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Problem Description


CO2 capture, transport and storage in connection with power production is one of the most
 important technologies for limiting CO2 emissions to the atmosphere in the world today. CO2
 capture involves a need to use energy. There are several principles for CO2 capture, and the
 different methods result in a CO2 rich effluent stream with different contents of other gases.


Particularly so-called oxy-combustion plants will give a considerable dilution of CO2 with other
 gases.


Compression of CO2 has been suggested to a pressure of 100-150 bar. This relies on pressure
 loss during transport and depth of storage. Separation of CO2 from the other gases may be done in
 connection with the compression of CO2.
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Summary 


A conditioning process for CO2 captured from a power plant is considered for pre 


combustion, post combustion and oxy combustion using both coal and natural gas as fuel. 


Relevant compositions for the captured CO2 along with recommendations applying to 
 transport by pipeline or ship, has been found in the literature. Methods for removal of 
 unwanted substances by separation or other means have also been described. With a basis in 
 the gathered data, the CO2 conditioning process has been simulated using Pro/II. The 
 processes have been optimized to give the lowest required energy input obtainable. The 
 simulation data has been gathered to evaluate the implications of meeting a certain quality 
 recommendation.  


The results show that energy penalty, in terms of power plant efficiency, connected to 
 purifying CO2 from pre and post combustion capture is low. The need for purification 
 equipment is also low, reducing the need for increased investments. Oxy combustion 


processes also show low energy penalties due to CO2 conditioning. The relative increase from 
 obtaining a quality suited for basic underground storage and a quality suited for liquefaction is 
 smaller than for pre and post combustion. For liquefaction of oxy combustion derived CO2


from burning coal, the calculated power plant efficiency is only 0.1 percent lower than for 
 post combustion, which has the highest efficiency. The limitations for oxy combustion 
 processes have in this work been found to be the equipment needed for purification. Low 
 pressures to obtain the required qualities will also result in large dimensions for the 
 equipment. 


For drying of captured CO2, TEG performs less efficiently for oxy combustion than for the 
 other capture methods. Combined effects of solubility of water in TEG and CO2 enhance the 
 drying effect at high partial pressures of CO2.  


For pre combustion using coal as fuel, capturing H2S and CO2 combined is advantageous over 
separate capture given that selective catalytic oxidation of H2S is commercialized.  
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Nomenclature 


Abbreviations: 


ATR    Auto thermal reforming 
 CCS    Carbon capture and storage 


EIGA    European industrial gases association 
 EPRI    Electric power research institute 
 HRSG   Heat recovery steam generator 
 IEA    International energy agency 


IEA GHG  International energy agency greenhouse gas programme 
 IGCC    Integrated gasification combined cycle 


MMP   Minimum miscible pressure 
 MSA   Molecular sieve 


PMG   Platinum metal group 
 ppm   Parts per million 


SCR   Selective catalytic reduction 
 SMR   Steam methane reforming 
 SNCR   Non catalytic selective reduction 
 TEG   Triethylene glycol 


VLE   Vapour-liquid equilibrium 
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1. Introduction 


Ever since global climate change became an issue, a lot of work has been done on how to 
 carry out carbon capture and storage or CCS. The thought has been to target large point 
 sources of CO2 emissions, and by capturing the CO2, stabilize the concentration of CO2 in the 
 atmosphere. A majority of this work has been directed towards developing new concepts for 
 electric power plants utilizing fossil fuel, the challenge being minimizing the energy penalty 
 for capturing carbon. Most of these concepts are based on a combined cycle power plant 
 where the fossil fuel is combusted and expanded through a gas turbine, and the heat in the 
 turbine exhaust is used to produce steam for expansion in a steam turbine. The challenges 
 related to the capture of CO2 apply to the gas turbine since it is the combustion of fossil fuel 
 that produces CO2. Further, there have been three main areas of focus wherein the different 
 concepts are categorized. The different areas are called pre combustion, post combustion and 
 oxy combustion.  


In pre combustion technology the idea is to capture the carbon from the fuel prior to 
 combusting it. Ideally this will result in no CO2 in the turbine exhaust. The capture is 
 achieved by reforming the fossil fuel. The effluent gas from the reforming process will 
 contain mainly CO2, CO and H2. The CO2 is then removed by absorption, adsorption or the 
 use of selective membranes. A syngas consisting of H2 and CO can then be combusted and 
 expanded in a turbine. The main challenge compared to using conventional gas turbines, is 
 that the combustion temperature will be much higher when this syngas is combusted 
 compared to combusting natural gas or gasified coal.  


The area that is closest to realization technologically is post combustion. Power plants with 
 post combustion capture uses technology already available today regarding turbines. The 
 main difference from a conventional combined cycle is that the flue gas is lead through a 
 contact column prior to being released to the atmosphere. In this column, the CO2 is, for most 
 of the concepts, absorbed using amines. From the absorption column, the amine, now rich in 
 CO2, is sent to a second column where it is reclaimed by boiling the CO2 off.  


Technology characterized as oxy combustion (or oxy fuel) deals with the carbon problem by 
 modifying how the combustion is carried out. In conventional power plants the fuel is 
 combusted using air which is about 79 percent nitrogen. The flue gas will thus mainly be 
 made up of nitrogen and the concentration of CO2 will be relatively low (around three percent 
 for natural gas and 15 percent for coal). As a consequence, the partial pressure of CO2 is low 
 giving very large dimensions for an installation based on post combustion capture. The 
 answer to this problem from an oxy combustion point of view is to combust the fossil fuel 
 with oxygen only, giving mainly CO2 and steam in the flue gas. As for pre combustion this 
 calls for a development in turbine technology since the combustion temperature will rise when 
 nitrogen is not present to absorb heat from the combustion. The solution, which creates the 
 main challenge, is to reduce the temperature either by recycling CO2, or by adding steam.  


The widely adapted abbreviation for the technology to reduce CO2 emissions, CCS, leaves out 
one important step namely transport. The CO2 leaving the different capture processes will 
usually have a pressure close to atmospheric depending on the process. Geographically it will 
also in most cases be far from a suitable storage site. The CO2 therefore has to be compressed 
and transported through a pipeline or liquefied and transported by ship. Both pipeline and ship 
transportation has been practiced for CO2 for a number of years. Pipeline transportation has 



(14)been utilized mainly for reinjection of CO2 to extend the extraction from an oil or gas 
 reservoir, and ship transportation mainly in connection with the food industry.  


For storage of CO2 captured from energy production, two main alternatives have been pointed 
 out. The first is storage in aquifers, which are underground geological formations of water-
 bearing rock or sand. Some of the largest aquifers are found underneath the seabed. The 
 second is to utilize the CO2 to increase the pressure in reservoirs to prolong extraction of oil 
 and/or gas. When the reservoir is depleted, it is closed off to permanently store the CO2. The 
 latter concept is called enhanced oil recovery or EOR for short.  


Depending on the type of transportation and storage, different demands regarding the quality 
 of the CO2, which is to be transported and stored, arises.  From a transportation point of view, 
 there are three main concerns which are influenced by the quality of the transported fluid. The 
 first is corrosion of metal in pipelines, storage tanks or tanks aboard ships. CO2 alone is not 
 corrosive to metals, but if CO2 is dissolved in water, carbonic acid will form. The amount of 
 acid formed is dependent on the partial pressure of CO2 above the solution. If water 


precipitates in a stream of mainly CO2 at relatively high pressures and there is oxygen present, 
 the result may be considerable damage to pipelines or tanks. When fossil fuels are combusted, 
 other substances which are acidic in solution with water may also be formed. It is therefore 
 important to limit the possibilities that water will precipitate from the CO2 and also limit the 
 concentrations of potentially acidic substances.  


The second concern regarding the transport is energy efficiency. This ultimately comes down 
 to the energy penalty of compressing or liquefying a mixture that contains substances that are 
 not CO2 in addition to the CO2 itself. There will be a trade off because increasing the purity of 
 the CO2 requires a higher energy input, but on the other hand it lowers the energy required for 
 compression after the purification. If substances more volatile than CO2 are present in the 
 effluent from the capture process, the increased CO2 purity of the mixture will increase the 
 temperature and lower the pressure required for liquefaction. For ship transport this is 
 essential but it will also lower the energy required for pipeline transport since the last part of 
 compression can be done by pumps rather than by gas compressors. If the captured CO2-
 stream is transported in a liquid state, the density of the mixture will decrease considerably 
 with increasing concentrations of relevant volatiles. This is due to the fact that the density of 
 the liquid CO2 will be much larger than that of the volatiles at the same state [1]. Hence the 
 CO2 transport capacity will decrease.  


The third main concern is health and safety regarding humans affected by an emission 
 following a rupture of a pipe or a tank. CO2 has some toxic effects related to increased blood 
 acidity, but the main concern in case of a rupture is CO2 acting as an asphyxiant displacing 
 oxygen. As for the concern of corrosion, there may be other substances present in the mixture 
 that can cause problems. Typical products of combustion like nitrogen oxides (NOx) or carbon 
 monoxide (CO) are known to be toxic. The content of toxic substances must be kept at levels 
 that will not result in lethal concentrations in air in close proximity to an emission from a 
 rupture.  


When it comes to the permanent storage of the captured CO2 in depleted reservoirs or 


aquifers, there are still some uncertainties regarding if the CO2 will escape or not. Research is 
being done to make sure, as far as possible, CO2 actually can be stored safely. Assuming that 
the CO2 stays in place, it is important that none of the components in the captured CO2 engage 
in reactions that might compromise the aquifer or reservoir’s ability to hold the CO2.  



(15)If the captured CO2 is to be used in EOR, some other considerations must be made. The best 
 performance is achieved if the CO2 dissolves in the oil, reducing its viscosity and displacing 
 it. The lowest pressure at a given condition which this process occurs is called the minimum 
 miscible pressure or MMP. This pressure is increased by volatile components potentially in 
 the CO2-mixture. An increase in the MMP lowers the potential of enhanced recovery and 
 might exceed the maximum operational pressure for a given reservoir, making it unsuited for 
 EOR altogether [1]. Another concern regarding EOR is the oxygen content of the CO2 used. 


Oxygen might react exothermally with the oil increasing the temperature above the upper 
 limit for the injection point. If the oil is oxidized it will also become harder to extract and 
 refine [1].  


The goal of this work has been to find out what implications a given form of transport and 
storage will have on the process of conditioning the CO2.The considered processes include all 
three capture technology approaches and both natural gas and coal as energy source. To be 
able to develop models for simulation, it is necessary to establish possible compositions and 
conditions for the captured CO2 from power plants using the different technologies. It is also 
necessary to find recommendations for specification of quality demands for the processed 
CO2. A search through the literature has been done to acquire the necessary data.  
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2. Literature review  



2.1. Pre  combustion  capture 


There has been written many scientific papers on pre combustion technology, but not a lot of 
 them define the quality of the captured CO2. In the case of coal power plants using pre 
 combustion, the papers found all dealt with IGCC’s (Integrated Gasification Combined 
 Cycle). The compositions that are used in this work come from a report by the International 
 energy agency, IEA [2]. In this report IGCC power plants with technology from Shell and 
 Texaco are compared both economically and performance wise. In an IGCC, the sour gases 
 produced are both hydrogen sulphide (H2S) and carbon dioxide. Both Technology providers 
 have alternatives with combined capture of the sour gases as well as separate capture.  


The cases chosen are the two cases from Shell with the highest efficiency and the lowest 
 specific investment cost, one with combined capture of CO2 and H2S and one with separate 
 capture of the two. Capturing CO2 and H2S as separate streams requires more energy and 
 equipment, and the case with separate capture, from now on abbreviated C1b, has an 


efficiency 0.5 percentage points lower and a specific investment cost 7.7 percent higher than 
 the case with combined capture, from now on abbreviated C1a. Both cases capture 85 % of 
 the CO2 produced from the coal. Case C1a uses an amine absorption process called aMDEA 
 (activated methyldiethanolamine) and C1b uses the Selexol process which is based on the use 
 of a mixture of dimethyl ethers of polyethylene glycol. Conditions for the captured stream are 
 given to be 0.8 bar and 49°C for case C1a. For case C1b the captured CO2 is in three different 
 streams at different conditions which are not specified. Without further information the same 
 conditions as those for C1a is used. The compositions are shown in Table 2-1.  


Table 2-1: Composition pre combustion, coal 
 Component:  C1a:  C1b: 


CO2 92,17 %  97,69 % 


CO  0,03 %  0,19 % 


H2O  6,56 %  0,28 % 


H2 0,72 %  1,74 % 


N2 0,03 %  0,06 % 


Ar  0,00 %  0,03 % 


H2S  0,49 %  0,01 % 


The case selected for pre combustion technology with the use of natural gas, comes from a 
paper published by the Dynamis project related to Sintef energy research [3]. The paper 
considers three cases of methane reforming to produce the hydrogen to be combusted in the 
gas turbine. Of the three, one is utilizing steam methane reforming (SMR), one an oxygen 
blown auto thermal reformer (ATR) and one an air blown auto thermal reformer. The case 
selected is the one using an air blown ATR, from now on abbreviated NG1. As for case C1b, 
the aMDEA process (simulated in HYSYS) is used to capture 96 % of the CO2 produced from 
the natural gas. The conditions of the captured stream is 1 bar and 45°C. The composition is 
shown in Table 2-2. 



(17)Table 2-2: Composition pre combustion, natural gas 
 Component:  NG1: 


CO2 90,2 % 
 CO  8,8 ppm 
 H2O  9,6 % 


H2 0,11 


CH4 16 ppm 
 N2 532 ppm 


MDEA  9,6 ppm 


MEA  140 ppm 



2.2. Post  combustion capture 


In post combustion capture technology, the most common form of capturing CO2 is by using 
 an amine absorption process. The flue gas exiting the gas turbine is contacted with the amine 
 solution in one column, and the amine is regenerated boiling off the CO2 in another column. 


The selected composition for the case of CO2 captured from power plants using coal, from 
 now on abbreviated C2, is taken from a paper in a journal titled “Carbon dioxide capture for 
 storage in deep geological formations” [4]. The conditions for the CO2-rich stream are not 
 specified, but it is mentioned that the regenerating column is typically operating at 150-175 
 kPa. The pressure is therefore set to 1.5 bar. Based on another source [5] the temperature is 
 set to 37.8°C and the overall CO2 capture rate to 85 %. The composition is shown in Table 
 2-3. 


Table 2-3: Composition post combustion, coal 
 Component:  C2: 


CO2 93,2 % 
 H2O  6,5 % 
 N2 0,17 % 
 O2 0,01 % 
 Ar  Trace 
 SO2 Trace 
 SO3 Trace 
 NOx Trace 
 HC  Trace 
 Me  Trace1


1Depending on the fuel process 


Since the oxygen concentration of 0.01 % equal to 100 ppm (parts per million) is stated, the 
 concentrations simply given as “trace” is further assumed to be at least one order of 


magnitude smaller. The total sum of the concentrations equal 99.88 %. In the implementation 
 of the composition, the concentrations will be scaled up so that the total sum is 100 %. 


The case of post combustion capture from a natural gas combined cycle power plant, from 
 now on abbreviated NG2, is taken from an IEA Greenhouse gas R&D programme report [5]. 


In this case the amine process used is the vendor Fluor’s process Econamine FG+. Pressure 
 and temperature of the captured CO2-rich stream is 1.48 bar and 37.8°C respectively, and the 
 overall CO2 capture rate is 85 %. The composition is shown in Table 2-4. 


Table 2-4: Composition post combustion, natural gas 
 Component:  NG2: 


CO2 95,5 % 
H2O  4,48 % 
N2 167,84 ppm 
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2.3. Oxy  combustion 


In oxy combustion the CO2 is not really captured, but by recirculating CO2 in order to keep 
 the temperature in the gas turbine from getting to high, the concentration of CO2 in the flue 
 gas is increased a lot compared to a conventional combustion process. To be able to supply 
 the oxygen needed, a power plant using oxy combustion has to separate oxygen from air. The 
 solution realizable at the present time is an air separation unit (ASU). An ASU uses cryogenic 
 technology to separate oxygen from air hence it is an energy demanding unit. To limit the 
 energy consumption, oxygen is normally produced with a purity of 95 percent. This purity is 
 in a report from the IEA Greenhouse House gas R&D programme [6], found to be an 


optimum in connection to air in-leakage. Oxy combustion concepts using other less energy 
 intensive ways of supplying oxygen exists, but are farther from commercialization at this 
 point.  


Apparently, papers on power plants burning coal in oxy combustion mode supplied with flue 
 gas compositions, seems to outnumber any other configuration. The compositions however 
 vary according to how the oxygen is supplied, the purity of the oxygen and air in-leakage. The 
 composition chosen, taken from the aforementioned IEA GHG report [6], is based on a power 
 plant using an ASU to produce oxygen with a purity of 95 percent. The total air in-leakage is 
 0.03 kg air per kg flue gas. Exiting from the HRSG the temperature is 111°C and the pressure 
 is 1.02 bar. The flue gas is scrubbed to remove particulate and cooled before part of the CO2


is recycled and the rest enters the purification process. The resulting composition for this case, 
 from now on abbreviated C3, is shown in Table 2-5. 


Table 2-5: Composition oxy combustion, coal 
 Component:  C3: 


CO2 71,46 % 
 H2O  5,62 % 
 N2 14,34 % 
 O2 5,88 % 
 Ar  2,31 % 
 SO2 0,35 % 
 NO  0,04 % 
 NO2 0,001 % 


The final composition from an oxy combustion plant burning natural gas, is taken from a 
 report written at NTNU [7]. The flue gas composition for this case, from now on abbreviated 
 NG3, is the result of oxy combustion of natural gas containing 0.25 percent hydrogen 


sulphide (H2S). Temperature is given to be 130°C and the pressure is atmospheric (1.01 bar). 


The composition is shown in Table 2-6. Components in concentrations less than 1 ppm in the 
 original composition are left out of the flue gas entering the compression and purification 
 section.  


Table 2-6: Composition oxy combustion, natural gas 
 Composition:  NG3: 


CO2 75,07 % 
H2O  15,03 % 
N2 3,16 % 
O2 1,88 % 
Ar  4,83 % 
SO2 0,0163 % 
H2SO4 0,00101 % 
NO  0,0125 % 
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2.4. Quality  recommendations pipeline 


In the literature there are different recommendations for what quality needs to be achieved in 
 order to store the CO2. Some are based on experience from existing CO2 pipelines, and others 
 are developed specifically for capture from energy production with more focus on health and 
 safety regulations. In 2005 the ENCAP project (Enhanced capture of CO2), founded by the 
 EU, published their recommendations covering three different scenarios for transport and 
 storage [8]. The first scenario, called design case, covers the removal of major impurities for 
 transport in pipelines at 100-150 bar and temperatures down to 0°C, following storage in a 
 geological formation. The second scenario, EOR case, has stricter limits especially 


concerning water and sulphuric components. In addition, limits for the oxygen content have 
 been included to prevent exothermic reactions at the storage site. As for the design case, 
 transport is considered to be pipeline at 100-150 bar pressure and storage, like the name of the 
 case implies, combined with EOR. The last scenario called the severe limit case, has 


recommendations based on ship transport combined with EOR and handling at places with 
 strict HSE regulations (health, safety and environment). Compared to the EOR case, limits for 
 water has been reduced significantly as well as the limits for components regarded as toxic. 


Recommendations for all the cases are shown in Table 2-7. 


Table 2-7: ENCAP WP 1.1 Guidelines for concerned gases 


Component:  Design case:  EOR case:  Severe limit case: 


CO2 > 90 %  > 90 %  > 95 % 
 H2O  < 500 ppm  < 50 ppm  < 5 ppm 
 SO2 From MB1 < 50 ppm  < 5 ppm 
 NO  From MB  From MB  < 5 ppm 
 H2S  < 1,5 %  < 50 ppm  < 5 ppm 
 CO  Inerts lump  Inerts lump  < 5 ppm 
 Inerts lump  < 4 %  < 4 %  < 4 % 
 O2  Inerts lump  100 ppm  100 ppm 
 HCN  From MB  From MB  5 ppm 
 COS  From MB  < 50 ppm  5 ppm 
 Mercaptans  From MB  < 50 ppm  10 ppm 
 NH3 From MB  From MB  From MB 
 Hg  From MB  From MB  From MB 


1Mass balance 


The group of substances called mercaptans are all that have a functional chemical group made 
 up of a sulphur atom and a hydrogen atom. This is the sulphur analogue of an alcohol group 
 (OH) and such substances are also called thiols.  


The second quality recommendations that are considered in this work are those developed by 
 Sintef energy research’s project Dynamis [1]. Dynamis used ENCAP’s quality 


recommendations as a starting point, and then made their own assessment of the different 
components in question. Dynamis, however, only considered transport by pipeline. Their 
results suggest that the water limits can be raised for the case of EOR without risking 
formation of hydrates and precipitation of free water. On the other hand, limits for toxic 
components are lowered for the case corresponding to ENCAP’s base case as a result of 
health and safety considerations. Their new limits are though less strict than for ENCAP’s 
EOR case. Dynamis’ quality recommendations are shown in Table 2-8. 



(20)Table 2-8: Quality recommendations Dynamis 


Component:  Concentration:  Comment: 


H2O  500 ppm  Technical: below solubility limit for H2O in CO2. 
 No significant cross effects of H2O and H2S, 
 cross effect of H2O and CH4 is significant but 
 within limits for water solubility. 


H2S  200 ppm  Health and safety considerations. 


CO  2000 ppm  Health and safety considerations. 


O2 Aquifer: non condensable gases, 
 EOR 100-1000 ppm 


Technical: range for EOR because of lack of 
 practical experiments on effects of O2


underground. 


CH4 Aquifer: non condensable gases, 
 EOR < 2 % 


As proposed by ENCAP.  


Non condensable gases1 < 4 %   As proposed by ENCAP. 


SOx 100 ppm  Health and safety considerations. 


NOx 100 ppm  Health and safety considerations. 


CO2 > 95,5 %  Balanced with the other components. 


1Includes N2, O2, Ar, CH4 and H2. 



2.5. Quality  recommendations ship transport 


Apart from ENCAP’s guidelines for the severe limit case, no recommendations developed 
 especially for ship transport of CO2 captured from energy production, has been found in the 
 literature. Recommendations for food grade CO2 is specified by EIGA (European Industrial 
 Gases Association) as in Table 2-9. Yara Praxair transports CO2 of this quality by ship [9].  


Table 2-9: EIGA specification, food grade CO2


Component:  Specification: 


CO2 99,9 % 


H2O  50 ppm 


O2 30 ppm 


CO  10 ppm 


NH3 2,5 ppm 


NO/NO2 2,5 ppm each 


Non volatile residue  10 ppm (weight) 
 Non volatile organic residue  5 ppm (weight) 


PH3 0,3 ppm 


Total volatile hydrocarbons  50 ppm including 20 ppm non methane HC 
 Acetaldehyde (CH3CHO)  0,2 ppm 


Benzene  0,02 ppm 


Methanol  10 ppm 


HCN  0,5 ppm 


Total sulphur (as S) excluding SO2 0,1 ppm 
 If total sulphur exceeds 0,1 ppm: 


SO2 1 ppm 


H2S  0,1 ppm 


COS  0,1 ppm 


Most likely the main focus when developing these guidelines has been that the probability for 
 negative influence on humans is minimized. Some of the components specified might not 
 even be present in captured CO2 from power plants, and if they are, it is not easy to say 
 without testing how they would behave in an underground geological storage or used in EOR. 


Based on these recommendations it is however necessary to comment some of the specified 
limits in Encap’s severe limit case. 



(21)Since CO2 already is being liquefied and transported with the quality given in Table 2-9, the 
 question arises what Encap’s reason for the recommended water limit of 5 ppm is. Based on 
 the limits for the EOR case this seems to be done because of liquefaction alone. For CO, it is 
 hard to believe that a concentration as low as 5 ppm is necessary for liquefaction when 10 
 ppm is safe for human consumption, and CO is included in the inerts lump in Encap’s own 
 EOR recommendations.  


When it comes to technical considerations regarding liquefaction of CO2, according to Barrio 
 et al. [10] liquid CO2 should be stored and transported at around 6.5 bar and -52°C. One of the 
 main concerns regarding water in the CO2 is the formation of hydrates when the pressure rises 
 and the temperature drops. Hegerland, Jørgensen and Pande [11] have extrapolated data for 
 hydration formation in CO2 and concluded that the water content should be reduced to 10 
 ppm. Compared to the EIGA limits this seems high since CO2 is already being transported by 
 ship containing up to 50 ppm of water. As long as the CO2 purity is close to 99.9 %, a water 
 content of 50 ppm is further regarded as being low enough not to cause problems when the 
 CO2 is transported by ship. 


As long as substances present in the mixture which is to be liquefied does not cause problems 
 for the liquefaction process, the technical aspect along with EOR recommendations is used as 
 a limitation. No extra measures will be applied to meet Encap’s severe limit case. The 


technical requirement for liquefied CO2 will be that it is in fact totally liquefied at 6.5 bar and 
 -52°C. Since this is close to the triple point of pure CO2 (5.18 bar at −56.6 °C) the purity most 
 likely will be very high, probably higher than the Encap severe case lower limit of 95 percent.  



2.6. Methods  for  removal  of unwanted substances 


When both the compositions entering the CO2-compression stage and recommended 


guidelines for CO2 purity are known, it can be determined what means are necessary in terms 
 of purifying the CO2. Following is an overview of the abatement means considered for the 
 different components that need to be reduced to meet recommended concentrations.  


2.6.1. Water 


The majority of the water in the CO2-rich gas exiting the capture process is removed by 
 compression and flashing. Flashing involves extracting gas and liquid separately from a vessel 
 were the mixture is, more or less, in phase equilibrium at the given temperature and pressure. 


Increasing the pressure through compression will shift this equilibrium in such a way that 
 more liquid is precipitated from the gas mixture, the dew point decreases. The phase fraction 
 of liquid and the composition of this liquid is dependent on, other than temperature and 
 pressure, what substances are present in the gas.  


An accurate prediction of the vapour liquid equilibrium (VLE) of a multi component mixture 
 is very difficult since it will not only be dependent on the properties of the different 


components, but also on how the components interact. Simulation software uses numerical 
 methods based on an equation of state to calculate the VLE. These numerical equations are 
 modified versions of for instance the ideal gas law, which uses interaction parameters, usually 
 based on empirical data, to account for the presence of more than one substance.  


Even though the actual phase equilibrium is hard to predict, knowledge of the substances 
involved can give an idea of the resulting liquid phase. The most important properties are 
volatility and polarity. Of the major components  present in the compositions given in sections 



(22)2.1, 2.2 and 2.3 (concentration of one percent or more in any of the compositions), at ambient 
 temperature hydrogen is the most volatile, followed by nitrogen, argon, oxygen, carbon 
 dioxide and water. Of these substances only water and carbon dioxide are polar (have a slight 
 electrical charge).  


The volatility of the different components suggests that the liquid phase extracted by flashing 
 will be mainly water. However, the fact that both carbon dioxide and water are polar, suggests 
 that removing water from CO2-rich gas by means of flashing at ambient temperatures might 
 not be sufficient. As seen from Figure 1, measurements show that this is in fact the case for a 
 mixture of CO2 and water. The solubility of water in gaseous CO2 never drops below about 
 800 ppm. At around 55 bar, when the mixture approaches its dew point, the solubility rises 
 rapidly and continues to rise after the mixture is fully condensed. The presence of non-polar 
 substances more volatile than carbon dioxide will decrease the solubility, but it will also 
 increase the dew point. All in all this implicates that for a CO2-rich mixture, drying by 
 flashing is limited to pressures below around 50 bar, and additional drying will be necessary.  


Figure 1: Solubility of water in CO2 at 20°C [12] 


In the gas industry, drying beyond flashing is usually done either by adsorption or absorption. 


Drying by adsorption is achieved in two different ways. The first is by using a bed containing 
small pellets with a rough surface.  When the gas is lead through the bed, water adheres to the 
surface of these pellets. The second which is the one considered in this work is to use a so 
called molecular sieve (MSA). In a molecular sieve, a porous substance with a uniform size 
distribution of holes adsorbs molecules of a certain size. Substances with a pore size of 3 
Angstroms (3*10-10 m) will adsorb water and ammonia but not larger molecules [13]. There 
are no chemical reactions involved with the capture in adsorption processes, and adsorbents 
are usually regenerated only by using heat. According to NATCO [14], one of the large 
suppliers of equipment to the gas industry, a molecular sieve can reduce the concentration of 
water to below 1 ppm. A principal sketch for an adsorption process is shown in Figure 2.  



(23)Figure 2: Adsorption process [14] 


In an absorption process, the gas containing water will be led up through a column while a 
 dehydrating solvent flows downward. The solvent binds the water by physical absorption; 


water is more soluble in the solvent than in other components of the gas mixture. The dried 
 gas exits at the top of the column, while the solvent rich in water exits at the bottom. After 
 depressurization to around atmospheric pressure, the solvent is regenerated by heating it and 
 passing it through a regeneration column where the water is boiled off. The solvents used are 
 different types of glycols, and the most common for dehydrating water at the relevant 
 conditions is triethylene glycol or TEG. Depending on configuration a TEG unit can reduce 
 water concentrations to below 10 ppm [15]. A principal sketch for the process is shown in 
 Figure 3.  


Figure 3: Glycol absorption process [15] 



(24)2.6.2.  Hydrogen, carbon monoxide and hydrogen sulphide  


In the case of pre combustion capture the CO2-rich stream will contain hydrogen and carbon 
 monoxide from the reforming process. If coal is used as fuel there will also be hydrogen 
 sulphide present, and if natural gas is the fuel methane might be present. Reviewing Table 2-1 
 and Table 2-2 it is apparent that the necessity for removal of these substances is greater in the 
 case of coal as the fuel. The common property for these substances is that they are 


combustible. It is therefore possible to remove them by including a combustion reactor, either 
 thermal or catalytic. 


Catalytic oxidation: 


Since there are no oxygen present in the CO2-rich streams from pre combustion (see Table 2-1 
 and Table 2-2), both thermal and catalytic oxidation will require using pure oxygen, partly 
 purified oxygen from air or simply air. This may rule out the appliance of the CO2 in EOR 
 depending on how accurately the oxygen feed can be controlled. According to kohl and 
 Nielsen [13], temperatures are typically over 650°C for thermal oxidation while catalytic 
 oxidation can be carried out at around 320°C. The reaction of the combustibles will develop 
 heat, but to keep the temperature at a level which can sustain the reaction, thermal oxidation 
 will almost certainly need additional fuel since the concentration of the combustibles are 
 rather low. If this is the case for catalytic oxidation will not be determined before the 


simulations are carried out. Either way, catalytic combustion is the only method considered in 
 this work. 


Normally catalytic combustion is not applied to gases with such high levels of CO2 as for the 
 pre combustion cases. It is therefore necessary to ensure that this will not inhibit the reaction 
 of CO to CO2. Given the temperature and the equilibrium constant for reaction (2.1), it is 
 possible to calculate the equilibrium ratio between CO and CO2 in the reaction products of the 
 catalytic oxidizer. Based on an example and equilibrium constant data from a textbook on 
 engineering thermodynamics [16], the equilibrium ratio of CO to CO2 at 320°C is found to be 
 1.79 times 10-15. Said in another way, if the concentration of CO2 was 100 percent, the 
 concentration of CO would be 1.79 times 10-15 percent. This means that the catalytic 
 oxidation of CO will be limited by chemical kinetics, not by the concentration of CO2.  


2 2


1


CO+2O →CO  (2.1) 


Catalytic oxidation is achieved by using a reaction vessel containing a metal catalyst which 
 can have various shapes and configurations (see Kohl and Nielsen [13]). According to Kohl 
 and Nielsen [13] the field of catalysis is extremely complex hence no effort has been made to 
 go into the theory, but the effect is that the temperature needed to oxidize a combustible 
 substance is lowered significantly. The metals used are usually from the platinum metal group 
 which consists of platinum, palladium, rhodium, iridium, osmium and ruthenium [17]. For 
 hydrogen, carbon monoxide and methane the reaction products if the combustion is complete 
 will be CO2 and water, none of which is a problem in this case. When H2S is oxidized using 
 oxygen or air, reaction (2.2) will occur. 


2 2 2 2


H S+O →H O+SO  (2.2) 


Again, the formation of water does not cause a problem, but the sulphur dioxide might. 


Depending on the catalyst, SO2 may be oxidized to SO3. For some catalyst applications SO3



(25)can cause problems [18]. However, no information has been found in the literature that 
 suggests catalytic oxidation of H2S in a CO2 rich stream will degrade the catalyst.  


The pre combustion cases do not contain any SO2 initially. Reviewing Table 2-7 and Table 
 2-8 one can see that the recommended maximum concentrations for SO2 are equal to or lower 
 than those for H2S. That means that if H2S initially is present in concentrations higher than the 
 recommended limits, catalytic oxidation using a PMG catalyst takes care of one problem only 
 to cause another one. As can be seen from Table 2-1 and Table 2-2, this is the case when CO2


and H2S are captured together. For this case it is necessary to look at alternative ways to 
 remove the H2S.  


Another method used to remove H2S from natural gas, is by molecular sieve adsorption. As 
 mentioned in section 2.6.1, molecular sieve adsorption using a pore diameter of 3 Angstroms 
 will remove water and ammonia. If the pore diameter is increased to 4 Angstroms the 


molecular sieve will also adsorb H2S, CO2, SO2 as well as some light hydrocarbons [13]. The 
 obvious problem is that CO2 also will be adsorbed. This is not necessarily because CO2 will 
 be lost (according to Kohl and Nielsen [13] H2S is adsorbed more strongly than CO2), but 
 since the mixture is mainly CO2, the operation time and capacity of the molecular sieve will 
 most likely be reduced in such a manner that its use is not favourable.   


Selective catalytic oxidation (H2S): 


A third way is to utilize metal oxide catalysts to selectively remove the H2S. The general 
 reaction is shown in equation (2.3). 


2 2


MeO+H S→MeS+H O (2.3) 


There are different metal oxides that may be used. Li, Yen and Shyu [19] have conducted 
 experiments with mixtures of metal oxides of iron and antimony and of iron and tin. 


Depending on the ratio between the oxides in the catalyst and on the reactor temperature, they 
 obtained 100 percent conversion with 100 percent selectivity for a gas mixture containing one 
 percent H2S, five percent O2 and 94 percent N2. The selectivity was calculated by subtracting 
 the moles of SO2 produced from the moles of H2S reacted, divided by the moles of H2S 
 reacted. If this technology is commercialized it might solve the problem with the H2S.  


2.6.3. Sulphur dioxide 


The cases of oxy combustion are the only ones in need of reduction of the SO2 content (as 
 long as H2S concentrations above 200 ppm are reduced by selective oxidation). Since the 
 limiting of sulphur emissions from power production became an issue, many methods of 
 removing SO2 from flue gas have been proposed and developed. To limit the scope of this 
 work only two dedicated SO2 removal processes are considered, mainly based on reported 
 removal efficiencies. The first is the wet lime/limestone scrubbing process, and the other is an 
 ammonium sulphate process. There are other processes that might prove themselves more 
 feasible for oxy combustion power plants in the future. For an evaluation of flue gas 


desulfurization methods for oxy combustion plants, see the Encap report on the subject [20], 
 and for an extensive overview of proposed processes both experimental and commercial see 
 Kohl and Nielsen [13]. 


Wet lime/limestone scrubbing: 


Here follows an overview of the process based on the description in Kohl and Nielsen [13]. In 
the wet lime/limestone process, the flue gas exiting the power plant is lead through a scrubber 



(26)where it is contacted with an aqueous slurry of lime (Ca(OH)2) or limestone (CaCO3). The 
 process has three different modes of operation, forced oxidation, natural oxidation and 
 inhibited oxidation. A schematic for the forced oxidation scrubber is shown in Figure 4. The 
 difference between them is the end product. If the lime or limestone oxidizes naturally by 
 consuming some of the oxygen in the flue gas, a mixture of calcium sulphate (CaSO4) and 
 calcium sulphite (CaSO3) is formed. This is what is called natural oxidation. Due to potential 
 operational problems this oxidation is either enhanced (forced oxidation) or inhibited 


(inhibited oxidation). If the oxidation is enhanced by bubbling air into the slurry, the ratio of 
 calcium sulphate to calcium sulphite will increase. Hydrated calcium sulphate is the same as 
 gypsum which is a saleable by product. The forced oxidation may be carried out in a separate 
 vessel which is desirable for the oxy combustion process to prevent increased concentrations 
 of nitrogen, oxygen and argon from the air used.  


Figure 4: Lime/limestone scrubber, forced oxidation [13] 


If the forced oxidation is carried out in a separate vessel, reactions (2.4) through (2.14) 
 describes the basic chemistry of the process. 


SO2 dissolution: 


2( ) 2( )


SO g =SO aq  (2.4) 


2( ) 2 3


SO aq +H O→H++HSO− (2.5) 


2


3 3


HSO− →H++SO− (2.6) 


Lime dissolution: 


( ) ( )2 ( )


Ca OH s →Ca OH ++OH− (2.7) 


( ) 2


Ca OH + →Ca ++OH− (2.8) 


Limestone dissolution: 


3
 2


3( )


CaCO aq +H+ →Ca + +HCO− (2.9) 


Reaction with dissolved SO2: 


2


3 3( )


Ca ++HSO− →CaSO aq +H+ (2.10) 


2 2


3 3( )


Ca + +SO − →CaSO aq  (2.11) 



(27)Liberation of CO2 (limestone): 


2


3 3


CO −+H+ →HCO− (2.12) 


3 2 3( )


HCO−+H+ →H CO aq  (2.13) 


2 3( ) 2( ) 2


H CO aq →CO g +H O (2.14) 


According to kohl and Nielsen [13] limestone is the process most widely used due to 


economics (1997). However, since CO2 is liberated in the process it is important to look at the 
 consequences of scrubbing a CO2-rich gas. Regarding the dissolution of SO2 it does not 
 appear to be affected directly by the dissolution of CO2, since SO2 and CO2 form different 
 solutes. Indirectly, an increased partial pressure of CO2 will drive reaction (2.14) to the left 
 affecting the pH of the solution. This in turn will affect the dissolution of SO2 and reaction 
 with dissolved limestone. Adjusting the pH with additives may counteract this effect. The 
 issue will not be pursued further in this work. However, experiments should be conducted on 
 the dissolution of SO2 from CO2-rich streams, to try to confirm or rule out the application of 
 limestone for oxy combustion processes.  


Ammonium sulphate process: 


As for the lime/limestone process this overview is based on description of the process in Kohl 
 and Nielsen [13]. The ammonium sulphate process uses ammonia to scrub the inlet gas and 
 produces ammonium sulphate ((NH4)2SO3) which is a fertilizer. The process uses 


commercially available wet lime/limestone equipment, and has the potential of lower 


scrubbing cost depending on the market for ammonium sulphate and the cost of ammonia. In 
 a report by the Encap project from 2004, it is claimed that there is an excess of ammonium 
 sulphate in industrialized countries from other sources. Anyways, the process have been 
 operated on pilot plants demonstrating high removal efficiencies for high flue gas SO2


concentrations (>99 % with SO2 inlet concentrations up to 6100 ppm) [13].  


Seemingly there are two main concerns regarding application to an oxy combustion CO2


capture process. The first is that the process according to Kohl and Nielsen [13] is run with in 
 situ forced oxidation. That means that the oxidation using air takes place in the same vessel as 
 the scrubbing of the flue gas. This might increase the content of nitrogen, oxygen and argon in 
 the CO2-rich gas, increasing the energy required and/or the size of equipment for purification. 


On the upside the strong affinity of ammonia for SO2 can result in more compact equipment 
 with low liquid to gas ratios. The lower liquid to gas ratio might also decrease the needed 
 amount of air for oxidation.  


A second concern is that the high volatility of ammonia can lead to ammonia concentrations 
 in the scrubbed gas. This concentration, labelled “ammonia slip” was reported to be less than 
 3 ppm at the pilot plant described in Kohl and Nielsen [13]. Reviewing section 2.6.1 on water 
 removal one realize that molecular sieves probably could take care of the problem. A pore 
 diameter of 3 Angstroms adsorbs both water and ammonia. Since at least 800 ppm of water 
 would have to be adsorbed, the added need for adsorbing 3 ppm of ammonia most likely 
 would not increase the operation cost connected to regeneration of the molecular sieve. 


2.6.4.  Nitrogen oxides, NOx


High temperature combustion with nitrogen present will result in the formation of nitrogen 
oxides, mainly nitrogen monoxide. Developments in gas turbine technology have reduced 
NOx emissions but post combustion removal of NOx is still considered in this work to meet 



(28)CO2 purity recommendations. In operation today the methods most widely used are selective 
 catalytic reduction (SCR) and selective non-catalytic reduction (SNCR). SCR uses ammonia 
 and SNCR either ammonia or urea ((NH2)2CO) reacting with nitrogen oxides downstream the 
 gas turbine to form nitrogen and oxygen. Reaction with urea will also produce CO2. This is 
 not necessarily a problem (ref. oxidation of CO in section 2.6.2) nevertheless, only the use of 
 SCR is considered in this work. In combination with the ammonium sulphate process for SO2


removal, the joint use of ammonia might prove beneficial.  


The reactions taking place are the same for SCR and SNCR, the difference is at what 


temperature the reactions are carried out. Typical temperatures are 900-1100°C for SNCR and 
 300-400°C for SCR [13]. The chemistry of the process is described by reaction (2.15) to 
 (2.18) [13]. 


3 2 2 2


4NO+4NH +O →4N +6H O (2.15) 


2 3 2 2 2


2NO +4NH +O →3N +6H O (2.16) 


3 2 2


6NO+4NH →5N +6H O (2.17) 


2 3 2 2


6NO +8NH →7N +12H O (2.18) 


As for the ammonium sulphate process ammonia slip might occur. According to Kohl and 
 Nielsen [13], concentrations higher than 10-15 ppm can lead to the formation of ammonium 
 bisulfate ((NH3)HSO4) in the low temperature regions of the heat recovery steam generator 
 (HRSG). This salt deposits on the walls and heat transfer surfaces of the HRSG which reduces 
 the heat transfer and increases pressure drop. Proper design of the SCR unit can prevent this 
 from occurring. Figure 5 illustrates the relationship between the feed ammonia to NOx molar 
 ratio, removal efficiency and unreacted ammonia based on a NOx inlet concentration of 350 
 ppm and a reactor temperature of 350°C.  


Looking at Table 2-5 and Table 2-8, one can see that a removal efficiency of about 75 percent 
 is sufficient for CO2 derived from oxy combustion of coal to meet Dynamis’ purity 


recommendations. The concentration of NOx is initially 410 ppm. Assuming Figure 5 applies, 
 a molar feed ratio of ammonia to NOx equal to one should give an ammonia slip somewhere 
 in the range of 2-5 ppm. The NO concentration is significantly larger than the NO2


concentration and NO is a volatile gas that will be partly removed along with other volatile 
gases later in the process. This might reduce the required SCR removal efficiency even more, 
suggesting that the problem of salt deposition in the HRSG can be limited and maybe avoided 
completely. Ammonia exiting the HRSG can be removed by the use of a molecular sieve and 
possibly also utilization of the ammonium sulphate process.  



(29)Figure 5: Realtionship between removal efficiency, molar feed rate and unreacted ammonia for SCR [13] 


2.6.5.  Combined removal of SO2 and NOx


Since the content of both SO2 and NOx must be reduced from oxy combustion derived CO2, 
 combined capture is desirable. Several processes have been proposed and the Electric Power 
 Research Institute (EPRI) in the USA has previously performed a technical evaluation of 
 some of the suggested processes. Most of them are in need of either auxiliary power or 
 supplementary firing [21]. A process not included in the mentioned evaluation done by EPRI 
 but suggested by White et al. [22] however, does not. The process they are suggesting used, is 
 based on a process for the production of sulphuric acid called the lead chamber process. They 
 claim this process also will remove any mercury present. This is the only combined SO2/NOx-
 process considered in this work.  


The lead chamber process uses NOx as a catalyst for oxidation of SO2 to SO3 which in turn 
 reacts with water to form sulphuric acid (H2SO4). Simplified, the process can be described by 
 reaction (2.19) to (2.21) [23]. 


2 2


1


NO+2O →NO  (2.19) 


2 2 3


SO +NO →SO +NO (2.20) 


3 2 2 4


SO +H O→H SO  (2.21) 


In the original process the NO is recycled and used again. In the process suggested by White 
 et al. [22], NOx is further reacted to nitric acid (HNO3). This step can be described by reaction 
 (2.19) and (2.22). 


2 2 3


3NO +H O→2HNO +NO (2.22) 



(30)In addition to these reactions a gaseous reaction will also occur producing nitric acid (not 
 mentioned in White et al. [22]). This reaction is given in (2.23). 


2 2 2 3


4NO +O +2H O→4HNO  (2.23) 


White et al. [22] suggests carrying out the process in two steps with compression between the 
 first and second step. This is based on the fact that the rate of reaction for reaction (2.19) 
 increases with increasing pressure (at a constant temperature), and that little or no nitric acid 
 will be formed before practically all the SO2 is reacted. The latter is based on that reaction 
 (2.20) is much faster than reaction (2.22). In the chambers where the reactions are carried out, 
 purified gas will exit at the top while acid is drained from the bottom. There has not been 
 found any information that can help predict the chances of sulphuric and nitric acid dissolved 
 in the gas exiting the chambers. This is not considered in the paper by White et al. and no 
 means of removing the acids beyond draining from the chambers are mentioned. 


Investigations to evaluate the simulation tool Pro/II’s ability to accurately predict acid 
 dissolved in vapour has not lead to any conclusions. White et al. [22] have conducted 
 experiments on a test rig, but the results published does not say anything regarding this 
 matter. The subject has to stay unresolved until they publish more results. 


In this work the whole process will be carried out at the same pressure, and both sulphuric and 
 nitric acid removed prior to introducing the gas stream to any other equipment. Nitric acid is 
 highly corrosive and it is assumed that a compressor most likely would be damaged from 
 prolonged exposure to it. Confining the process to a single pressure level is justified if there is 
 even the slightest chance that this might happen. Since the reactions governing the sulphuric 
 acid production all have reactants equal to or higher in number than its products, their reaction 
 rates will stay the same or increase with increasing pressure. The chambers will therefore be 
 placed at the highest pressure prior to drying in the deigned process.  


2.6.6. Nitrogen, oxygen, argon and other volatile gases 


All the considered compositions for captured CO2 contain substances more volatile than CO2


to some extent, from now on called only volatiles. The compositions for oxy combustion 
 derived CO2 are the only ones in need of volatiles removal to meet the common requirement 
 of less then four percent total “non condensable” gases. The other compositions might need 
 removal of volatiles to achieve liquefaction at the given specification for temperature and 
 pressure of liquefied CO2 (see section 2.5). In general there are two different ways of 
 removing non combustible volatiles. The first is by cooling and flashing in two stages. 


Cooling is achieved by expanding purified CO2 and removed volatiles through valves, 
 decreasing the temperature. The second is by using a distillation column where the cooling is 
 achieved by using an external cooling circuit.  


Two stage flashing: 


A principal sketch for the configuration of a two stage flashing process is shown in Figure 6. 


The dried CO2 stream in need of volatiles removal enters as a gas at the left of the figure. 


Then it is cooled and partly condensed through the first heat exchanger before gas and liquid 
is separated at phase equilibrium (not necessarily achieved fully in practise). The extracted 
liquid phase, leaner in volatiles, is expanded through a valve, decreasing in temperature. After 
expansion it is lead back through the first heat exchanger cooling the incoming gaseous CO2-



(31)rich stream. Depending on how much heat is transferred the liquid is partly or fully 
 evaporated.  


Gas exiting at the top of the first flash is cooled through the second heat exchanger, partly 
 condensing. Once again the partly condensed mixture is flashed, resulting in a gas phase 
 comprising of volatiles with some CO2 exiting at the top, and a liquid phase, more pure in 
 CO2 exiting at the bottom. The gaseous phase is expanded and used to cool the incoming gas 
 in both heat exchangers. The liquid phase is first used to cool the incoming stream in the 
 second heat exchanger once. Then it is expanded through a valve and lead through the second 
 heat exchanger a second time providing additional cooling before it finally is used to cool the 
 incoming gas in the first heat exchanger.  


.


Figure 6: Volatiles removal by two stage flashing 


At a given inlet pressure the purification performance of this configuration is dependent 
 mainly on the magnitude of the pressure drops through the valves, and the size of the heat 
 transfer surfaces in the heat exchangers. When the gas first starts condensing, the liquid phase 
 will be very pure CO2, given components less volatile than CO2 is removed to a certain 
 degree. A further decrease in temperature will decrease the CO2-concentration, but also the 
 amount of CO2 exiting with the volatile components. This means that purity decreases when 
 the capture rate increases. Increasing the size of the heat transfer surfaces will allow for a 
 smaller pinch temperature difference. The pinch temperature difference is the smallest 
 temperature difference at which heat transfer can occur between the cold and the hot stream. 


A low pinch temperature increases the required temperature for the cold stream hence 
 decreasing the needed pressure drop across the valves. This will in turn lower the amount of 
 energy needed for the final compression to the required pipeline pressure.  


Distillation: 


A principal sketch of a distillation column is shown in Figure 7. The basic principle for the 
 distillation column is that vapour will rise upwards while liquid will drain downwards. Of the 
 liquid exiting at the bottom some is vaporized and led back into the column and some exits as 
 the bottom product. The opposite happens at the top. Some of the vapour exiting at the top is 
 condensed and returned to the column while the rest exits as gaseous top product. In the case 
 of volatiles removal from CO2 the product CO2 will exit as the bottom product and volatiles 
 as the top product.  


The column consists of several trays apart from the reboiler and the condenser. Each tray is in 
reality a flash, gas and liquid are in phase equilibrium. Since the temperature obviously is 
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