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(3)Publication date for this catalogue is November 2021 and merges existing chapters around Carbon Capture, Transport 
 and Storage of some of the other published Technology Catalogues. The catalogue will be updated continuously as 
 technologies evolve if the data changes significantly, errors are found or the need for descriptions of new technologies 
 arise. 


The newest version of the catalogue will always be available from the Danish Energy Agency’s web site.  


Amendments after publication date 


All updates made after the publication date will be listed in the amendment sheet below. 


Version  Date  Ref.  Description  


0001  November 2021    First published 



Preface 


The Danish Energy Agency and Energinet, the Danish transmission system operator, publish catalogues containing data 
 on technologies for Energy Plants. All updates will be listed in the amendment sheet and in connection with the relevant 
 chapters, and it will always be possible to find the most recently updated version on the Danish Energy Agency’s website. 


The primary objective of publishing technology catalogues is to establish a uniform, commonly accepted and up-to-date 
 basis for energy planning activities, such as future outlooks, evaluations of security of supply and environmental im-
 pacts, climate change evaluations, as well as technical and economic analyses, e.g. on the framework conditions for the 
 development and deployment of certain classes of technologies.  


With this scope in mind, it is not the target of the technology data catalogues to provide an exhaustive collection of 
 specifications on all available incarnations of energy technologies. Only selected, representative technologies are in-
 cluded to enable generic comparisons of technologies with similar functions in the energy system, e.g. thermal gasifica-
 tion versus combustion of biomass or electricity storage in batteries versus flywheels.  


Finally, the catalogue is meant for international as well as Danish audiences in an attempt to support and contribute to 
 similar initiatives aimed at forming a public and concerted knowledge base for international analyses and negotiations.  


Data sources and results 


A guiding principle for developing the catalogue has been to rely primarily on well-documented and public information, 
 secondarily on invited expert advice. Where unambiguous data could not be obtained, educated guesses or projections 
 from experts are used. This is done to ensure consistency in estimates that would otherwise vary between users of the 
 catalogue.  


Cross-cutting comparisons between technologies will reveal inconsistencies which may have several causes:  


• Technologies may be established under different conditions. As an example, the costs of offshore wind farms might 
 be established on the basis of data from ten projects. One of these might be an R&D project with floating turbines, 
 some might be demonstration projects, and the cheapest may not include grid connections, etc. Such a situation 
 will result in inconsistent cost estimates in cases where these differences might not be clear. 


• Investors may have different views on economic attractiveness and different preferences. Some decisions may not 
 be based on mere cost-benefit analyses, as some might tender for a good architect to design their building, while 
 others will buy the cheapest building.  


•  Environmental regulations vary from between countries, and the environment-related parts of the investment 
 costs, are often not reported separately.  


• Expectations for the future economic trends, penetration of certain technologies, prices on energy and raw mate-
rials vary, which may cause differences in estimates.  



(4)•  Reference documents are from different years. The ambition of the present publication has been to reduce the 
 level of inconsistency to a minimum without compromising the fact that the real world is ambiguous. So, when 
 different publications have presented different data, the publication which appears most in compliance with other 
 publications has been selected as reference.  


In order to handle the above mentioned uncertainties, each catalogue contains an introductory chapter, stating the 
guidelines for how data have been collected, estimated and presented. These guidelines are not perfect, but they rep-
resent the best balance between various considerations of data quality, availability and usability. 



(5)rede version på Energistyrelsens hjemmeside.    


Hovedformålet med teknologikataloget er at sikre et ensartet, alment accepteret og aktuelt grundlag for planlægnings-
 arbejde og vurderinger af forsyningssikkerhed, beredskab, miljø og markedsudvikling hos bl.a. de systemansvarlige sel-
 skaber, universiteterne, rådgivere og Energistyrelsen. Dette omfatter for eksempel fremskrivninger, scenarieanalyser 
 og teknisk-økonomiske analyser.  


Desuden er teknologikataloget et nyttigt redskab til at vurdere udviklingsmulighederne for energisektorens mange tek-
 nologier til brug for tilrettelæggelsen af støtteprogrammer for energiforskning og -udvikling. Tilsvarende afspejler kata-
 loget resultaterne af den energirelaterede forskning og udvikling. Også behovet for planlægning og vurdering af klima-
 projekter har aktualiseret nødvendigheden af et opdateret databeredskab.  


Endeligt kan teknologikataloget anvendes i såvel nordisk som internationalt perspektiv. Det kan derudover bruges som 
et led i en systematisk international vidensopbygning og -udveksling, ligesom kataloget kan benyttes som dansk udspil 
til teknologiske forudsætninger for internationale analyser og forhandlinger. Af disse grunde er kataloget udarbejdet på 
engelsk. 
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(7)This section aims at describing how the technology catalogue for carbon capture, transport and storage is elabo-
 rated. 


The document is based on the guidelines for energy technology data for industrial process heat, version April 2020 
 (Energinet and the Danish Energy Agency), which in itself is based on the guideline for energy technology data for 
 generation of electricity and district heating, version August 2016 (Energinet and the Danish Energy Agency). 


As such, the preparation of a technology catalogue for carbon capture, transport and storage is to a wide extent 
 similar to other technology catalogues prepared by the Danish Energy Agency – however certain principles and 
 aspects of technology usage has to be described in more and slightly different details. 


Therefore, the guideline for carbon capture, transport and storage comprises most of the sections that are in the 
 guideline for the catalogue for generation of electricity and district heating, but some of the descriptions differ 
 slightly to make them applicable for describing technology for carbon capture, transport and storage. 


The main purpose of the catalogue is to provide generalized data for analysis of energy systems related to carbon 
 capture, transport and storage including economic scenario models and inputs for high-level energy planning. 


This catalogue covers data regarding energy technologies designed for carbon capture, transport and storage, 
 mainly for technologies that are relevant for the Danish industry.  


The technology catalogue for carbon capture, transport and storage is intended as a separate catalogue in the 
 series of the catalogues Technology Data for Energy Plants which are developed and maintained in cooperation 
 between the Danish Energy Agency and Energinet, thus in general it follows the same structure and data format 
 as the catalogue for generation of electricity and district heating. 


This catalogue covers data regarding plants/technologies designed for carbon capture related to heat and power 
 plants, as well as transport and storage of carbon. In terms of carbon capture, the focus in this first edition is on 
 post-combustion, pre-combustion and oxy-fuel combustion. Other carbon capture technologies and processes are 
 relevant for capturing CO2 and/or reducing the CO2 content in the atmosphere and could be included in this cata-
 logue. In terms of carbon transport, the focus is on CO2 transport via pipeline, ship and road. Finally, in terms of 
 carbon storage, the focus is on onshore and nearshore CO2 storage in saline aquifers and offshore CO2 storage in 
 depleted oil and gas fields.  


The technology chapters for carbon capture were previously a part of the Technology data for industrial process 
 heat technologies, accompanied by a supplemental guideline that only featured the sections and assumptions that 
 differed from the Technology Catalogue for industrial process heat technologies. The guideline can now be found 
 in its entirety below with a description of all relevant sections. The technology chapters for CO2 transport were 
 previously a part of the Technology data for energy transport with a separate introductory chapter to that part of 
 the catalogue. This introductory chapter is found directly above the chapters regarding CO2 transport. The tech-
 nology chapter on CO2 storage was not published within the Technology data domain before and was finalized 
 during the restructuring of the present carbon capture technology chapters.  


First services and boundaries are defined, then guidelines for the sections corresponding to the sections in the 
 main guidelines of the Technology Data Catalogues are given. These sections are both general assumptions and 
 qualitative parts and quantitative parts of the catalogue. Templates for the data sheets are included in annexes. 


  


Definition of the service  


Carbon capture technologies (CC) are technologies that e.g. capture CO2 from processes related to combustion or 
upgrading of fossil fuels and bio-fuels or from chemical processes in the industry (e.g. cement production) or that 
absorbs CO2 directly from the air. Even as of today, CC is commercial and used around the world, although it has 
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yet to become economically feasible in the power and heat sector and in the industry. The most common utilisa-
 tion of the CC technologies today consists of a capture part, where CO2, methane and hydrogen are separated 
 from pure natural gas.[1] In Denmark today, the most common use of CC is for upgrading of biogas. Upgrading of 
 biogas is described in chapter 82 of the Technology Data for renewable fuels. 


This catalogue includes descriptions of technologies that provides the CC service, transport and storage of carbon.  


The CC technologies can however be carried out using multiple types of systems. See examples of types and further 
 descriptions in Table 1. 


CC technology  Plant description  Advantages  Limitations 


Post-Combustion 


(Tsiropoulos I, 2017)  CO2  is removed from the flue gas 
 through absorption by selective sol-
 vents, the most promising as of to-
 day is mono ethanolamine (Used at 
 the Boundary dam project) 


Can be applied on existing 
 technologies with a flue 
 gas  


Energy intensive and 
 costly post separation 
 methodology, requires 
 direct connection to sta-
 tionary plant 


Pre-Combustion 


(Tsiropoulos I, 2017)  The fuel is pre-treated and con-
 verted into a mix of CO2 and hydro-
 gen, from which CO2  is separated. 


The hydrogen is then burned to pro-
 duce power.  


As the technology is not 
 necessarily linked to a 
 power plant, the hydro-
 gen produced can be uti-
 lised in multiple sectors 
 e.g. transport  


High investment costs, 
 energy intensive in both 
 electricity usage and fuel 
 conversion loss. 


Oxy-fuel combustion 


(Tsiropoulos I, 2017)  The fuel is burned with oxygen in-
 stead of air, producing a flue stream 
 of CO2 and water vapour without ni-
 trogen. From this stream water is 
 condensed and a stream of CO2 is ob-
 tained. The oxygen required for the 
 combustion is extracted in situ from 
 air.  


The flue gas would pri-
 marily consist of CO2 and 
 H2O, which are easier and 
 cheaper to separate. 


Energy intensive and 
 costly oxygen produc-
 tion, requires direct con-
 nection to stationary 
 plant 


Chemical Looping Com-
 bustion  (Schnellmann, 
 2018) 


A new combustion technology with 
 inherent separation of CO2, by trans-
 ferring oxygen from the combustion 
 air to the fuel using metal oxides. 


The flue gas from the combustion 
 chamber only consists of CO2  and 
 H2O. 


Potentially low costs and 
 high efficiencies in both 
 electricity and carbon 
 capture, as the separa-
 tion process happen in-
 ternal during combustion 


Low on the development 
 stage and has, for now, 
 only been proven with 
 gas as an input fuel. Re-
 quires direct connection 
 to stationary plant 


Direct Air Capture (Keith, 
 Holmes, Angelo, & 


Heidel, 2018) 


CO2 is captured directly from the air 
 through absorption by selective sol-
 vents and large air conductors. Pure 
 CO2 is afterwards released for future 
 processing The most used solvent to-
 day is CaCO3.  


Does not require a CO2


heavy flue gas and can 
 therefore be located 
 close to storage or electro 
 fuel production. 


Very energy intensive 


Table 1: Description of carbon capture technologies strength and weakness [1] 


Except from the chemical looping combustion technology, all CC technologies do to a great extend rely on existing 
technologies put together in an innovative way. In Figure 1, the processes are illustrated.  



(9)  
 Figure 1: Diagrams of the  differnet type of carbon capture systems [1] 


The first three system types resemble the more traditional power plant solutions and has been proven at a larger 
scale, while Chemical looping combustion is only at demonstration scale and could be seen as a special case of 
oxy-fuel combustion. Direct Air Capture (DAC), however distinguish itself significantly from the other four tech-
nologies, as its sole purpose is to capture CO2 and not limit the emissions from power and heat production.[1] 
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This guideline will focus on how to describe the carbon capture part of the first three technologies in a way that is 
 useful when the purpose is to deliver technology data for technical energy system modelling.  


A challenge is where to put the boundaries for the CC systems, it is desirable that it is done in the same way for all 
 the three carbon capture systems categories. Therefore, the CC technology is described as a module. The module 
 features the CC technology and specifies input and output. Thus, the power plant technologies or other technol-
 ogies related to the CC technology is not described in this context. 


Using this approach, the modeler has to provide technology data for technologies not included in the descriptions 
 e.g. power plants using hydrogen as fuel, power plants using pure oxygen instead of air, thermal gasification plants, 
 plants producing oxygen or prices for inputs (e.g. for O2 or syngas). 


In Figure 2, Figure 3 and Figure 4, the suggested boundaries for the carbon capture processes are illustrated by 
 the red dotted lines. 


For post combustion carbon capture technologies (shown in Figure 2), a carbon capture1 technology is described. 


The inputs are flue gas, energy and other auxiliary inputs. The reduced energy efficiency of the power plant with 
 post combustion CC is accounted for by an energy input to the CC. The output is CO2, flue gas with lower CO2


content and heat.  


Figure 2: Post combustion 


For pre-combustion carbon capture technology (shown in Figure 3), the shift reactor is described as the CC-tech-
 nology. The inputs are syngas (from gasification of biomass), energy and other auxiliary inputs. The outputs, are 
 CO2, H2 and heat.  


There will be no descriptions of the gasification plants nor of the power plant burning H2. 
   


Figure 3: Pre-combustion 


       


1 There are different CC post combustion processes separating parts of the CO2 from the fluegas e.g. absorption, adsorption, membrane and metal 
oxides [2].     



(11)addon module that includes all the required modifications. Inputs are flue gas from oxy-fuel combustion (consist-
 ing of CO2 and H2O), energy and other auxiliary inputs. The outputs are CO2, H2O and heat.  


Oxy-fuel combustion processes can only produce modest purity CO₂ (~70-90%), hence a CO₂ post processing unit 
 is required to upgrade the CO₂ to meet transportation or utilisation conditions as shown in Figure 4. Because of 
 the relatively low quality of the raw CO₂, the CO₂ processing unit will be more comprehensive compared to other 
 CC technologies. 


Figure 4: Oxy-fuel combustion 


For direct air capture (DAC, shown in Figure 5) the CO₂ is captured directly from the air, hence the DAC module 
 will have no interfaces to existing plants. The module comprises the entire capture plant and all auxiliary systems 
 needed by the specific technology. Inputs to the module is air, energy and possibly (dependent on the specific 
 technology) various auxiliaries.  


As for the other CC technologies the DAC module will provide a concentrated low-pressure CO₂ stream which 
 requires a CO₂ post treatment unit to upgrade the CO₂ to meet the quality requirements for transportation or 
 utilisation processes. 


Figure 5. Illustration of Direct Air Capture (DAC). 


All carbon capture processes need to deliver the captured CO₂ at a certain quality and at certain physical conditions 
(e.g. compressed CO₂), regardless whether the use is for geological storage or further utilisation. A CO₂ post pro-
cessing unit (shown in Figure 6) will upgrade the CO₂ to required specification. Inputs to the post processing unit 
are raw CO₂ and electricity. Outputs are CO₂ (at required purity, pressure and temperature), water, heat and pos-
sibly O₂, N2 and Ar. 



(12)Guideline/Introduction 


Figure 6. Illustration of CO₂ processing (conditioning) unit. 


General Assumptions  


The data presented in this catalogue is based on some general assumptions, mainly with regards to the utilisation 
 time, load and start-ups of plants and technologies.  


On the one hand, carbon capture technologies are assumed to be designed for continuous operation along the 
 year, except for maintenance and outages. But their actual annual operation pattern will in general depend on the 
 operation pattern of the technologies with which they are combined. Therefore, for the figures in this catalogue 
 as default assumed load pattern is as assumed for the technologies generating electricity and district heating. The 
 assumed number of annual operation hours is shown in Table 2. And the assumed number of start-ups for CC 
 technologies are as shown in Table 3, unless otherwise stated.  


Any exception to these general assumptions is documented in the relative technology chapter with a specific note. 


3  


Full load hours (elec-


tricity)  Full load hours 
 (heat) 


CHP back pressure units  4,000  4,000 


CHP extraction units  5,000  4,000 


Municipal solid waste / biogas stand 
 alone 


8,000  8,000 


Table 2: Assumed number of full load hours for technologies producing electricity and heating, 75 % of generation is 
 expected to take place in full load and the remaining 25 % in part load. 


Assumed number of start-ups per year  


Coal CHP  15 


Natural gas CHP (except gas engines)  30 


Gas Engines  100 


Wood pellet CHP  15 


Heat only boilers  50 


Municipal solid-waste / biogas stand alone  5 


Table 3: Number of start-ups for CC-technologies are assumed to be the same as for the power plant they are combined 
 with. 


CO₂ Proces-
 sing Unit
 Electricity   Heat


CO₂ (pure, P, T)
 H₂O 


(O₂, N2, Ar)
CO₂ (raw)



(13)The qualitative description describes the key characteristics of the technology as concise as possible. The following 
 paragraphs are included where relevant for the technology. 


Contact information 


Containing the following information: 


•  Contact information: Contact details in case the reader has clarifying questions to the technology chapters. 


This could be the Danish Energy Agency, Energinet or the author of the technology chapters. 


• Author: Entity/person responsible for preparing the technology chapter 


Brief technology description  


Brief description for non-engineers of how the technology works and for which purpose.   


An illustration of the technology is included, showing the main components and working principles. 


Input  


The flue/process gas and other main materials (e.g. amines in scrubber systems) and gasses (e.g. O2 in oxy-fuel 
 combustion) and energy consumed (e.g. electricity and/or heat) by the technology or facility. Moisture and CO2


content of the flue gas and required temperature of the input heat is specified.  


Auxiliary inputs, such as chemicals or enzymes assisting the process are mentioned and their contribution de-
 scribed, if considered relevant.  


Output  


The outputs are the CO2 capture percentage (i.e. CO2 reduction in the exhaust gas), the CO2 purity, as well as co-
 product or by-products, for example process heat. Pressure of the output gasses and temperature of the output 
 heat is specified as well. Other non-energy outputs may be stated such as condensate from flue gas, if relevant.  


Energy balance 


The energy balance shows the energy inputs and outputs for the technology. Here, an illustrative diagram is shown 
 based on data for the currently available technology.  


For process heat losses and produced energy carrier, it is important to specify information about temperature and 
 pressure.  


The first important assumption is that the energy content of all the fuels, both produced and consumed, is always 
 expressed in terms of Lower Heating Value (LHV). As a consequence, because of the presence of som latent heat 
 of vaporization, the energy balance may result in a difference between the total energy input and total energy 
 output. 


Application potential 


The application potential describes for which cases the technology can be used, e.g. how a retrofit case of carbon 
 capture to existing heat and power plants is designed, or how carbon capture is integrated into cement production 
 plants.  


Typical capacities 


The stated capacities are for a single unit capable of capturing carbon. If the range of capacities vary significant 
the typical range is stated (also in the notes), and it is mentioned if the different sizes of capacity is characteristic 
for e.g. a specific sector.   
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 Space requirement 


Space requirement is primarily expressed in m²/t CO2 output/h. The value refers to the area occupied by the fa-
 cilities needed to capture carbon, including chemical storage tanks and substation. If additional area is required 
 for further required facilities it is stated separately. 


Regulation ability 


Regulation abilities includes the part-load characteristics, start-up time and how quickly it is able to change its 
 production when already online. The technologies will most often have the necessary regulation abilities 


Advantages/ disadvantages 


A description of specific advantages and disadvantages relative to equivalent technologies and delivering the same 
 energy service. Generic advantages are ignored; e.g. renewable energy technologies mitigating climate risks and 
 enhance security of supply. 


Environment  


Particular environmental and resource depletion impacts are mentioned, for example harmful emissions to air, 
 soil or water; consumption of rare or toxic materials; consumption of large amount of water (in general and rela-
 tive to other technologies delivering same service); issues with handling of waste and decommissioning etc.  


Research and development perspectives 


This section lists the most important challenges to further development of the technology. Also, the potential for 
 technological development in terms of costs and efficiency is mentioned and quantified if possible. Danish re-
 search and development perspectives are highlighted, where relevant. 


Examples of market standard technology 


Recent full-scale commercial projects, which can be considered market standard, are mentioned, preferably with 
 links. A description of what is meant by “market standard” is given in the introduction to the quantitative descrip-
 tion section. For technologies where no market standard has yet been established, reference is made to best 
 available technology in R&D projects. 


Prediction of performance and costs 


Cost reductions and improvements of performance can be expected for most technologies in the future. This sec-
 tion accounts for the assumptions underlying the cost and performance in 2020 as well as the improvements 
 assumed for the years 2030, 2040 and 2050. 


The specific technology is identified and classified in one of four categories of technological maturity, indicating 
 the commercial and technological progress, and the assumptions for the projections are described in detail (see 
 section Error! Reference source not found.). 


In formulating the section, the following background information is considered: 


(i)  Data for 2020  


In case of technologies where market standards have been established, performance and cost data of recent in-
 stalled versions of the technology in Denmark or the most similar countries in relation to the specific technology 
 in Northern Europe are projected to 2020 (FID) and used for the 2020 estimates.  


If consistent data are not available, or if no suitable market standard has yet emerged for new technologies, the 
 2020 costs may be estimated using an engineering-based approach applying a decomposition of manufacturing 
 and installation costs into raw materials, labor costs, financial costs, etc. International references such as the IEA, 
 NREL etc. are preferred for such estimates. 


(ii)  Assumptions for the period 2020 to 2050  
According to the IEA:  



(15)which new technologies evolve and push themselves into the marketplace; and the market-pull model, in which a 
 market opportunity leads to investment in R&D and, eventually, to an innovation” (ref. 6).  


The level of “market-pull” is to a high degree dependent on the global climate and energy policies. Hence, in a 
 future with strong climate policies, demand for e.g. renewable energy technologies will be higher, whereby inno-
 vation is expected to take place faster than in a situation with less ambitious policies. This is expected to lead to 
 both more efficient technologies, as well as cost reductions due to economy of scale effects. Therefore, for tech-
 nologies where large cost reductions are expected, it is important to account for assumptions about global future 
 demand.  


The IEA’s New Policies Scenario provides the framework for the Danish Energy Agency’s projection of international 
 fuel prices and CO2-prices and is also used in the preparation of this catalogue. Thus, the projections of the demand 
 for technologies are defined in accordance with the thinking in the New Policies Scenario, described as follows: 


“New Policies Scenario: A scenario in the World Energy Outlook that takes account of broad policy commit-
 ments and plans that have been announced by countries, including national pledges to reduce greenhouse gas 
 emissions and plans to phase out fossil energy subsidies, even if the measures to implement these commit-
 ments have yet to be identified or announced. This broadly serves as the IEA baseline scenario.” (ref. 7). 


Alternative projections may be presented as well relying for example on the IEA’s 450 Scenario (strong climate 
 policies) or the IEA’s Current Policies Scenario (weaker climate policies), or more recent equivalent IEA scenarios. 


Learning curves and technological maturity 


Predicting the future costs of technologies may be done by applying a cost decomposition strategy, as mentioned 
 above, decomposing the costs of the technology into categories such as labor, materials, etc. for which predictions 
 already exist. Alternatively, the development could be predicted using learning curves. Learning curves express 
 the idea that each time a unit of a particular technology is produced, learning accumulates, which leads to cheaper 
 production of the next unit of that technology. The learning rates also take into account benefits from economy 
 of scale and benefits related to using automated production processes at high production volumes. The cost pro-
 jections are based on the future generation capacity in IEA’s 2 DS and 4 DS scenarios (2017 values are assumed to 
 be a good approximation for 2015) [3], or more recent equivalent IEA scenarios.  


Learning rates typically vary between 5 and 25%. In 2015, Rubin et al published “A review of learning rates for 
 electricity supply technologies” [4], which provides a comprehensive and up to date overview of learning rates for 
 a range of relevant technologies, among which:  


The potential for improving technologies is linked to the level of technological maturity. The technologies are 
 categorized within one of the following four levels of technological maturity. 


Category 1. Technologies that are still in the research and development phase. The uncertainty related to price 
 and performance today and in the future is highly significant (e.g. wave energy converters, solid oxide fuel cells).  


Category 2. Technologies in the pioneer phase. The technology has been proven to work through demonstration 
 facilities or semi-commercial plants. Due to the limited application, the price and performance is still attached 
 with high uncertainty since development and customization is still needed. The technology still has a significant 
 development potential (e.g. gasification of biomass). 


Category 3. Commercial technologies with moderate deployment. The price and performance of the technology 
today is well known. These technologies are deemed to have a certain development potential and therefore there 
is a considerable level of uncertainty related to future price and performance (e.g. offshore wind turbines). 
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Category 4. Commercial technologies, with large deployment. The price and performance of the technology today 
 is well known, and normally only incremental improvements would be expected. Therefore, the future price and 
 performance may also be projected with a relatively high level of certainty (e.g. coal power, gas turbine). 


Figure 7: Technological development phases. Correlation between accumulated production volume (MW) and price. 


Uncertainty 


The catalogue covers both mature technologies and technologies under development. This implies that the price 
 and performance of some technologies may be estimated with a relatively high level of certainty whereas in the 
 case of others, both cost and performance today as well as in the future are associated with high levels of uncer-
 tainty. 


This section of the technology chapters explains the main challenges to precision of the data and identifies the 
 areas on which the uncertainty ranges in the quantitative description are based. This includes technological or 
 market related issues of the specific technology as well as the level of experience and knowledge in the sector and 
 possible limitations on raw materials. The issues should also relate to the technological development maturity as 
 discussed above. 


The level of uncertainty is illustrated by providing a lower and higher bound beside the central estimate, which 
shall be interpreted as representing probabilities corresponding to a 90% confidence interval. It should be noted, 
that projecting costs of technologies far into the future is a task associated with very large uncertainties. Thus, 
depending on the technological maturity expressed and the period considered, the confidence interval may be 
very large. It is the case, for example, of less developed technologies (category 1 and 2) and longtime horizons 
(2050). 



(17)This section includes other information, for example links to web sites that describe the technology further or give 
 key figures on it. 


References 


References are numbered in the text in squared brackets and bibliographical details are listed in the end of the 
 technology chapter prior to the data sheets, references for data in the data sheet are listed below the data sheet 
 for each sheet also in the Excel version. The format of biographical details of references should be; name of author, 
 title of report, year of publication.  



Quantitative description  


For data sheets see the Excel file in the appendix  


To enable comparative analyses between different technologies it is imperative that data are actually comparable. 


All cost data are stated in fixed 2020 prices excluding value added taxes (VAT) and other taxes. The information 
 given in the tables relate to the development status of the technology at the point of final investment decision 
 (FID) in the given year (2020, 2030, 2040 and 2050). FID is assumed to be taken when financing of a project is 
 secured, and all permits are at hand. The year of commissioning will depend on the construction time of the indi-
 vidual technologies. 


A typical table of quantitative data is shown below, containing all parameters used to describe the specific tech-
 nologies. The table consists of a generic part, which is identical for groups of similar technologies and a technology 
 specific part, containing information, which is only relevant for the specific technology. The generic part is made 
 to allow for easy comparison of technologies.  


Each cell in the table contains only one number, which is the central estimate for the market standard technology, 
 i.e. no range indications. 


Uncertainties related to the figures are stated in the columns named uncertainty. To keep the table simple, the 
 level of uncertainty is only specified for years 2025 and 2050.  


The level of uncertainty is illustrated by providing a lower and higher bound. These are chosen to reflect the un-
 certainties of the best projections by the authors. The section on uncertainty in the qualitative description for each 
 technology indicates the main issues influencing the uncertainty related to the specific technology. For technolo-
 gies in the early stages of technological development or technologies especially prone to variations of cost and 
 performance data, the bounds expressing the confidence interval could result in large intervals. The uncertainty 
 only applies to the market standard technology; in other words, the uncertainty interval does not represent the 
 product range (for example a product with lower efficiency at a lower price or vice versa). 


The level of uncertainty is only stated for the most critical figures such as investment cost and efficiencies. Other 
 figures are considered if relevant. 


All data in the tables are referenced by a number in the utmost right column (Ref), referring to the source specified 
 below the table. The following seperators are used: 


; (semicolon)    separation between the five time horizons (2020, 2025, 2030, 2040, 2050) 
 / (forward slash)  separation between sources with different data 


+ (plus)  agreement between sources on same data 
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Notes include additional information on how the data are obtained, as well as assumptions and potential calcula-
 tions behind the figures presented are listed below the data sheet. References between notes and data are made 
 by letters in the second utmost column in the data sheet Before using the data, please be aware that essential 
 information may be found in the notes below the table. 


It is crucial that the data for the technology is not based on one special version of the technology of which there 
 is only one plant in operation or only on supplier of the technology.    



Energy/technical data 


Typical total plant size  


The total CO2 output per hour is used for describing the capacity, preferably a typical capacity. It is stated for a 
 single plant or facility. In the case of substantial difference in performance or costs for different sizes of the tech-
 nology, the technology may be specified in two or more separated data sheets. It should be stressed that data in 
 the table is based on the typical capacity. When deviations from the typical capacity are made, economy of scale 
 effects need to be considered inside the range of typical sizes (see the section about investment cost in the main 
 catalogue). The capacity range should be stated in the notes. 


Input 


All inputs that contribute to the mass and energy balance are included as main input and are expressed mass per 
 t CO2 output and as molar/volume percentage in relation to the (flue or syn) gas input, or equivalently gas. 


The energy inputs (and outputs) are always expressed in lower heating value (LHV) and moisture content consid-
 ered is specified if relevant.  


Auxiliary inputs, such as chemicals or enzymes that are assisting the process but do not contribute to the energy 
 balance are included as auxiliary products (under input) and are expressed in kg/t CO2 output. 


Output  


Similar to the mass and energy inputs, energy outputs are expressed as mass or energy per t CO2 output. Pres-
 sure of the output gasses and temperature of the output heat are specified as well. 


Any energy co-product or by-product of the reaction has to be specified within the outputs, including process 
 heat loss. Since fuel inputs are measured at lower heating value, in some cases the total efficiency may exceed 
 or be lower than 100%.  


The process heat (output) is, if possible, separated in recoverable (for example for district heating purposes) and 
 unrecoverable heat and the temperatures are specified.  


Forced and planned outage 


Forced outage is reduced production caused by unplanned outages. The weighted forced outage hours are the 
 sum of hours of forced outage, weighted according to how much of full capacity was out. Forced outage is defined 
 as the number of weighted forced outage hours divided by the sum of forced outage hours and operation hours. 


The weighted forced outage hours are the sum of hours of reduced production caused by unplanned outages, 
 weighted according to how much capacity was out. Forced outage is given in percent, while planned outage (for 
 example due to renovations) is given in weeks per year. 


Technical lifetime 


The technical lifetime is the expected time for which a carbon capture plant can be operated within, or acceptably 
 close to its original performance specifications, provided that normal operation and maintenance takes place. 


During this lifetime, some performance parameters may degrade gradually but still stay within acceptable limits. 


For instance, efficiencies often decrease slightly (few percent) over the years, and O&M costs increase due to wear 
and degradation of components and systems. At the end of the technical lifetime, the frequency of unforeseen 



(19)costs. At this time, the plant is decommissioned or undergoes a lifetime extension, which implies a major renova-
 tion of components and systems as required to make the plant suitable for a new period of continued operation.  


The technical lifetime stated in this catalogue is a theoretical value inherent to each technology, based on experi-
 ence. As stated earlier, typical annual operation hours and the load profile is specific for each carbon capture 
 technology. The expected technical lifetime takes into account a typical number of start-ups and shut-downs (an 
 indication of the number of annual operation hours, start-ups and shut-downs is given in the Financial data de-
 scription, under Start-up costs).  


In real life, specific plants of similar technology may operate for shorter or longer times. The strategy for operation 
 and maintenance, e.g. the number of operation hours, start-ups, and the reinvestments made over the years, will 
 largely influence the actual lifetime 


Construction time 


Time from final investment decision (FID) until commissioning completed (start of commercial operation), ex-
 pressed in years. 



Financial data  


Financial data are all in Euro (€), fixed prices, at the 2020-level and exclude value added taxes (VAT) and other 
 taxes, unless specified otherwise. 


Several data originate in Danish references. For those data a fixed exchange ratio of 7.45 DKK per € has been used.  


When data about costs is found in sources is shown in other price years, the Danish net price index shall be used 
 when stating the costs at 2020 price level.  


European data, with a particular focus on Danish sources, have been emphasized in developing this catalogue. 


Investment cost 


The investment costs are also called the engineering, procurement and construction (EPC) price or the overnight 
 cost. Infrastructure and connection costs, i.e. electricity, fuel and water connections inside the premises of a 
 plant, are also included.  


The investment cost is reported on a normalized basis, i.e. cost per capacity (t CO2 output / hour). The specific 
 investment cost is the total investment cost divided by the Typical total plant size described in the quantitative 
 section.  


Where possible, the investment cost is divided on equipment cost and installation cost. Equipment cost covers 
 the components and machinery including environmental facilities, whereas installation cost covers engineering, 
 civil works, buildings, grid connection, installation and commissioning of equipment. 


  The rent of land is not included but may be assessed based on the space requirements, if specified in the qualita-
 tive description.  


The owners’ predevelopment costs (administration, consultancy, project management, site preparation, approv-
 als by authorities) and interest during construction are not included. The costs to dismantle decommissioned 
 plants are also not included. Decommissioning costs may be offset by the residual value of the assets.  


Economy of scale 


The main idea of the catalogue is to provide technical and economic figures for particular sizes of certain technol-
ogies. Where technology sizes vary in a large range, different sizes are defined and separate technology chapters 
(or just datasheets) are developed. 



(20)Guideline/Introduction 


For assessment of data for technology sizes not included in the catalogue, some general rules should be applied 
 with caution to the scaling of industrial technologies. 


Example below is for the energy plants but is assumed that the same principle can be applied for the CC technol-
 ogies.  


The cost of one unit for larger technologies is usually less than that for smaller technologies. This is called the 


‘economy of scale’. The basic equation (ref. 2) is: 


𝐶𝐶1
 𝐶𝐶2=  �𝑃𝑃𝑃𝑃1


2�𝑎𝑎  


Where:      C1 = Investment cost of technology 1 (e.g. in M€) 
 C2 = Investment cost of technology 2  


P1 = Power generation capacity of technology 1 (e.g. in MW) 
 P2 = Power generation capacity of technology 2 


𝑎𝑎  = Proportionality factor 


Usually, the proportionality factor is about 0.6 – 0.7 for power plants, but extended project schedules may cause 
 the factor to increase. It is important, however, that the technologies are essentially identical in construction tech-
 nique, design, and construction time frame and that the only significant difference is in size. 


The relevant ranges where the economy of scale correction applies are stated in the notes for the capacity field 
 of each technology table. The stated range shall at the same time represents typical capacity ranges.  


Operation and maintenance (O&M) costs.  


The fixed share of O&M is calculated as cost per plant size (€ per t (CO2 output/hour) per year), where the typical 
 total plant size is the one defined at the beginning of this chapter and stated in the tables. It includes all costs, 
 which are independent of how the plant is operated, e.g. administration, operational staff, payments for O&M 
 service agreements, network use of system charges, property tax, and insurance. Any necessary reinvestments to 
 keep the plant operating within the scheduled lifetime are also included, whereas reinvestments to extend the 
 life beyond the lifetime are excluded. Reinvestments are discounted at 4 % annual discount rate in real terms. The 
 cost of reinvestments to extend the lifetime of the plants may be mentioned in a note if the data has been readily 
 available.  


The variable O&M costs (€/t CO2 output) include consumption of auxiliary materials (water, lubricants, fuel addi-
 tives), treatment and disposal of residuals, spare parts and output related repair and maintenance (however not 
 costs covered by guarantees and insurances).  


Planned and unplanned maintenance costs may fall under fixed costs (e.g. scheduled yearly maintenance works) 
 or variable costs (e.g. works depending on actual operating time) and are split accordingly.  


All costs related to the process inputs (electricity, heat, fuel) are not included.  


It should be noticed that O&M costs often develop over time. The stated O&M costs are therefore average costs 
 during the entire lifetime.  


Start-up costs 


The O&M costs stated in this catalogue includes start-up costs and takes into account a typical number of start-
 ups and shut-downs. Therefore, the start-up costs should not be specifically included in more general analyses. 


They should only be used in detailed dynamic analyses of the hour-by-hour load of the technology. 
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Technology specific data 


Additional data is specified in this section, depending on the technology.  


References  


Reference documents are mentioned in each of the technology sheets and technology chapters. References used 
 in the guideline supplement are below:  


[1] Screening of (B)CCS and (B)CCR, An overview of Carbon Capture technologies for energy modelling, Mikkel 
 Bosack Simonsen & Kenneth Karlsson DTU, December 2018 


[2] CO2 Extraction from Flue Gases for Carbon, Capture and Sequestration: Technical and Economical Aspects;  


Leonie Ebner, Mining University of Leoben 2008  


[3] CO2-mitigation options for the offshore oil and gas sector, SINTEF 2017. 



Appendixes 


The datasheets in the appendix are in a separate Excel file. 
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Introduction to Carbon Capture Technologies 


Contact information 


• Contact information: Danish Energy Agency: Filip Gamborg, fgb@ens.dk; Laust Riemann, lri@ens.dk  


• Author: Jacob Knudsen and Niels Ole Knudsen from COWI 



i.1  Abbreviations 


Abbreviation  Definition 


ASU  Air Separation Unit 


ATEX  ATmospheres EXplosives 


CC  Carbon capture  


CHP  Combined Heat and Power 


CPU  CO₂ purification Unit 


CFB  Circulating Fluidized Bed 


DAC  Direct Air Capture 


DH  District Heating 


ECRA  European Cement Research Academy  
 FGR  Flue Gas Recirculation 


MWhe Mega Watt hour electric 


ORC  Organic Rankine Cycle 


PC  Pulverized Coal 


P2X  Power to X 



i.2  Carbon Capture technologies 


Carbon capture (CC) is a process that recovers CO₂ from a source (e.g. flue gas) and turns it into a concentrated 
 CO₂ stream. Following the CC process, the concentrated CO₂ stream can be used as input to CO₂ utilisation 
 processes e.g. P2X, urea production, etc. or compressed/liquefied and transported to geological underground 
 formation with the purpose of permanent storage. In the context of CC from energy plants or other combustion 
 plants, the CO₂ source is nearly always flue gas, hence the CC technology will be a gas separation technology.  


A vast number of different carbon capture technologies have been proposed and investigated in the scientific 
 community since the early nineties. Many of the technologies have not made it past the research stage and 
 have failed to gain commercial attractiveness. A few technologies such as amine based CC and oxy-fuel tech-
 nology have been demonstrated in large scale. The following section will provide a brief overview of the more 
 significant CC technologies and explain the pros and cons in a Danish context. 


i.2.1  Post combustion capture 
Amine based 
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 able today. The technology works by scrubbing CO₂ out of the flue gas with an amine solvent and subsequent 
 thermal regeneration of the amine solvent to yield a pure CO₂ stream. The technology is flexible with respect 
 to CO₂ source and capacity. Amine CC may capture 90% or more of the CO₂ from the source. 


Amine scrubbing has been used in smaller scale in the food and beverage industry for several decades to recover 
 CO₂ from a flue gas/process gas stream and turn it into a high purity concentrated CO₂ stream. Amine scrubbing 
 processes are also known within gas treatment (gas sweetening) and various chemical industries to remove CO₂ 
 from process gasses e.g. natural gas, biogas, hydrogen, etc. The amine scrubbing process for upgrading biogas 
 is described further in the chapter Biogas Upgrading in Technology Catalogue for Renewable Fuels. 


For capture of CO₂ from flue gas streams, the capture plant is installed in the tail end of the combustion plant 
 with minimal impact and interfaces to the combustion plant/point source. For these reasons the amine based 
 CC process is very suitable for retrofitting to existing heat and power plants as well as to other industrial com-
 bustion processes. Amine CC technology may also be heat integrated with the steam cycle of boilers and the 
 district heating network to obtain improved overall energy efficiency. Drawbacks with the amine technology is 
 the use of substantial amount of heat, which may reduce heat output from a Combined Heat and Power (CHP) 
 plant and/or result in large penalty in electrical efficiency. The capital cost today of the amine process is also 
 significant.  


The more recent years development of amine technology in a CO₂ capture context has focused on scale-up and 
 optimization of the process with respect to energy requirement, capital investment and harmful emissions. 


There are several vendors offering amine based CC on commercial basis. The technology is further elaborated 
 in section 0. 


There is also research and development work ongoing regarding use of the classic amine CC process with alter-
 native solvents such as amino acid salts, ionic liquids, non-aqueous solvents etc. This may lead to future im-
 provements in energy requirements and investment costs of solvent CC processes, but these alternative sol-
 vents are still at low Technology Readiness Level (TRL). 


Chilled ammonia/carbonate process 


Chilled ammonia (or ammonium carbonate process) technology is relatively similar to amine CC process except 
 that a solution of ammonium carbonate is used instead of amine. Due to the volatile nature of ammonia the 
 process must be chilled to below ambient temperature to limit ammonia slip. The chilled ammonia process is 
 proprietary process of Baker Hughes (former part of Alstom).  


The advantage of the chilled ammonia process is supposed to be reduced heat consumption, CO₂ recovery at 
 relatively high pressure (5-25 bar) and no emission of amine and degradation products. However, slow absorp-
 tion kinetics, increased process complexity as well as challenges with handling of solid precipitation of car-
 bonates have proven to be significant disadvantages. In addition, the heat requirement has proven higher than 
 initially anticipated. The process has been demonstrated at relatively large scale (100,000 tpa). The process will 
 be more relevant for more concentrated CO₂ sources. 


Another carbonate process (Benfield process) has been applied for CO₂ removal in the process industry for 
 decades. This process applies a solution of potassium carbonate instead of ammonium carbonate. As potassium 
 carbonate is non-volatile the process does not require chilling. However, the very slow reaction kinetics and 
 unfavourable equilibrium conditions will limit the application of this process to high pressure gas streams hence 
 it is not suitable for CO₂ capture from flue gas.  


Other solvent systems 


Post combustion processes with alternative solvents such as non-aqueous solvents, ionic liquids, amino acid 
 salts, enzymatically enhanced solvents, phase change solvents, etc. are also under development [1-4]. The aim 
 with these alternative solvents is to achieve lower energy consumption and reduce the cost of CC technology. 


Most of the processes involving more novel solvents have not been demonstrated at large scale and are thus 
 at relatively low TRL. Therefore, what energy and cost reductions these alternative solvents may bring relative 
 to amine solvents remain uncertain. 


Solid sorbents 
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Post combustion processes with use of solid sorbents instead of liquid solvents are under early stage develop-
 ment. Both solid adsorption processes working at low temperature suitable for tail-end retrofitting (similar as 
 for amine technology) as well as high temperature processes working at the calcination temperatures of inor-
 ganic carbonates (600-900°C) exists.  


For the low temperature process research focuses on developing solid sorbents with good properties for CO₂ 
 capture and high process durability. Examples of sorbents are support materials of carbon, zeolite, metal or-
 ganic framework (MOF), etc. loaded with amine functional groups [7]. Challenges relate to low cyclic loading of 
 the solid i.e. need to circulate large amounts of solid, relatively rapid deactivation of solid sorbent, and difficulty 
 in developing a robust industrial scale process. 


The high temperature sorbent process also referred to as calcium looping applies lime (CaO) or modified lime 
 with other metal oxides to capture CO₂ at high temperature (500-650°C) [1]. The formed solid carbonates are 
 then calcined/regenerated to yield a pure CO₂ stream around 900°C [1]. Thus, the process requires heat input 
 at high temperature, which may be delivered by direct oxy-firing in the regenerator (hence it may be regarded 
 as oxy-fuel technology) or indirect heating. The main advantage of the process is the potential of high energy 
 efficiency as the heat of absorption is released at high temperature (500-650°C) where it can be turned into 
 power or used for process/district heating. If used as post combustion technology, calcium looping needs to be 
 significantly integrated with the boiler, which in turn makes it non-suitable for retrofit. Challenges are also re-
 lated to relatively low lifetime of the sorbent which implies relatively large mass streams of fresh and spent 
 limestone will have to be handled [7]. In the case of a cement kiln where limestone is a major raw material, the 
 short lifetime of the CaO sorbent is not an obstacle as spent CaO sorbent can be used as raw material. Calcium 
 looping can also be applied in gasification plants to remove CO₂ from the gas prior to combustion. This makes 
 the process a pre-combustion capture technology. 


Solid sorbent technology is at low TRL and not relevant for near or midterm retrofit projects.  


Membrane technology 


Membrane technology is used in the industry today for gas separation. As a CO₂ capture technology, CO₂ selec-
 tive membranes are under development and have been tested in pilot scale with some success [8]. The main 
 challenge with membrane CC technology is the low partial pressure of CO₂ in flue gas, which make it difficult to 
 obtain adequate driving force (i.e. CO₂ pressure gradient) for transport of CO₂ through the membrane. This is 
 solved by compressing the flue gas and/or maintain high vacuum on the permeate side (CO₂ side) of the mem-
 brane. Both methods result in substantial electricity consumption [9]. Moreover, as the membrane area re-
 quired for separation is inversely proportional to the driving force, there will always be trade-off between mem-
 brane area and driving force. In addition, membrane technology will be sensitive to dust and pollutants in the 
 flue gas. Membrane CO₂ capture is at low TRL for flue gas and is more ideal for high pressure gas separation. 


Cryogenic separation 


Processes for CO₂ capture by freezing out CO₂ from the flue gas i.e. cryogenic separation, are also under devel-
 opment. The low CO₂ partial pressure in flue gas implies that the flue gas will have to be chilled to very low 
 temperature (<-100°C) for the CO₂ to separate (freeze) from the gas. Therefore, the flue gas may also have to 
 be compressed to avoid too low temperature. Handling of pollutants in the flue gas and use of expensive com-
 pression and chilling machinery are challenges to this technology. A process is being developed by Sustainable 
 Energy Solutions. The technology may have some potential but is regarded as low TRL with only relatively small-
 scale pilot plant trials conducted. [10] 


i.2.2  Oxy-fuel combustion 


In oxy-fuel carbon capture, the oxygen required for combustion is separated from air prior to combustion, and 
 the fuel is combusted in oxygen diluted with recycled flue-gas rather than by air. 


This oxygen-rich, nitrogen-free atmosphere results in a flue-gas consisting mainly of CO2 and H2O (water), so 
 producing a more concentrated CO2 stream for easier purification. 


In order to keep the temperature down and ensure the flue gas flow in the boiler, 60-70% of the cooled flue 
gas, which primarily consists of CO₂ and water vapor, is recirculated. 
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 can then be further purified and compressed, ready for reuse or disposal. 


The oxy-fuel technology is further elaborated in section 0. 


i.2.3   Chemical looping combustion 


Chemical looping combustion is a novel combustion concept with integrated carbon capture. Oxygen is carried 
 to the combustion process in the form of a solid carrier e.g. metal oxide. The oxygen carrier will be reduced 
 through reaction with the fuel and is hereafter regenerated in a separate oxidizing reactor with air. In principle, 
 the technology is a kind of oxy-fuel process as nitrogen is eliminated from the combustion atmosphere. The 
 concept will eliminate the costly air separation unit of oxy-fuel processes, hence offers a cost saving potential. 


The working principle of the technology has been demonstrated in pilot plant scale however, the concept has 
 received little commercial attention and is therefore at low TRL level. The technology is not relevant for retrofit 
 to existing emission sources. 


i.2.4  Pre-combustion capture 


Pre-combustion capture covers many different technology concepts. Common for all concepts is that the car-
 bon from the fuel is separated from the combustible gases prior to combustion or use. The concept is only 
 relevant for gasification/reforming plants where fuel is converted to CO₂ and H2 prior to combustion. The con-
 cept is used today for hydrogen plants in the fertilizer industry to remove CO₂ from the feed stream to ammonia 
 plants. Typically, the feed stream is at high pressure hence capture technology with physical solvents (pressure 
 swing absorption) or less reactive amine (chemical) solvents can be applied. The concept is not relevant for flue 
 gas from existing boilers but may be relevant for new-built energy plants based on gasification. Likewise, it will 
 be relevant for production of emission free hydrogen from natural gas. 


i.2.5  Direct air capture  


The Direct Air Capture (DAC) technology captures CO₂ from ambient air and recovers a concentrated CO₂ stream 
 like other CC technologies. Because of the low content of CO₂ in the atmosphere (~400 ppm) compared to that 
 of typical flue gas, DAC processes have substantially higher energy requirements compared to CC from flue gas. 


Likewise, the capital expenditure per tonne captured CO₂ will be higher. 


The DAC technology is still in its infancy and there are many different concepts under development. Most of 
 the technologies and methods for DAC are still being developed in the laboratory and are thus at low TRL. A 
 few technologies have been demonstrated in pilot- and/or commercial plants, but at relatively small scale (up 
 to a few tonnes per day).  


As DAC in the combination with renewable energy can be used to generate emission free CO₂ for use in CO₂ 
 utilisation processes e.g. Power to Fuel, or carbon negative solutions in combination with geological CO₂ storage 
 it may be a relevant technology despite the obvious obstacles. Another advantage with the DAC technology is 
 it will be able to recover CO₂ at any location independently on an emission point source. The two most mature 
 and relevant types of DAC technology for near to mid-term deployment are described further in section 0.  



i.3  CO₂ post treatment 


The CO₂ stream, i.e. raw CO₂, recovered by the different capture technologies typically requires further treat-
 ment/conditioning before it can be transported or used by other utilisation technologies. 


Most CC technologies (including amine CC and oxy-fuel) will recover a concentrated CO₂ stream at fairly low 
 pressure and saturated with water vapour. For oxy-fuel, the CO₂ purity is low and more extensive treatment is 
 required. This will be further explained in the oxy-fuel technology section. 


i.3.1  CO₂ compression and dehydration 


If CO₂ is to be transported in pipeline from capture site to a geological storage or a utilisation site it will have to 
 be compressed and dried to meet suitable conditions for pipeline transport.  


Typical CO₂ pipeline pressures will be 80-180 bar to avoid two-phase region and obtain acceptable densities. 
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The moisture content of the CO₂ will be required to below 50-400 ppmv (depending on specifications) to avoid 
 carbonic acid corrosion and/or hydrate formation. Dehydration processes such as mole sieve adsorption drying 
 or glycol absorption drying is applied for drying of CO₂ gas. 
Table 0-1
 summaries expected cost and perfor-
 mance of CO₂ compression from 1 to 150 bara. 

Table 0-1. Energy consumption and cooling for CO₂ compression from 1 to 150 bara and dehydration to <50 ppmv mois-
 ture. Values estimated based on 8 stage internally geared compressor with inter-cooling to 30°C. 


Estimated value  comment 


Compression electricity  ~0.10 MWhe/ton CO₂   0.09-0.12 depending 
 on compressor de-
 sign 


Cooling requirement  ~0.16 MWh/ton CO₂   30-100°C, possible to 
 recover part of the 
 heat 


Dehydration electricity  ~0.005 MWhe/ton CO₂  
 CAPEX  CO₂  compression  &  de-


hydration  0.2 - 0.5 mill €/(t CO₂/h)  Depending on capac-
 ity 


i.3.2  CO₂ liquefaction 


CO₂ may be liquefied at various temperature and pressure conditions (-56 to 31°C and pressure of 5.2 to 74 
 bara). Typical conditions for transport, interim storage and trading of industrial CO₂ is in the order of -28°C and 
 15 bara. 


In a standard industrial CO₂ liquefaction solution, concentrated CO₂ is compressed to 15-20 bara and liquefied 
 by chilling at -25 to -30°C. The CO₂ is dehydrated prior to chilling. The requirements for CO₂ dryness for liquid 
 CO₂ will be even more stringent due to greater risk of ice or hydrate formation at the lower temperatures (<30 
 ppm). Non-condensable gases will also have to be removed to low level as these will change the physical prop-
 erties of the liquid CO₂. A standard liquefaction plant will include a stripping unit to remove non-condensable 
 gasses, CO₂ dryer and activated carbon (or similar) filter to remove traces of organic compounds from the CC 
 plant. A small loss of CO₂ in the liquefaction process through purging about 1% should be expected. 


Typical energy requirement and CAPEX values of industrial CO₂ liquefaction plants are provided in 
Table 0-2
. 
 Table 0-2. Energy consumption and cooling requirement for CO₂ liquefaction to -28°C and 15 bara. Values based on to-
 day's standard industrial solution for CO₂ liquefaction.’ 

Estimated value  comment 


Liquefaction elec-


tricity   ~0.16 MWhe/ton CO₂    Includes chillers, CO₂ dehydration 
 and compression 


Cooling require-


ment  ~0.26 MWh/ton CO₂   ~50% of cooling is through chiller 
 air cooler, rest cooling wa-
 ter/cooling tower 


CAPEX CO₂ liquefac-


tion  0.4 - 0.8 mill €/(t CO₂/h)  Depending on capacity. 
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Contact information 


•  Contact information: Danish Energy Agency: Filip Gamborg, fgb@ens.dk; Laust Riemann, lri@ens.dk  


•  Author: Jacob Knudsen and Niels Ole Knudsen from COWI 



Brief technology description 


The amine carbon capture technology is based on cyclic absorption and desorption (stripping) processes. The 
 CO₂ (which is an acidic gas) is absorbed from the flue gas by a circulating aqueous amine solution (alkaline 
 solution) and released as a concentrated CO₂ stream through thermal regeneration of the amine solution i.e. 


applying heat to the solution, in a desorber. The CO₂ capture process is thus driven by thermal energy. The 
 working principle of the process and its basic units are illustrated in 
Figure 1
. 

Figure 1. Schematic illustration of amine based CO₂ capture process as reported in [11]. Flue gas is cooled in a pre-treat-
 ment unit prior to entering the CO₂ capture unit where CO₂ is washed out by an amine solution. The CO₂ gas is stripped 
 of the amine solution whereby it is regenerated by applying heat in a stripper (desorber). The recovered CO₂ may be 
 compressed and dehydrated for transportation.  


As outlined in 
Figure 1
, a typical amine based CC plant will be composed of the following units: 

Flue gas pre-treatment 


Amine based CO₂ processes requires that the flue gas is relatively cool and clean i.e. low dust and acidic pollu-
 tants, before contacted with the amine solution. A too warm flue gas stream will disfavour the CO₂ absorption 
 equilibria resulting in increased energy demand of the capture process. The presence of flue gas pollutants such 
 as SO₂, HCl and NO₂ will inactivate the amine by irreversible absorption or degradation. This may in turn lead 
 to excessive amine consumption, emission of amine degradation products, corrosion in the amine process as 
 well as create more chemical waste. Furthermore, the presence of significant mass loadings of submicron par-
 ticles in the flue gas e.g. acid mist, may lead to formation of amine aerosol emission.  


Typically, the flue gas is preconditioned in a pre-scrubber or direct contact cooler. The pre-scrubber will quench 
 the flue gas to typically 30-40°C and scrub out most remaining acidic pollutants and fly ash. Caustic solution is 
 typically applied to remove the acid pollutants and keep the scrubbing water close to neutral pH. Because the 
 flue gas is cooled below its dewpoint a bleed stream of condensate containing the absorbed pollutants is pro-
 duced. Depending on the purity of the flue gas the condensate requires some level of treatment before dis-
 charged to public sewer. The cooling of the flue gas below its dew point requires also significant heat removal. 


This heat may also be upgraded with heat pump technology to be useful for district heating. 
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