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Abstract 
 

Carbon dioxide, the famous and vital to life gas, is also an important greenhouse gas. Since 

the combustion of fuels leads to the production of carbon dioxide it had to be expected that 

since the industrial revolution the concentration of carbon dioxide in the atmosphere was to 

be rapidly increased. 

When the consequences and the causes of the greenhouse effect were understood, serious 

efforts were made by the global community to reduce the greenhouse gases production and 

CO2 among them. The Kyoto Protocol, an international agreement linked to the United 

Nations Framework Convention on Climate Change, commits State Parties, also EU among 

them, to reduce the greenhouse gases by setting internationally binding emission reduction 

targets. The first commitment period started in 2008 and ended in 2012 and had as goal an 

average 5% reduction of carbon dioxide and other greenhouse gases, whereas during the 

second commitment period (2013-2020) the parties committed to reduce greenhouse gas 

emissions at least 18% below the 1990 levels. 

Greenhouse gas emissions in the EU-28 in 2013 stood at 4611 million tones of CO2 and the 

fuel combustion and the fugitive emissions were responsible for the 57.2% of the carbon 

dioxide production. The electricity, gas, steam and air conditioning supply activities account 

for the 26.6% of the emissions. Therefore it can be easily understood that the power plants 

is an important sector in CO2 production and therefore their carbon dioxide emissions need 

to be reduced. 

Carbon capture and storage (CCS) process is one of the available solutions to reduce the 

greenhouse gases. With CCS it is possible to capture the CO2 waste from large point sources 

and to transport it and deposit to a storage site, usually to a geological formation. This way 

the carbon dioxide can be prevented from getting released into the atmosphere. Within the 

framework of this thesis only the capture process of this method is to be examined. 

More specifically this thesis project involves research over a mature technology for CO2 

capture, able to be adapted at plants exhaust gases. This technology is carbon dioxide 

absorption. The research on CO2 absorption today appears to focus mostly on power plants 

gases as the gases production of power plants are increased in comparison to other plants. It 

is indicated that using the classic solvents - amines for the CO2 absorption system results to a 

significant amount of energy consumption for the solvents regeneration. The purpose of this 

thesis is to search over the biphasic solvents as an alternative option to amines for the CO2 

capture system and state the pros and cons mainly from the energy aspect. It is expected 

that the biphasic solvents contribute to energy reduction of the system as the solvents are 

separated into two phases after the absorption, giving the capability to remove the water 

phase from the absorption column and as a result use less energy in the regeneration 

column. 
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1. Introduction 
 

This thesis examines the carbon dioxide absorption in power plants. There will be a 

literature review made on the utilization of biphasic solvents instead of the common 

solvents that are used for the absorption process (such as amine MEA). 

This thesis intends to continue my previous master thesis “Optimal design of a CO2 capture 

unit in quicklime plants”. 

 

1.1. Background 
 

Today the increase of the greenhouse gases (carbon dioxide, methane, etc.) leads to the 

increase of the temperature of the earth’s atmosphere. This phenomenon, greenhouse 

effect, and its environmental consequences are well known. 

In an effort to control greenhouse emissions the United Nations Framework Convention on 

Climate Change (UNFCCC) concluded to the Kyoto Protocol (UNFCCC, 2016). During the first 

commitment period (2008-12) thirty seven industrialized countries and the European 

Community (EU-15) committed themselves to emissions targets for four greenhouse gases 

(including CO2) and two groups of gases. The participating countries committed to reduce by 

average 5% their emissions and the EU-15 was obliged to reduce the emissions by 8%. In EU 

this target was broken down into legally binding national targets. Finally EU-15 achieved an 

overall cut of 11.7%. During the period 2008-2012 the total greenhouse gases (GHG) 

emissions were 18,822,263,095 tCO2 in EU-15, 106,987,169 tCO2 in Greece and 72,151,646 

tCO2 in Sweden (European Commission, 2016a).  

At the moment the second commitment period of Kyoto protocol (2013-2020) is in force 

with new targets on the greenhouse gases reduction that bridges the gap between the end 

of the first Kyoto period and the beginning of the new global agreement in 2020 – the Paris 

agreement that was agreed in Paris December 2015 by 195 countries. In the second 

commitment period of Kyoto one more GHG is covered and there is a change on the 

participating countries. EU has during this period committed to accomplish a 20% reduction 

target compared to 1990 during this period (European Commission, 2016b). 

In order for the participating countries to meet their obligations to control their carbon 

dioxide emissions, a form of CO2 trading was used even since the 1st commitment period of 

Kyoto. The countries that are having fewer emissions can trade (sell) their right to emit 

carbon to other countries. The price of the carbon dioxide rights is not stable and depends 

on various factors (such as demand, political issues etc).  

One of the sectors with production of carbon dioxide is power industry. It is indicative that 

26.6% of the carbon dioxide emissions of EU in 2013 were produced by the electricity, gas, 

steam and air conditioning supply activities (European Commission, 2016c). 
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As a result there has been increased interest both from the participating countries but also 

from the industrial sector and especially the power plants on research on promising 

technologies that could lead to carbon dioxide reduction. One of the suggested methods 

that could be used for this purpose is the carbon capture and storage technology (CCS).  

The CCS process consists of three parts (CO2CRC, 2016). The first part is the carbon dioxide 

capture. It is estimated that it is possible to capture up to 90% of the carbon dioxide 

produced from the use of fossil fuels in electricity generation but also in industrial processes. 

The second part is the carbon dioxide transportation, where mainly ships, road tankers or 

pipelines can be used for the transportation. The final step is storage process, which usually 

occurs in a geological formation several kilometres under the earth’s surface .  

This thesis examines a promising technology for the first step of the CCS process, the carbon 

dioxide capture with solvents. More specifically the thesis focuses on biphasic solvents that 

are suggested to require significantly less energy than the common solvents. 

 

1.2. Aim 
 

The main purpose of this thesis is to present the available technologies for the capture of 

carbon dioxide.  

These technologies will be compared and then there will be a further examination of the 

carbon dioxide capture with absorption method, since it is one of the most promising 

technologies available. In addition to the system’s description there will be a detailed 

description of the solvents used to capture the CO2.  

Within the frameworks of this thesis, the solvents to be examined are the biphasic solvents 

but there will be also a reference on amine solvents as the most popular solvents in use 

today for this purpose.  

In an attempt to evaluate the specific technology, information concerning the technology, 

the perspectives and the energy performance of biphasic solvents will be provided. 
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1.3. Outline 
 

Through the chapters of this thesis it is firstly expected to mention and explain the 

technologies existing for carbon dioxide capture.  

Then there will be a thoroughly description of a CO2 absorption system explaining also the 

reason why the particular technology is chosen to be examined in this thesis (mature 

technology, affordable equipment etc.). 

Finally there will be a comparison as for the energy requirements of an amine based CO2 

absorption system and a biphasic solvent system. 

 

1.4. Method 
 

The information used for the completion of this thesis is derived from a literature review.  

As a first step there were almost a hundred promising scientific online papers selected, using 

mostly the google scholar database. All of them were related to carbon dioxide capture 

and/or the biphasic solvents. The selected papers are all articles of scientific journals that 

deal only with energy, environment, technology and chemical engineering issues.  

As a second step, after a thoroughly examination of those downloaded scientific articles, 

there was a further selection that resulted to the scientific papers that are now included in 

the chapter “References”. The papers were chosen not only according to the relevance of 

their content but the year that they were published was also taken into consideration. The 

selection of the papers was focused mainly on recently released papers, mostly of the last 

decade. 

For further information needed during the writing of this thesis there was also some 

information derived from online sites of organizations and companies related to the subject 

of CO2 capture and some registered patents. 
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1.5 Research on CO2 absorption  
 

As it was mentioned in previous subchapter, many countries, especially within the 

framework of Kyoto Protocol, are interested in research on carbon capture and storage 

technology. Also there is increased interest on behalf of industries that are operating in 

those countries and on behalf of corporations that produce and sell the related equipment, 

technology and know-how.  

Because the list of the research on CCS technology and CO2 absorption is extremely big, this 

particular subchapter only refers to the popular biphasic solvents that are in research of 

replacing the simple amines. The biphasic solvents can be separated to those that can form 

two liquid phases after the CO2 loading and those that form one liquid and one solid phase 

after the CO2 loading. In the first group TETA DEEA, DEEA MAPA, BDA DEEA; thermomorphic 

solvents(such as DMCA and DPA blend), DMX solvents and 3H solvents seem promising two-

liquid-phase solvents under research. In the second group TETA/Ethanol Solutions, phase 

change amino acid salts and chilled ammonia are examined. 
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2. CO2 absorption methods applied to power plants 
 

The purpose of using carbon dioxide technologies is to produce a compressed flow of almost 

pure CO2 which can be then transported to specially designed store spaces. The capture and 

storage of CO2 is mainly applied in plants with high production of flue gases like power 

plants and big industries (Metz et al., 2005). The energy required for the function of carbon 

dioxide systems is reducing the overall power production efficiency or the efficiency of the 

rest processes, leading to increased need of fuels, solid waste and environmental 

consequences comparable to a plant that has not adopted any capture technology. Basic 

principles so that the environmental consequences as well as the cost of using CO2 capture 

technologies is reduced, are the reduction of energy requirements for the capture in 

conjunction with the improvement of the energy efficiency of the processes. 

Till today several CO2 capture technologies have been developed, that can be categorized in 

three different groups based to the process stage that the capture is applied: 

 Post combustion technology. In this category the CO2 is separated from the other 

compounds of the fuel gas (N2 and O2 being the dominants compounds). The 

dominant technique for the time being, in this category is the separation with 

chemical absorption using amines in absorption and stripper column. 

  Pre combustion technology. In this category there is a fuel production that does not 

contain carbon. 

 Oxyfuel (combustion with high concentration of oxygen and no nitrogen compound). 

In this case the nitrogen is separated from the combustion air and as a result there is 

no combustion with air but with pure oxygen. 

 

Image 2-1: Carbon dioxide capture technologies (Metz et al.,2005, p.38) 
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It should be mentioned that many technologies are still under research. 

Also depending on the technology that is used for the CO2 absorption the most basic 

categories are: 

 Separation with sorbents/solvents 

 Separation with membranes 

 Distillation of a liquefied gas stream and refrigerated separation 

 

 

Image 2-2: Basic separation of CO2 technologies (Metz et al.,2005) 

The cost of CO2 absorption depends on technical and economical factors that are associated 

with the design and the operation of the production process and the chosen absorption 

technology. 
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2.1. Post-combustion CO2 Capture 
 

The CO2 emissions today are mainly products of the existing industrial zones (power plants, 

cement plants, steel and iron plants etc). For processes of such large scale, the direct 

combustion of the fuel with air at the combustion chamber is still till today the most cost 

efficient method in order to produce and use the energy content of a fuel. Therefore it is 

obvious that for those cases the best method for CO2 capture is the post combustion (Metz 

et al., 2005). The most popular post combustion technology is the chemical absorption. 

There are more than 70 years of experience in separating CO2 using the method of 

absorption for the industrial processes. 

 

Image 2-3: Post combustion schematic representation (CO2CRC, 2016) 

On the contrary, the adsorption, the membranes and the cryogenic technologies are not yet 

developed enough so that they could be viable options. This thesis focus mainly on the 

chemical absorption method and therefore the analysis made for chemical absorption of CO2 

in this chapter is more extensive than for the other methods. 

 

Image 2-4: Schematic of post-combustion capture (Kothandaraman, 2010, p.27) 
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In the case of a power plant a post combustion carbon dioxide capture is comparable to the 

wet flue gas desulphurization (FGD) process, that is used on coal and oil fired power stations 

in order to reduce the SO2 emissions. One main advantage of using post combustion capture 

process in power stations is that they can operate with minor changes in the upstream 

systems, allowing this way to utilities operators to be flexible. However since the power 

plants have low concentration of CO2 in their flue gases, larger volume of gas has to be 

processed and this results to larger and more expensive capture equipment. (M. Gupta et 

al., 2003) 
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2.1.1. Absorption 

 

Absorption is not only the most mature post combustion technology but also one of the 

most cost efficient and manageable CO2 capture technologies for large scale separation.  

During the process of absorption the CO2 molecules enter some bulk phase material, for 

example CO2 molecules are dissolved into a liquid solution. On the contrary during the 

adsorption CO2 molecules are adhered to the surface of a solid particle (Bhown and 

Freeman, 2011).  

 

Image 2-5: Solvent based absorption CO2 capture (CO2CRC, 2016) 

 

Physical Absorption 

 

When there is a stream with high concentration of CO2 at high pressures then is usually the 

physical absorption, where a physical solvent is used for the carbon dioxide capture, 

preferred. A physical solvent combines less strongly with CO2 in comparison to chemical 

solvents and its absorption capacity is dependent on the stream pressure and the 

temperature. As a result in order to separate the CO2 from the solvent the pressure in the 

desorber, minimizing this way the amount of energy needed for the desorption. Usually the 

physical solvents used are cold methanol, dimethylether of polyethylene glycol, propylene 

carbonate and sulpholane. For the time being this technology is widely used at ammonia 

production plants (Kothandaraman, 2010). 
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Image 2-6: Comparison between chemical and physical solvents (Vora et al., 2013, p.29) 

 

Chemical Absorption 

 

During a chemical absorption cycle a reversible chemical reaction of CO2 with an aqueous 

alkaline solvent, usually an amine, takes place in an absorber. Afterwards the rich in CO2 

solvent is regenerated in a desorber, since the solvent is heated up in order to liberate the 

CO2 gas. The CO2 is then collected, compressed and stored (Kothandaraman, 2010). The 

temperature of the flue gas entering the absorber is normally at the range of 40-60°C and 

the rich solvent that enters the desorber is heated to about 120°C in order to release the 

CO2 (Bhown and Freeman, 2011). 

 

Image 2-7: CO2 capture plant where post combustion method is applied, using chemical absorption, Malaysia 
(Metz et al., 2005, p.38) 
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It is estimated that during this process a 25-30% of the net power output of a coal-fired 

power plant is used and that the main energy penalty of the process is the heating of the 

rich solvent. Therefore the main challenge is to minimize the boiler energy that is needed for 

the regeneration. One way to accomplish this is to develop solvents that are more energy 

efficient concerning the regeneration phase, but have also good absorption characteristics. 

Other than that the solvent must have good characteristics concerning the process of 

absorption in general, for example they must have a relatively low impact on the corrosion 

of the equipment (Bhown and Freeman, 2011). 

Until today the most well known and used solvent for the chemical absorption is the MEA 

amine that is usually used in a form of 30 wt % aqueous MEA solution. For a CO2 capture 

process using 30% aqueous MEA solvent it is estimated that almost 3,6 GJ energy for each 

tone of CO2 captured is needed only for the regeneration of the solvent (Bhown and 

Freeman, 2011).  

Table 2-1: Commercial CO2 scrubbing solvents used in industry (M.Gupta et al., 2003) 
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2.1.2. Adsorption 

 

During the adsorption process CO2 molecules adhere to solid sorbents with high surface 

area, such as zeolites and activated carbon, and due to the development of intermolecular 

forces (van der Waals forces in case of a physisorption or stronger covalent bonding in case 

of chemisorptions) CO2 is separated from the flue gases. 

 
Image 2-8: Principles of adsorption (CO2CRC, 2016) 

The procedure is as follows: The flue gas enters a bed of solids that adsorb only the CO2 and 

let the rest of the gas to pass through. When the bed is fully loaded then the bed is 

regenerated and the gas is fed to another clean adsorption bed. The process continues to 

operate on a repeated cycle including mainly the adsorption and regeneration steps. 

Concerning the regeneration step, there are mainly two methods of accomplishing it. The 

one method is the pressure swing adsorption (PSA), where the pressure is reduced so that 

the CO2 can be released, and the other is the temperature swing adsorption (TSA), where 

the CO2 is released by raising the temperature. Usually is PSA method preferred as the size 

of a PSA system is smaller of a TSA system and the TSA process is more complicated 

(Kothandaraman, 2010), (Bhown and Freeman, 2011). 

Adsorption is commercially used in H2 production, bulk separation of O2 and in the removal 

of CO2 from natural gas, but is not yet demonstrated on a large scale for post-combustion 

CO2 capture. Another obstacle of using this method to power plants is the need of a 

pretreatment of the gases entering the adsorbent beds, as for the time being the stability of 

adsorbents is low in presence of impurities. Also the adsorbents that are presently have a 

relatively low capacity and CO2 selectivity (M.Gupta et al., 2003), (Kothandaraman, 2010).  
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2.1.3. Membranes 

 

M.Gupta et al. (2003) define the membrane as “a barrier film that allows selective and 

specific permeation under conditions appropriate to its function”. There are two basic types 

of membranes, regarding the method the CO2 is being captured, that could be used for CO2 

capture, the gas permeation or separation membranes and the absorption membranes 

(M.Gupta et al., 2003), (Kothandaraman, 2010). 

 

Image 2-9: Membranes types for CO2 capture (M.Gupta et al., 2003, p.14) 

Gas separation membranes 

 

In gas separation membranes the capture of CO2 is accomplished mainly due to the 

differences in physical and chemical interaction between gases and the membrane material. 

These differences cause one component to pass through faster than another 

(Kothandaraman, 2010).  

The separation is only accomplished when the partial pressure of CO2 is higher on the flue 

gas side. (M.Gupta et al., 2003), (Bhown and Freeman, 2011) 

 

Image 2-10: Types of gas separation membranes (CO2CRC, 2016) 
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Gas separation membranes are generally less popular for chemical processes in industries 

especially in large scale in comparison to absorption and adsorption. There are many 

challenges to overcome when using membranes, especially as far as power plants are 

concerned and in particular when referring to coal-fired power plants. Firstly the particulates 

existing in the flue gas can influence negatively the membrane function or even damage it 

(Bhown and Freeman, 2011). Secondly the power plants produce a large volume of glue gas 

and as a result that would require a very large membrane area. The membranes are not yet 

well optimized for a large volume of gas separation for CO2 capture (M.Gupta et al., 2003). 

Bhown and Freeman (2011) estimate that for a 600MWe power plant more than one million 

square meters of membrane would be required. Other than that membranes require 

multiple stages and perhaps recycle of one of the streams in order to achieve high degrees 

of separation and as a result this leads to a complex process with increased energy cost 

(M.Gupta et al., 2003), (Kothandaraman, 2010). Finally it is also shown that for a coal fired 

power plant the presently available materials are not sufficient to produce the recovery 

rations and the permeate compositions required by regulations (Kothandaraman, 2010). 

 

Gas absorption membranes 

 

The process of CO2 capture when using a gas absorption membrane is as follows: the gas 

comes in contact with a liquid solvent flow through the membrane. Either the membrane is 

porous and the gaseous component diffuses through the pores and is then absorbed by the 

solvent or the membrane is non-porous and the gas dissolves in the membrane and then 

diffuses through it (Kothandaraman, 2010). In gas absorption membranes the driven force 

that gives the selectivity of the process is the absorption liquid, in contrast to the gas 

separation membranes (M.Gupta et al., 2003).  

 

Image 2-11: Gas absorption membranes principles (CO2CRC, 2016) 
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2.2. Pre-combustion CO2 capture 
 

The pre-combustion involves the processing of the primary fuel with oxygen or air and 

steam resulting to the production of synthetic gas, that consists mainly of carbon 

monoxide,CO and hydrogen (Metz et al., 2005). The carbon monoxide then reacts with 

steam in a shift reactor in order to produce additional hydrogen. The CO2 and H2 mixture is 

then separated, usually with physical or chemical absorption, to a carbon dioxide stream and 

a fuel rich in hydrogen, that can be used in many application (boilers, furnaces. gas turbines 

engines and fuel cells). 

 

Image 2-12: Pre combustion CO2 capture in a coal gasification plant in USA (Metz et al., 2005, p.38) 

 

Image 2-13: Schematic of pre combustion decarbonization (Kothandaraman, 2010, p.35) 
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2.2.1. Steam reforming 

 

The natural gas can be steam reformed and then subjected to water gas shift reaction so 

that a mixture of mainly CO2 and H2 is produced (Kothandaraman, 2010). The reactions that 

are taking place are the following: 

                    (2-1)  
                 (2-2)  

 

In order to provide the heat required for the steam reforming, a part of the natural gas is 

used for firing in the reformer furnace. It also should be noticed in case that the CO2 is 

separated by pressure swing adsorption that steam is also required for the gas shift reaction 

and therefore this also leads to exergy losses. As a result in order to consider this process 

advantageous the energy savings from capturing a purer stream of CO2 must be greater than 

the exergy losses due to the needed natural gas fired to provide the heat needed for 2-1 

reaction and the loss of steam from the 2-2 reaction. 
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Image 2-14: Auto-thermal reforming, by steps 1 to 4 (Davy technologies, 2016) 
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2.2.2. Autothermal reforming 

 

In an autothermal reforming both steam reforming and partial oxidation occur. The partial 

oxidation reaction provides the energy required for the steam reforming and therefore only 

minimal gas firing is required. The reactions describing the autothermal reforming are the 

(2-3), (2-4), (2-5) (autothermal reaction) reactions that are given below (Kothandaraman, 

2010). 

     
 

 
         

 

 
   (2-3)  

 

 
   

 

 
     

 

 
    (2-4)  

     
    

 
         

 

 
    

(2-5)  

 

After the reforming and water gas shift reaction follows the separation of CO2 from H2 and 

N2, which is accomplished either by absorption or by PSA. Afterwards the hydrogen and 

nitrogen are sent to a gas turbine for firing. 
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Image 2-15: Auto-thermal reforming, by steps 1 to 4 (Davy technologies, 2016) 
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2.2.3. Integrated Gasification Combined Cycle (IGCC) 

 

In case of coal fuel the intergrated gasification combined cycle is used, because the coal, in 

order to be able to be used in a gas turbine cycle, it must be firstly gasified to produce coal 

gas. When CO2 capture is desired, mostly O2 blown systems at high pressures are used, since 

they lead to higher CO2 partial pressures. 

 

Image 2-16: Pre-combustion technology, Integrated Gasification Combined Cycle (IGCC) (BBC, 2008) 

As the gasifier output contains syngas and CO2 and impurities (usually N2, H2S, COS, HVN, 

NH2, Hg), the output must be treated so that the particles and ash are removed. Then it is 

subjected to the shift reactor to produce CO2 and H2 and afterwards is a sulphur removal 

needed, due to the existence of H2S. After all this treatment the gas is sent for CO2 capture. 

Since the CO2 is at a relatively high pressure it is suggested that physical absorption would be 

sufficient, which also leads to lower energy consumption. The CO2 that exits the capture 

system is then compressed and sent for storage, while the hydrogen is sent for combustion 

in the gas turbine and for power generation. Also there is heat recovery from the steam 

cycle that is used to cool the syngas (Kothandaraman, 2010). 

It should be mentioned that IGCC is an expensive technology as there are high capital costs. 

Also the performance is dependent on the quality of the coal. Finally due to the competition 

from natural gas combined cycle there is no particular high interest on the IGCC 

development and the IGCC plants are yet to be demonstrated.  
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2.3. Oxyfuel combustion 
 

In case of an oxyfuel combustion oxygen is used instead of air during the combustion and as 

a result the flue gas is mainly consisting of carbon dioxide and water (Metz et al., 2005). 

When oxygen is used instead of air (oxygen and nitrogen) the dilution of the flue gases due 

to nitrogen is avoided or else the main disadvantage of post combustion capture systems is 

avoided. The burning in a high oxygen atmosphere leads to high temperatures, as high as 

3500°C, that the material of construction cannot withstand. As a result the temperature is 

moderated to a lower level, appropriate for the materials, by recycling a fraction of the 

exhaust flue gases (Kothandaraman, 2010), (M.Gupta et al., 2003).  

For existing boilers in the partial flue gas recycle scenario the nitrogen is basically replaced 

by CO2 and the boiler heat transfer profiles remain similar to the existing air-fired process. 

On the other hand for new plants advanced boilers with low or zero gas recycle can be used. 

Oxyfuel combustion results after the condensation of water to flue gases with high CO2 

concentration (80-98% whereas the air blown combustion has a carbon dioxide 

concentration of 4 to 14%) that allows to simply compress and dry the CO2 and then send it 

for storage. It may be also needed to remove gases such as SOx and NOx (depending on the 

nitrogen and sulfur content of the fuel) and noble gases such as argon. The major cost and 

energy consumption for the process is due to the oxygen production in cryogenic air 

separation units (ASU). 

 

Image 2-17: Oxyfuel combustion (Kothandaraman, 2010, p.35) 
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2.4. Comparison of Separation Technologies 
 

Both Notz et al. (2011) and Aaron et al. (2005) come to agree that the best capture 

technology that can be implemented on a large scale in the near future is the absorption 

separation technology (post-combustion). Both of the articles took into account the 

operating and maintenance costs, the cost and ease of retrofitting a power plant and the so 

far development of each technology.  

The main advantage of the absorption seems to be that the existing plants can easily get 

equipped with the technology. Other than that the fact that the absorption is a well-

established process is of great importance. Furthermore some coal fired plants already use 

chemical absorbers as part of their operation and as a result are more familiar with the 

technology. On the other hand the absorption seems to have higher costs for capture in 

comparison to the other technologies, due to the high energy demand for the regeneration 

of the solvent and the compression of CO2. As a result the main challenge is to reduce this 

energy demand and for this reason in this thesis quite a few pages refer to biphasic solvents, 

as a promising possibility of using absorption with a smaller energy penalty. 

 

Image 2-18: History of CO2 Capture Processes CO2 (Vora et al., 2013) 

A brief comparison of the three main technologies is summarized in table 2-2. The basic 

advantage and disadvantage of post-combustion has already been stated. Aaron et al. (2005) 

seem to believe that membrane diffusion is the most promising technology for the future –

keeping into consideration that it is still under research and development- because the 

energy requirements for the operation is relatively small and mainly relates to the 

movement of the gas through the system.  As far as pre-combustion capture is concerned 

the main challenges are the high capital cost, the complexity of the process and 

modifications that should be made to the gas turbines. As for the oxyfuel technology the 

main disadvantages is the need of air separation and therefore very energy-intensive 

processes. The cryogenic air separation must be improved so that the oxyfuel technology is 

considered cost and energy efficient for CO2 capture. 
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Table 2-2: Comparison of various plant designs with CO2 separation (Notz et al., 2011, p.168) 
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2.5. Large scale Power Plant CO2 Capture Projects 
 

According to Idem et al. (2015) the only operating commercial CO2 capture plant worldwide 

is the SaskPower BD3 plant (Boundary Dam project in Saskatchewan), operating in Canada. It 

is a post combustion capture plant, using an amine based process and more specifically 

CANSOLV technology. The capacity of the plant is 1Mt/year of CO2 produced. At the time 

being it is also one of the two large scale power plant CCS (Carbon Capture and Storage) 

projects that are operational worldwide. The power plant of Boundary Dam project is a coal 

fired electrical power plant of 110MW size. Also there is one commercial sized CO2 post 

combustion capture plant that has been reported to be under construction, WA Parish Petra 

Nova, NERG, Texas with a capacity of 250MW and MHI (KS-1) solvent technology. Other than 

that there are several other commercial plants in planning stage.  

 

Image 2-19: The commercial CO2 capture plant at the SaskPower BD3 plant (Idem et al., 2015, p.15) 

 

The other large scale CCS project that is operational is Shengli Oil Field EOR project (MIT, 

2016) that is located in China, is of 40-250MW size and is pilot operating since 2007. The 

Shengli Oil Field is using Alstom amine technology (post combustion process) and amine 

solvents (Idem et al., 2015). 

Idem et al. (2015) noticed that according to the approaches suggested for the heat duty for 

the solvent regeneration for the post combustion capture demonstration or pilot plants 

there is a heat duty range from about 5.0-1.8GJ/ton CO2 produced. However the actual heat 

duty obtained in pilot and demonstration plants is higher than expected, even though the 

solvent that is used in cooperation with the process optimization method employed is able 

to provide the acceptable heat duty. The cause for this difference is considered to be the 

design and in particular the flooding percentage.   
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3. Results and Analysis - CO2 absorption in biphasic solvents 
 

As it is observed in previous chapter, the absorption separation technology is considered the 

most promising technology for large scale CO2 capture in the near future. However the 

energy consumption for the solvent regeneration is relatively high, therefore there are 

several studies that focus on finding solvents suitable for the separation process that need 

less energy for the stripping. Usually when referring to absorption technology the most 

commonly used solvents are amines. The most common amine, and usually the comparison 

basis of the solvent’s researches is MEA, which according to Raynal et al. (2011) when used 

in 30wt percentage requires 3.7GJ/tCO2 for the regeneration process.  

Many alternative solvents of different compositions are under research and many of them 

are considered promising. Among those there is the category of biphasic solvents. In this 

thesis we examine mainly the solvents that exhibit two immiscible liquid phases. However in 

some cases, formation of a solid phase can be found during absorption in systems such as 

chilled ammonia, triethylenetetramine (TETA)/ ethanol solution and amino acid salts (Wang 

et al., 2015) 

  

Image 3-1 Liquid and solid phase formation on the left and liquid and liquid phase formation on the right side 
(Wang et al., 2015) 

Given the purpose of this thesis, this chapter emphasizes on the energy requirements of 

each system. 

.  
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3.1. Two liquid phases, Biphasic solvents 
 

The two liquid phase solvents form two different phases upon a change in CO2 loading and 

can be easily separated mainly because of density differences (Wang et al., 2015). Usually 

the capture system used is similar to the classic chemical absorption system, presented in 

previous chapter. The main difference is that after the absorber the two phases that have 

been formed are separated from each other. The overall possible scenarios of forming two 

immiscible liquid phases are presented at the image 3.3. 

After of the two liquid phases formation, CO2 lean phase returns to the absorber whereas 

the CO2 rich phase enters the stripper and is then regenerated.  

 

Image 3-2: Absorbent forming two liquid phases when highly loaded (Svendsen et al., 2011, p.722) 

Since the quantity of solvent entering the stripper is significantly reduced in comparison to 

the simple amine system, the energy required for the regeneration is also reduced. 

 

Image 3-3: Formation of two immiscible liquid phases, different scenarios (Budzianowski, 2016, p.112) 
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When absorption is operated in a packed column and advanced heat exchanger integration 

is used then it is estimated that the capture cost of biphasic solvents can accomplish 40% 

reduction of the capture cost in comparison to MEA 30% wt (Raksajati et al. 2016). 

Zhang presents at his study (2013) the below table where he summarizes some of the 

different available two liquid phases solvents, that are also presented in the present chapter. 

Table 3-1 Comparison of some of the presented liquid – liquid phase change processes (Zhang, 2013, p.12) 
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3.1.1 Phase Change Mixed Amine Solvents 

 

Some research groups in order to develop cost efficient solvent they suggested mixed amine 

systems. Blend of 2-(Diethylamino) ethanol (DEEA) and 3-(Methylamino) propylamine 

(MAPA) can form two liquid phases after the CO2 loading and is expected to lower the 

energy requirements compared to 30wt% MEA. Also a solution of 1,4-Butanediamine (BDA) 

and DEEA appears equally promising (Wang X. et al., 2015). They have been several 

comparison tests - researches as well trying to discover appropriate phase change solvents, 

one of which appeared to be TETA DEEA mixture.  

 

TETA DEEA 

Ye et al. (2015) have tested several mixed amine based aqueous solvent blends, consisting of 

absorption accelerators and regeneration promoters concluding that the 

Triehtylenetetramine (TETA) and DEEA blend was the most promising among them. The 

TETA component functions as an absorption accelerator whereas the DEEA component 

serves as a regeneration promoter. The TETA DEEA blend appeared able to form a lower 

phase with highly concentrated CO2 loading and at the proper volume desired. The blend is 

characterized by high absorption capacity and desorption pressure without provoking major 

operational concerns associated with solid precipitates, high viscosity and high volatility. The 

energy use for the stripping process was estimated to be at least 30% lower in comparison 

with the MEA stripping energy requirements. Since the energy for the stripping process 

consists of heat of reaction, sensible heat and stripping heat this total 30% reduction can be 

further analyzed to a 15% reduction of the heat of absorption, 50% reduction of the sensible 

heat and 30% reduction of the stripping heat, in comparison to MEA. 

 

Image 3-4: Biphasic solvent-based CO2 capture process (Ye et al., 2015, p.206) 

DEEA MAPA 

A rich bibliography supports the research of the blend DEEA MAPA. The DEEA MAPA blend 

was under research for the iCap project, which was financially supported by the European 

Commission.  
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This phase change showed great absorption capacity. At very low CO2 loadings the solvent 

behaves as a single phase solvent but at higher CO2 loadings it splits to two phases, with the 

upper phase being lean in CO2 and the lower phase being rich in CO2. The CO2 rich phase is 

rich in MAPA and H2O whereas the CO2 poor phase is mainly composed of DEEA (Pinto et al., 

2014).  

It is estimated that by using DEEA MAPA solvent a 40% reduction in energy requirements in 

comparison to 30% MEA solution could be accomplished. (Budzianowski, 2016) Apart from 

the reduction of the energy requirements due to lower liquid circulation in the stripper (only 

the lower phase is regenerated) there is also the possibility of reducing the capital and 

operational costs as the stripper column size is decreased (Arshad et al., 2013). Furthermore 

the mixtures of DEEA MAPA allow the stripping process at increased pressures and therefore 

reduce the energy requirements for the compression of CO2 (Arshad et al., 2014).  

 

Image 3-5: Molecular structures of DEEA and MAPA (Arshad et al., 2014, p.765) 

BDA DEEA 

Xu et al. (2013) make research on BDA and DEEA mixtures with different concentrations and 

suggested that 2M BDA blended with 4M DEEA was found to have the best performance. 

The separation of the two phases is accomplished due to the fast reaction of BDA with CO2 

and the limited solubility of DEEA in the reaction products of BDA with CO2. There is no 

information provided yet considering the estimated energy requirement. 

 

Image 3-6: BDA DEEA solubility experiment (Xu et al., 2013, p.112)  
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3.1.2. Thermomorphic biphasic solvents 

 

Lipophilic amines when heated exhibit a thermomorphic phase transition (Zhang et al., 

2011). They have an autoextractive behavior that results to desorption at temperatures 

below the solvent boiling point. It is even possible to reduce the regeneration temperature 

down to 80°C or lower and as a result it is even possible to use waste heat for desorption 

purposes, resulting to lower energy requirements. As a result the energy consumption can 

be reduced by more than 35% compared to the aqueous absorbent MEA. The table of this 

subsection refers to estimation of Zhang (2013) concerning the regeneration energy 

consumption of different examined lipophilic amines. 

 

Image 3-7 Basic process diagram of TBS system (Zhang et al., 2012, p. 744) 

The energy consumption for TBS system that uses agitated regeneration as a substitute of 

steam stripping (to accelerate CO2 desorption) is estimated near 2Mj/kgCO2 including the 

reaction of enthalpy, the agitation energy, the sensible heat and the heat loss. This 

consumption is almost half of the regeneration energy required for a MEA capture process. 

Other methods that can accelerate the desorption are nucleation and ultrasonic methods. 

 

Image 3-8 Process diagram of TBS system with phase split and agitation (Zhang et al., 2013, p.1261) 
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The two phases that appear upon heating are the organic phase that mainly contains the 

regenerated lipophilic amine and the aqueous phase that consists of water, carbamate, 

bicarbonate and protonated amine species. The lean biphasic solvent returns to the 

absorber after being cooled down to approximately 40°C, reverted to a single phase (Zhang 

et al., 2012). 

 

Image 3-9 Principle of CO2 absorption using TBS system (Zhang, 2013, p.11) 

Lipophilic amines that were considered suitable for CO2 absorption, are mixtures of the 

tertiary amine N,N-dimethylcyclohexylamine (DMCA) and the secondary amine 

dipropylamine (DPA) (Tan, 2010) and several other lipophilic amine blends using DMCA 

(Zhang et al., 2011), (Zhang et al., 2013). 

Table 3-2 Regeneration energy consumption - estimation (Zhang, 2013, p.108) 
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3.1.3. DMX solvents 

 

The DMX process is developed by IFPEN and licensed by PROSERNAT. The process has been 

demonstrated on an industrial pilot at Brindisi treating a flue gas of 10000 Nm3/h. The DMX 

process is very similar to MEA process. The basic difference is that it is using a blend of 

amines as solvent that can form two immiscible liquid phases after the absorber section 

(Raynal et al., 2014). The first solvent proposed was Dipropylamine (DPA) and it was then 

followed by N,N,N’mN’-tetramethyl-1,3-isobutane-diamine(TMiBDA) and more recently N,N-

dimethylbenzylamine(DMBzA) and N,N,N’,N’-tetramethyl-1,6-hexane-diamine (TMHDA) 

(Zhang, 2013).  

 

Image 3-10 Simplified process flow diagram of the IFPEN DMX-1TM process (Raynal et al., 2011, p.749) 

 

Also another basic difference is that during the process there is one main extra device used, 

the decanter. The decanter is usually positioned after the heat exchanger and before the 

stripper (Raynal, Alix et al., 2011). The decanter stirs the solvent and results to the formation 

of the two liquid phases. 
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Image 3-11 Decanter (Carrette et al., 2007) 

 
Image 3-12 Decanter in a close view (Raynal et al., 2014) 

 

The two phases are significantly different concerning the CO2 concentration. After the 

separation of the phases by the use of a decanter, the heavy liquid phase is sent to the 

stripper whereas the mainly free of CO2 – light liquid phase is sent directly to the absorber 

(Raynal et al., 2014). This way the flow rate that enters the stripper is reduced by 25-30%. 

The operation of the stripper of the DMX process can operate at high temperature (150°C) 

and high pressure (5 bar) since the DMX solvents are thermally and chemically stable. 

According to the paper the general energy requirements of the DMX process are around 

78% of the MEA process or else 2,5 GJ/tCO2 having the potentials of reaching 2.3 GJ/tCO2. 

Table 3-3 Cost comparison between MEA and DMX process (Raynal et al., 2014) 
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3.1.4. 3H self-concentrating process 

 

Liang Hu (2009) has invented a system that can be applied in a CO2 absorption - capture 

system. The system’s inputs are a liquid absorbent and a gas mixture containing a gas to be 

absorbed (carbon dioxide in this case). After the absorption there are two liquid phases 

formed, separated from each other. The liquid phase with lean absorbed gas was directly 

resent to absorber whereas the liquid with rich absorbed gas was forward to the stripper. 

The process is similar to DMX process as besides all the other equipment there is also a 

decanter included. 

 

Image 3-13 Self-concentrating amine absorbent process of Hu patent, (Wang et al., 2015, p.12) 

The process examined initially used partially miscible organic solvent as activated 

component (e.g. alamine) and alcohol (e.g. isooctanol) as an extractive agent and more 

recently lipophilic amines (e.g. dibutylamine-DBA) that Hu claimed to save energy 

consumption by 80% (Zhang, 2013). The table of this subsection is presented by Hu (2012) 

and compares the regeneration heat required for the mentioned absorbents. At the end of 

the presentation Hu chose 3H-1 as the most appropriate for a CO2 capture process. 

Table 3-4 Comparison of 3H absorbents and MEA as for the regeneration heat (Hu, 2012) 
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3.2. Liquid–solid phases, Biphasic solvents 

3.2.1. Triethylenetetramine (TETA)/ Ethanol Solutions 

 

Zheng et al. (2014) examined the TETA/Ethanol solution concluding that it is a promising 

absorbent for CO2 capture. TETA when dissolved in ethanol produces a solid precipitate. This 

solid phase can be easily separated and regenerated. It was possible to capture with this 

process the 81.8% of the absorbed CO2 in the solid phase. 

 

Image 3-14: TETA/Ethanol process (Zheng et al., 2014, p.8905) 

Further research is expected, giving perhaps more details on the energy performance as 

well. 
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3.2.2. Phase Change Amino acid salts  

 

Amino acid salts have been used for several decades for acid gas removal. They seem 

attractive for carbon capture not only for the efficiency in the capture process but also they 

present low environmental impact. Popular amino acids for carbon capture researches are 

sarcosine, glycine, taurine and proline solutions, which also appear faster reaction kinetics 

with CO2 than does MEA (Wang et al.,2015).  

Sanchez-Fernandez et al. (2013) having used DECAB, DECAB Plus and pH-shift process and 

4M potassium salt of taurine as the selected solvent concluded that the DECAB plus had the 

smallest energy cost with an estimated energy consumption of approximately 2.4 GJ/t CO2. 

 

Image 3-15 DECAB Plus process diagram (Sanchez-Fernandez et al., 2013, p.1166) 

 

The system includes the classic absorber, heat exchanger and stripper with some more new/ 

different units added. For example there is the need of different contactor equipment for 

absorption (e.g. spray tower) and the need of a new operation unit that separates the 

precipitate and the supernatant. 

The image-diagram below shows the comparison results of Sanchez-Fernandez et al. (2013) 
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Image 3-16: Comparison of DECAB, DECAB Plus and pH-Swing using 4M potassium taurate, with MEA (Sanchez-
Fernandez et al., 2013, p.1169) 
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3.2.3. Chilled Ammonia 

 

Chilled ammonia can be used to capture carbon dioxide in a post combustion process. The 

carbon dioxide is absorbed from the flue gas of a power plant at 0-20°C using ammonia as 

solvent. The stripping is made at high temperature of 100-200°C (Darde et al., 2009).  

 

Image 3-17 Carbon dioxide capture process using chilled ammonia (Versteeg et al., 2011,  p.1596) 

The method presents a promising energy reduction in comparison to MEA as it can be 

shown at the charts below of Darde et al. (2009). The left chart represents the energy 

requirement at a mass fraction of 28% ammonia as a function of the CO2 loading in the riche 

stream and the right chart represents the energy requirement as a function of the initial 

mass fraction of ammonia, at a rich carbon dioxide loading of 0.67.  

 
 

Image 3-18 Charts of energy requirement for chilled ammonica CO2 capture process (Darde et al., 2009, p.135) 
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4. Conclusions 
 

In this thesis a concise presentation of the up to date available carbon dioxide capture 

processes was made. The processes presented were the post combustion capture, including 

the absorption, the adsorption and the membranes processes, the pre combustion capture, 

including steam reforming, autothermal reforming and integrated gasification combined 

cycle, and finally oxyfuel combustion. Then a comparison was made that ended up on 

choosing the absorption process as the most attractive capture process to be used in the 

near future. Also there was a short presentation of the large scale power plants of CO2 

capture that are presently operating.  

Given the fact that the absorption process was selected as the most promising for the 

carbon dioxide capture, the second part of the thesis is devoted to the biphasic solvents, 

which are a subcategory of the solvents under research for the absorption of CO2 process. 

They were further categorized on the biphasic solvents that form two liquid phases upon the 

absorption of CO2 and on the biphasic solvents that form a liquid and a solid phase after the 

absorption. 

The research that is made for biphasic solvents present an estimation of at least a 30% 

energy reduction when using a biphasic solvent for the absorption in comparison to a simple 

amine capture system. Also many of these solvents require only minor modification of the 

classic absorption system, making them simple to use. 
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5. Further works 
 

In this work were the major carbon dioxide capture technologies presented. Also some of 

the examined biphasic solvents were presented, focusing on their energy requirements. 

This work could further continue with the estimation of the cost of captured CO2 when using 

absorption with biphasic solvents in comparison to the cost of captured CO2 when using 

absorption with amines or other CO2 capture technologies – taking into account the costs of 

the biphasic solvents and the equipment needed. That kind of work would be of interest for 

plants that have a high CO2 production and therefore can trade their carbon dioxide 

emissions rights. Furthermore there could be a research on the possible problems of the 

utilization of biphasic solvents in a capture system and how these problems could be 

avoided. 

  



 

45 
 

References 
 

Aaron, D., Tsouris, C., 2005. Separation of CO 2 from Flue Gas: A Review. Separation 

Science and Technology 40, 321–348. doi:10.1081/SS-200042244 

Arshad, M.W., von Solms, N., Thomsen, K., Svendsen, H.F., 2013. Heat of Absorption of 

CO2 in Aqueous Solutions of DEEA, MAPA and their Mixture. Energy Procedia 37, 

1532–1542. doi:10.1016/j.egypro.2013.06.029 

Arshad, M.W., Svendsen, H.F., Fosbøl, P.L., von Solms, N., Thomsen, K., 2014. 

Equilibrium Total Pressure and CO 2 Solubility in Binary and Ternary Aqueous 

Solutions of 2-(Diethylamino)ethanol (DEEA) and 3-(Methylamino)propylamine 

(MAPA). Journal of Chemical & Engineering Data 59, 764–774. 

doi:10.1021/je400886w 

Carrette, P.L., Cadours, R., Boucot, P., Mougin, P., Prigent, M., Gibert, A., Jacquin, M. 

‘New solvent for CO2 capture with low energy of regeneration’, Department of 

Separation, Innovation Energy Environment (ifp), 2007 

BBC. Pre-combustion CCS technology. 2008. . [Online] Available from: 

http://news.bbc.co.uk/2/hi/science/nature/7584159.stm [Accessed 27
th

 February 2016] 

Bhown, A.S., Freeman, B.C., 2011. Analysis and Status of Post-Combustion Carbon 

Dioxide Capture Technologies. Environmental Science & Technology 45, 8624–

8632. doi:10.1021/es104291d 

Bruder, P., Svendsen, H.F., 2011. Solvent comparison for post combustion CO2 capture, 

in: 1st Post Combustion Capture Conference. Abu Dhabi, Kingdom of Saudi Arabia. 

Budzianowski, W.M., 2016. Explorative analysis of advanced solvent processes for energy 

efficient carbon dioxide capture by gas–liquid absorption. International Journal of 

Greenhouse Gas Control 49, 108–120. doi:10.1016/j.ijggc.2016.02.028 

CO2CRC. CO2 Capture. [Online] Available from: 

http://www.co2crc.com.au/aboutccs/capture.html [Accessed 19
th

 February 2016] 

CO2CRC. CO2 Capture/separation technologies Absorption. [Online] Available from: 

http://www.co2crc.com.au/aboutccs/cap_absorption.html [[Accessed 13
th

 February 

2016] 

CO2CRC. CO2 Capture/separation technologies Adsorption. [Online] Available from: 

http://www.co2crc.com.au/aboutccs/cap_adsorption.html [[Accessed 17
th

 February 

2016] 

CO2CRC. CO2 Capture/separation technologies Membranes. [Online] Available from: 

http://www.co2crc.com.au/aboutccs/cap_membranes.html [[Accessed 17
th

 February 

2016] 

Darde, V., Thomsen, K., van Well, W.J.M., Stenby, E.H., 2010. Chilled ammonia process 

for CO2 capture. International Journal of Greenhouse Gas Control 4, 131–136. 

doi:10.1016/j.ijggc.2009.10.005 

Davy Technologies. Core Technologies. Reforming (ATR, GHR, SMR). [Online] Available 

from: http://davyprotech.com/what-we-do/licensed-processes-and-core-

technologies/core-technologies/refiningdistillation/specification/ [[Accessed 27
th

 

February 2016] 

European Commission. Kyoto 1
st
 commitment period (2008-12). 

http://ec.europa.eu/clima/policies/strategies/progress/kyoto_1/index_en.htm 

[Accessed June 2016a] 

European Commission. Kyoto 2nd commitment period (2013-20). 
http://ec.europa.eu/clima/policies/strategies/progress/kyoto_2/index_en.htm 

[Accessed June 2016b] 

http://www.co2crc.com.au/aboutccs/capture.html
http://www.co2crc.com.au/aboutccs/cap_absorption.html
http://www.co2crc.com.au/aboutccs/cap_adsorption.html
http://davyprotech.com/what-we-do/licensed-processes-and-core-technologies/core-technologies/refiningdistillation/specification/
http://davyprotech.com/what-we-do/licensed-processes-and-core-technologies/core-technologies/refiningdistillation/specification/
http://ec.europa.eu/clima/policies/strategies/progress/kyoto_1/index_en.htm
http://ec.europa.eu/clima/policies/strategies/progress/kyoto_2/index_en.htm


 

46 
 

European Commission. Greenhouse gas emissions by industries and households. 
http://ec.europa.eu/eurostat/statistics-

explained/index.php/Greenhouse_gas_emissions_by_industries_and_households#Ana

lysis_by_economic_activity [Accessed June 2016c] 

Hu L. Phase transitional absorption method. US Patent 7,541,011. B2 2009. 

Hu, L., 2010, Post-Combustion CO2 Capture for Existing PC Boilers by Self-concentrating 

Absorbent. presented in NETL CO2 Capture Technology Meeting, September 2010, 

Pittsburgh, PA 

Hu, L., 2012, Post-Combustion CO2 Capture for Existing PC Boilers by Self-concentrating 

Absorbent. presented in NETL CO2 Capture Technology Meeting, July 2012, 

Pittsburgh, PA 

Idem, R., Supap, T., Shi, H., Gelowitz, D., Ball, M., Campbell, C., Tontiwachwuthikul, P., 

2015. Practical experience in post-combustion CO2 capture using reactive solvents in 

large pilot and demonstration plants. International Journal of Greenhouse Gas Control 

40, 6–25. doi:10.1016/j.ijggc.2015.06.005 

Kothandaraman, A., 2010. Carbon dioxide capture by chemical absorption: a solvent 

comparison study. Massachusetts Institute of Technology. 

Metz, Bert, Ogunlade Davidson, Helleen de Coninck, Manuela Loos, Leo Meyer. 2005. 

Carbon dioxide capture and storage, Special Report. Intergovernmental Panel on 

Climate Change , IPCC. USA: Cambridge University Press 

MIT. Carbon Capture & Sequestration Technologies. Power Plant Carbon Dioxide 

Capture and Storage Projects. [Online] Available from: 

https://sequestration.mit.edu/tools/projects/index_capture.html [Accessed 17
th

 March 

2016] 

Murlidhar Gupta, Irene Coyle, Kelly Thambimuthu. 2003. Strawman Document for CO2 

capture and storage (CC&S) Technology Roadmap”. 1st Canadian CC&S Technology 

Roadmap Workshop. CANMET Energy technology centre natural resources Canada. 

Calgary, Alberta, Canada 

Notz, R.J., Tönnies, I., McCann, N., Scheffknecht, G., Hasse, H., 2011. CO2 Capture for 

Fossil Fuel-Fired Power Plants. Chemical Engineering & Technology 34, 163–172. 

doi:10.1002/ceat.201000491 

Pinto, D.D.D., Zaidy, S.A.H., Hartono, A., Svendsen, H.F., 2014. Evaluation of a phase 

change solvent for CO2 capture: Absorption and desorption tests. International 

Journal of Greenhouse Gas Control 28, 318–327. doi:10.1016/j.ijggc.2014.07.002 

Raksajati, A., Ho, M.T., Wiley, D.E., 2016. Understanding the Impact of Process Design 

on the Cost of CO 2 Capture for Precipitating Solvent Absorption. Industrial & 

Engineering Chemistry Research 55, 1980–1994. doi:10.1021/acs.iecr.5b03633 

Raynal, L., Alix, P., Bouillon, P.-A., Gomez, A., de Nailly, M. le F., Jacquin, M., Kittel, J., 

di Lella, A., Mougin, P., Trapy, J., 2011a. The DMX
TM

 process: An original solution 

for lowering the cost of post-combustion carbon capture. Energy Procedia 4, 779–786. 

doi:10.1016/j.egypro.2011.01.119 

Raynal, L., Bouillon, P.-A., Gomez, A., Broutin, P., 2011b. From MEA to demixing 

solvents and future steps, a roadmap for lowering the cost of post-combustion carbon 

capture. Chemical Engineering Journal 171, 742–752. doi:10.1016/j.cej.2011.01.008 

Raynal, L., Briot, P., Dreillard, M., Broutin, P., Mangiaracina, A., Drioli, B.S., Politi, M., 

La Marca, C., Mertens, J., Thielens, M.-L., Laborie, G., Normand, L., 2014. 

Evaluation of the DMX Process for Industrial Pilot Demonstration – Methodology 

and Results. Energy Procedia 63, 6298–6309. doi:10.1016/j.egypro.2014.11.662 

http://ec.europa.eu/eurostat/statistics-explained/index.php/Greenhouse_gas_emissions_by_industries_and_households%23Analysis_by_economic_activity
http://ec.europa.eu/eurostat/statistics-explained/index.php/Greenhouse_gas_emissions_by_industries_and_households%23Analysis_by_economic_activity
http://ec.europa.eu/eurostat/statistics-explained/index.php/Greenhouse_gas_emissions_by_industries_and_households%23Analysis_by_economic_activity
https://sequestration.mit.edu/tools/projects/index_capture.html


 

47 
 

Sanchez-Fernandez, E., Mercader, F. de M., Misiak, K., van der Ham, L., Linders, M., 

Goetheer, E., 2013. New Process Concepts for CO2 Capture based on Precipitating 

Amino Acids. Energy Procedia 37, 1160–1171. doi:10.1016/j.egypro.2013.05.213 

Svendsen, H.F., Hessen, E.T., Mejdell, T., 2011. Carbon dioxide capture by absorption, 

challenges and possibilities. Chemical Engineering Journal 171, 718–724. 

doi:10.1016/j.cej.2011.01.014 

Tan, Y.H., 2010. Study of CO 2-absorption into thermomorphic lipophilic amine solvents, 

Dortmund 2010 

UNFCCC, United Nations Framework Convention on Climate Change. Kyoto Protocol. 

http://unfccc.int/kyoto_protocol/items/2830.php [Accessed May 2016] 

Versteeg, P., Rubin, E.S., 2011. A technical and economic assessment of ammonia-based 

post-combustion CO2 capture at coal-fired power plants. International Journal of 

Greenhouse Gas Control 5, 1596–1605. doi:10.1016/j.ijggc.2011.09.006 

Vora, Shailesh, Lynn Brickett, Pradeep Indrikanti, Ron Munson, James Murphy, Trixie 

Rife, Justin Strock, Connie Zaremsky. 2013. DOE/NETL Advanced Carbon Dioxide 

Capture R&D Program: Technology update. Report. National Energy Technoloy 

Center, DOE/NETL and Leonardo Technologies, Inc. 

Wang X. and Li B., “Phase-Change Solvents for CO2 Capture,” in Novel Materials for 

Carbon Dioxide Mitigation Technology, Elsevier, 2015, pp. 3–22. 

Xu, Z., Wang, S., Chen, C., 2013. CO2 absorption by biphasic solvents: Mixtures of 1,4-

Butanediamine and 2-(Diethylamino)-ethanol. International Journal of Greenhouse 

Gas Control 16, 107–115. doi:10.1016/j.ijggc.2013.03.013 

Ye, Q., Wang, X., Lu, Y., 2015. Screening and evaluation of novel biphasic solvents for 

energy-efficient post-combustion CO2 capture. International Journal of Greenhouse 

Gas Control 39, 205–214. doi:10.1016/j.ijggc.2015.05.025 

Zhang, J., Agar, D.W., Zhang, X., Geuzebroek, F., 2011. CO2 absorption in biphasic 

solvents with enhanced low temperature solvent regeneration. Energy Procedia 4, 67–

74. doi:10.1016/j.egypro.2011.01.024 

Zhang, J., Nwani, O., Tan, Y., Agar, D.W., 2011. Carbon dioxide absorption into biphasic 

amine solvent with solvent loss reduction. Chemical Engineering Research and 

Design 89, 1190–1196. doi:10.1016/j.cherd.2011.02.005 

Zhang, J., Qiao, Y., Agar, D.W., 2012. Intensification of low temperature thermomorphic 

biphasic amine solvent regeneration for CO2 capture. Chemical Engineering Research 

and Design 90, 743–749. doi:10.1016/j.cherd.2012.03.016 

Zhang, J., Qiao, Y., Wang, W., Misch, R., Hussain, K., Agar, D.W., 2013. Development of 

an Energy-efficient CO2 Capture Process Using Thermomorphic Biphasic Solvents. 

Energy Procedia 37, 1254–1261. doi:10.1016/j.egypro.2013.05.224 

Zhang, J., Study on CO2 capture using thermomorphic biphasic solvents with energy 

efficient regeneration., Dortmund 2013 

Zheng, S., Tao, M., Liu, Q., Ning, L., He, Y., Shi, Y., 2014. Capturing CO 2 into the 

Precipitate of a Phase-Changing Solvent after Absorption. Environmental Science & 

Technology 48, 8905–8910. doi:10.1021/es501554h 

 

http://unfccc.int/kyoto_protocol/items/2830.php

