considering the life time of energy intensive industry plants. During the 

post-combustion carbon capture, the industrial gas may go through a series of gas cleaning 

processes. In case of flue gases according to the fuel source and combustion technique, ash, 

NOx, SOx removing processes take place first and the CO2 capture process is the last step. This 

gas cleaning process is also called an end of pipe method. The most frequent process that is 

used for post-combustion capture system is an absorber-desorber system. 
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Fig. 1. Flowsheet of an absorber-desorber system. 

The absorber column is operated at atmospheric pressure where the CO2 is absorbed and then 

bound chemically. The loaded absorbent is than pre heated and it is injected to the desorber 

column, where the absorbent is regenerated and the captured is CO2 is liberated. Desorption is 

propelled by the introduced heat in the reboiler. This heat may come from either an auxiliary 

heat source such as a boiler or it may come as a process stream if the CO2 capture system is 

directly coupled with a power station or refinery etc. At the top of the desorber column a 

condenser operates at such condition that the product of the head is pure CO2 and the absorbent 

flows back to the column as reflux. The absorbent material in use today are found in the group 

of amines. The amines are distinguished by the number of alcohol groups attached to the 

nitrogen atom. MEA having one alcohol group attached belongs to the most reactive absorbents. 

In process scales it means that with MEA demands the smallest vessels to operate but the 

regeneration energy in the desorber column is high. The desorber can operate at various 

pressure. The main parameter that limits operation is the thermal stability of MEA.  

There are many research activities towards making PCC commercially widespread. So far the 

most research aims at reducing the processes energy demand with the reduction of heat of 

absorbent regeneration. Two different approaches can be distinguished in this field.  
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One concentrates on creating optimized absorbent blends. Such research is at mature phase at 

pilot scales funded by the industry. These absorbent blends are known such as: Mitsubishi 

Heavy Industries (MHI) KS-1, Fluor Econamine FG Plus or Kerr-McGee/ABB-Lumus 

Technology2, Cansolv CCS by Royal Dutch Shell3 etc. These commercially available 

absorbents are all amine based blends, most of them utilize aqueous MEA for base ingredients. 

MEA is preferred if low pressure natural gas treatment applications are considered and stringent 

outlet gas specifications are required4. This explains my choice of absorbent. 

The other approach is the research towards new materials that may function as potential 

absorbent. Such materials are ionic liquid based absorbents. Ionic liquids have their unique 

properties of very low vapor pressure, good thermal stability, and non-toxicity. Today there are 

hundreds of ionic liquid absorbents such as limidazolium based ionic liquids investigated at lab 

scale. The breakthrough of these next generation absorbents are expected to come with the 

reduction of production cost5. 

Other research aims at studying the process from various perspectives such as process 

dynamics, environmental impact, process safety, process flexibility etc.  

The main core ideas this thesis investigates are:  

 How much and what kind of impacts has the fossil fuel on an operating CO2 capture 

plant? 

 How should we evaluate the environmental impact of such a plant? 

 What are the possibilities towards a total CO2 capture? 

  

                                                 
2https://hub.globalccsinstitute.com/publications/10-commercial-co2-capture-technologies-%E2%80%93-solvent-

degradation 
3 http://www.shell.com/business-customers/global-solutions/shell-cansolv-gas-absorption-solutions.html 
4 http://www.newpointgas.com/services/amine-treating-plants/ 
5 http://www.degruyter.com/view/j/revce.2015.31.issue-4/revce-2014-0032/revce-2014-0032.xml 
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Calculation Method 

The main tool for investigating the PCC process was the professional process modelling 

software Aspen Plus. This software was applied for the model building, validation and for 

process development as well. One key calculation method was the introduction of rate based 

modelling. The calculation of unit operations is a crucial part of process modeling. There are 

specific unit operations such as reactive absorption and distillation (chemisorption) where the 

classic equilibrium model is no longer reliable. In case of CO2 capture by means of aqueous 

amine solution the absorption is followed by reaction that cannot be assumed instantaneous. 

For such unit operations one solution is to insert a film layer in between two bulk phases in a 

stage. In the film, mass transfer rate is defined with diffusivity equations. With the rate based 

model the model quality compared to experimental result could be improved. 

The process model includes multiple stream loops that increases simulation time and hardens 

simulation convergence. To overcome this difficulty a multistep simulation run series was 

introduced by running the unit operations separately, connected, closed down and finally 

running in design specification. Design specification is a special way of simulation when an 

objective function or value is introduced and a variable is set to reach the desired objective. In 

order to be able to cover a vast field of operation, Aspen plus was connected with the 

spreadsheet Excel. With this coupling the specific simulation run time has decreased and the 

number of simulation runs could be significantly increased.  
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Results 

The first major result of the thesis is the introduction of the enthalpy factor of the absorption. 

During the validation of the thermodynamic model it was revealed that in literature, the 

experimental results of heat of absorption measurements scatter in wide range and regressed 

parameters data are only valid in certain temperatures. Evaluating the literature data a pattern 

could be observed. In a real absorber-desorber system, the aqueous MEA absorbents loading 

swings in between ~0.1-0.45 molCO2/molMEA, which is called absorption range. In this 

absorption range the heat of absorption is constant at constant temperatures, but it increases 

with the temperature. This pattern led to the introduction of the enthalpy factor that helps to 

evaluate the thermodynamic model in the absorption range as it predicts the heat of absorption 

in the function of the absorbent loading at different temperatures and eventually improves the 

quality of the thermodynamic model.  

The second major result also comes from the model building and validation phase. During the 

validation the experimental results of the column profiles were studied. CO2 capture with 

reactive absorption is a special case of unit operation where the absorption process cannot be 

assumed instaneous. It means that the phase equilibrium cannot be reached with the packing 

height advised by the vendors. For such phenomenon the Murphree efficiency is used for 

correction. During the validation it was reviled that the standard equilibrium stage model 

column the Murphre efficiency varies within the column height and with the model approach 

is not able to perform high fidelity modeling and it is neither adequate for predictive simulation.  

The built process model was validated by monitoring key parameters at various operating 

points. The model was able to simulate an existing pilot scale plant within a+/- 10% error 

compared to the experimental results.  

Flue gas of different types of combustion and originated from different types of fossil fuels 

were investigated. With the objective function of minimizing the heat of regeneration, 

optimization studies were carried out at fixed constant flue gas mass flow. The results show 

that there is an optimum for the specific regeneration energy if the amount of absorbent is varied 

and the CO2 removal rate is fixed. The specific regeneration energy demand of these optimal 

operating points are linearly increasing with the flue gases CO2 content and a similar linearity 

could be observed with the amount of the removed CO2.  

For the same absorber-desorber system a special case was investigated, in which the operation 

of a boiler having 90MJ/h output by various types of fuel was assumed. In such case due to the 
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different fuel composition and heating value, the composition and the flow of the flue gas varies. 

For this case the same optimization procedure was carried out. Results show a similar linearity 

to the CO2 content but the removed amount of CO2 does not show the same clear pattern.  

The optimization for both cases are carried out in various CO2 removal rates between 60-95%. 

The results for both cases were clear and similar. Above a certain value close to 90% the optimal 

specific regeneration energy increased rapidly.  

Based on the mentioned results flexibility considerations are made.  

In order to have a short-cut environmental impact evaluation of the process, the CO2e/ CO2 

value is introduced. This ratio straight forwardly expresses the ratio of CO2 demand of the 

process and the absorbed CO2 form the source. The results show, that this ration is particularly 

bad for fuels of low heating value.  

Four different arrangements and parameter variations were investigated to study CO2 capture 

at high removal rate region. These variations were compared with each other. 

Results show, that in order to minimize regeneration energy demand, the key parameters are 

desorption pressure and the absorber height. The increasing the absorber height is the easiest 

way to reduce the energy demand at the region of high removal efficiency. Other alternatives 

such as desorption at high desorption pressure and multistep absorber desorber systems are may 

also be viable.  
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Fields of application 

The possible fields of application of Post-combustion Carbon Capture Process are in retrofitting 

existing conventional power stations, oil refineries, cement factories or any potential point 

sources of CO2. Due to the motives of decreasing the energy demand of such plant and creating 

a sustainable carbon cycle, the commercial expansion of such process is expected.  

Power station of utilizing fossil fuels are already operating by mixing various types of fuels in 

order to meet either technological parameters, environmental regulations and to due to 

economic reasons. The operation of processes flexible and economical in various conditions is 

and expected to be vital.  

Besides industrial flue gases, CO2 capture from other similar CO2 containing gases such as 

biogases and side gases of thermal water reservoirs for gas purification/quality upgrade has also 

great potential. My PhD research in this field has led to the interest of the industry and to 

successful projects (details are confidential).  

The tendencies of our results gives the right approach for the design of absorber-desorber 

systems operated with the next generation absorbents.  
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Theses 

Thesis 1 [3] 

I successfully answered the question why the equilibrium model for CO2-MEA chemisorption 

systems is not adequate and why the rate based model should be applied. The accuracy of the 

model is verified and proved with the agreement of the calculated and pilot plant experimental 

results. 

 

Thesis 2 [3] 

Based on my modeling work I found, that the heat of the CO2 absorption in MEA is independent 

of the CO2 content in the absorption range. It is constant and proportional to the temperature 

measured in Kelvin. It is in a range of 0.267-0.287 KJ/(molCO2 K). 

 

Thesis 3 [3] 

I determined for different flue gas compositions that the absorbent demand that is the liquid/gas 

ratio shows an optimum. I explored also its ambience. The optimal operating points are defined 

as operating points where the specific regeneration energy demand is the minimum for fixed 

CO2 removal rate. 

Thesis 4 [2,3,4] 

In case of constant flue gas flow, I determined that the optimal absorbent/flue gas ratio is linear 

to the flue gas CO2 content and to the captured amount of CO2. 

Thesis 5 [1,2] 

I determined that in the case of constant boiler output the optimal liquid/gas ratio is linearly 

proportional to the flue gases CO2 content, but it is not linear to the amount of the captured CO2.  

In the case of constant power plant output, the optimal absorbent flow is inversely proportional 

to the lower heating value of the primary energy carrier. 

Thesis 6 [1] 

I demonstrated/found that for higher than 90% CO2 removal rate of flue gases, the optimal 

absorbent desorption heat requirement is not increasing linearly but at a faster rate. 
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Thesis 7 [1] 

For different primary energy carriers I determined the ratio of the CO2 emission related to the 

capture process and captured CO2 and I found that this ratio is unfavorable in the case of solid, 

low quality (lignite, brown coal) primary fuels. 

 

Thesis 8 [4] 

I investigated four efficiency improvement (CO2 removal rate) options and I determined that 

the most favorable alternative can be obtained if the absorber separation capability is 

overdesigned and the desorber operates at elevated pressure, that is, higher than atmospheric 

pressure. 
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