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This thesis is a review on carbon capture technology. The main aim is to form an 

understanding of current status of different carbon capture technologies and their possible 

roles in the evolving energy system.  

 

Carbon capture technologies are needed to reach the emission reduction goals and to provide 

raw material for synthetic fuel production. Pure carbon dioxide can be extracted from 

industrial processes, where carbon dioxide is released as a side stream. These sources are 

limited, and carbon dioxide separation from large point sources, such as cement and steel 

production, pulp mills and waste incineration plants are needed to cover the demand.  

 

Carbon capture technologies based on solvent scrubbing and regenerative absorption-

desorption cycle are commercially available technologies. Emerging technologies include 

membrane separation, adsorption, calcium looping and novel combustion methods such as 

oxy-combustion and chemical looping combustion. The utilization of pure carbon dioxide 

sources is the most economical option. Due to high energy consumption and expensive 

equipment, the carbon dioxide separation from large stationary sources is significantly 

costlier. Emerging technologies show promising cost estimations, but large-scale 

demonstration plants are needed to confirm them.  
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Tämä diplomityö on katsaus hiilidioksidin talteenottomenetelmiin. Päätavoitteena on 

selvittää erilaisten hiilidioksidin talteenottomenetelmien tämänhetkinen tila ja niiden 

mahdolliset roolit muuttuvassa energiajärjestelmässä. 

 

Hiilidioksidin talteenottomenetelmiä tarvitaan päästövähennystavoitteiden saavuttamiseksi 

ja synteettisten polttoaineiden raaka-aineiden tuottamiseksi. Yksinkertaisimmillaan 

puhdasta hiilidioksidia on saatavilla erilaisten prosessien sivuvirroista. Saatavilla olevien 

sivuvirtojen määrä on kuitenkin rajallinen, joten hiilidioksidin talteenotto suurista 

pistelähteistä, kuten sementti- ja terästeollisuudesta, sellutehtaista ja jätteenpolttolaitoksista 

on tarpeen hiilidioksidin kysynnän kattamiseksi. 

 

Hiilidioksidin talteenottomenetelmät, jotka perustuvat pesureiden ja absorptioliuosten 

käyttöön, ovat kaupallisesti saatavilla olevia teknologioita. Kehitteillä oleviin menetelmiin 

kuuluvat kalvosuodatus, adsorptio, kalkkikierto ja uudenlaiset happipolttoon tai 

hapenkantajiin perustuvat polttomenetelmät. Sivuvirtoina saatavien hiilidioksidivirtojen 

hyödyntäminen on taloudellisin vaihtoehto. Hiilidioksidin erotus pistelähteiden 

savukaasuvirroista on huomattavasti kalliimpaa korkean energiankulutuksen ja kalliiden 

laitteiden vuoksi. Kehitteillä olevien teknologioiden kustannusten arvioidaan olevan matalia, 

mutta suuren mittakaavan koelaitoksia tarvitaan kustannusarvioiden vahvistamiseksi.  
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1 INTRODUCTION 

Climate change, caused by increased greenhouse gas concentrations in the atmosphere, is 

perhaps the largest threat mankind has ever faced. Since pre-industrial levels, the global 

average temperature has increased approximately 1°C.  Minimizing the average temperature 

rise by rapidly reducing greenhouse gas emissions is extremely crucial in the coming years. 

Intergovernmental Panel on Climate Change (IPCC) has estimated that climate-related risks 

are significantly more severe if global average temperature rise reaches 2.0 °C instead of 

1.5°C by 2100. (IPCC, 2018.) 

 

Massive changes are needed in many sectors, including energy production, agriculture, 

construction and transportation. Fossil fuels are currently the main primary energy source 

and abandoning them is challenging. In addition to increased share of renewable energy and 

enhanced resource efficiency, carbon capture technologies are commonly considered as a 

valuable climate change mitigation option as they could provide a smoother transition. In 

the field of carbon capture, two main concepts are discussed. The concept of carbon capture 

and storage (CCS) includes the capture and permanent storing of CO2 whereas the concept 

of Carbon Capture and Utilization (CCU) includes the utilization of captured CO2 as a raw 

material for industrial processes. The main difference is that CCS does not aim to reduce the 

use of fossil origin fuels but to reduce the emissions. In CCU, the use of fossil resources is 

reduced by recycling the CO2 but ultimately, the captured CO2 is released into atmosphere 

after the lifetime of the product. The main advantage of CCU is the resource security, 

however, also emission reductions are gained as the overall fossil fuel use is reduced. Both 

concepts are still in the early development phase and are easily commingled. Despite the 

different aims of these two concepts, the technology for CO2 separation and CO2 sources are 

the same. (Bruhn et al. 2016, 39-40.) 

 

This study is a comprehensive review on carbon capture technology. The main aim is to form 

an understanding of the current status of different carbon capture technologies and their 

possible roles in the evolving energy system. The focus is on separation technology so that 

the end-product from different technologies is compressed and purified carbon dioxide. The 

technological and economic characteristics of permanent storing or CO2 utilization are not 
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considered. A major target is to present relevant information in comparable form so that 

different technologies can easily be analyzed. 

 

The thesis consists of three main sections. In the first section, the current energy system and 

ongoing energy transition are presented as a background for the thesis. The demand for 

captured carbon dioxide is considered from the perspectives of climate change mitigation 

and synthetic fuel production. The current situation of various carbon dioxide sources and 

their physical characteristics are determined, as well as their development trends throughout 

the energy transition. The basic concept of carbon capture is presented, as well as the 

underlying physical and chemical principles of gas separation. In addition, relevant 

information related to the cost estimation of carbon capture technologies is introduced and 

the concept of carbon pricing is discussed. 

 

In the technological evaluation, the main technological characteristics of evaluated carbon 

capture technologies are presented. Operational principles of different technologies are 

presented and their suitability for various available CO2 sources are considered. Energy and 

material requirements are discussed, in addition, possibilities and restrictions related to 

retrofitting, flexible operation and future development are presented. 

 

The economic evaluation is conducted to perceive the economic characteristics of different 

technologies. For each technology, the cost of carbon dioxide capturing is presented in a 

comparative form. In addition, the capital costs and operational costs are determined. A 

generic cost comparison between evaluated technologies is executed.  
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2 FLEXIBLE RENEWABLE ENERGY SYSTEM 

In this section, the current situation and future development of energy system is presented. 

Carbon dioxide sources are determined and the demand for captured CO2 is outlined. 

2.1 Energy transition 

During the last 50 years, the total primary energy supply has increased 250% from 5500 

Mtoe to 13800 Mtoe. (Andrew, 2017, 2216). An enormous player in the energy supply field 

has been Asia countries not belonging to the Organization for Economic Co-operation and 

Development (OECD). Since 1971 until 2016, their share of total energy supply has 

increased from 13% to 35%, meanwhile the share of OECD countries has dropped from 61% 

to 38%. During that time, total primary energy supply has been strongly dependent on fossil 

fuels. In 2016, as much as 81% of all energy was produced with fossil fuels. Some trends 

can be seen in the supply of primary energy; the share of oil has decreased, and the share of 

natural gas and coal has increased (Figure 1). As a result of the increased fossil fuel use, 

global emissions have been also increasing. In year 2017, global carbon dioxide emissions 

were 32.5 Gt. (OECD and IEA, 2018, 1) 

 

 

Figure 1. Total primary energy supply by fuel in 1971 and 2016.(IEA, 2018,5) 

 

When scrutinizing the power sector (Figure 2), it can be seen, that the share of coal in 

electricity production has been relatively stable, around 40%. The share of oil has been 

constantly decreasing, whereas the share of natural gas has been increasing. The share of 

renewable energy has been somewhat stable, around 20 %. It is notable, however, that 

renewable energy generation has been increasing during the last 20 years. A remarkable 
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proportion of this growth can be tracked to wind and solar energy, especially in OECD 

countries, where renewable energy generation grew from 1500 TWh to nearly 3000 TWh 

between 1996-2016 (Figure 3). 

 

 

 

Figure 2. Global electricity generation by fuel 1971-2016. (IEA, 2018c) 

 

 

Figure 3. OECD renewable electricity generation 1971-2016. (IEA, 2018,11.) 

 

The rise in renewable electricity generation is mostly due to the decrease in cost of 

renewables. For instance, in year 2018, the capital cost for newly installed solar PV was only 

one fifth compared to the cost in 2010. In the same time period, the cost of traditional base-

load capacity did not decrease (Figure 4). 
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Figure 4. Weighted average capital cost for newly commissioned power capacity 2010-2018.  (IEA, 2019.)  

 

The radical decrease in cost of renewable energy will surely affect the whole energy sector. 

There are some indicators, which can be used when hypothesizing the structure of energy 

system in the future. One of them is the capital flow in energy industry. Annual report, World 

Energy Investment, published by International Energy Agency, is a comprehensive report 

disclosing the current situation in energy investments. Investments in renewable energy 

shows a slight increase, whereas investment in fossil fuel power has decreased. When 

remembering that the cost of renewable energy has been decreasing, it is easy to note that 

the capacity of renewable energy is growing constantly. According to IEA, it seems to be 

that in power sector, investment decisions for new coal power plants are declining: in 2012, 

global power sector invested to 100 GW coal power capacity whereas in 2018, 

corresponding invested capacity was only 20 GW. In the same time, investment decisions in 

battery storage rose by 45% (IEA, 2019,72). Currently, a major part of investment decisions 

is made for renewable energy, which can be seen from figure 5. 
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Figure 5. Power sector investment decisions by major countries and regions 2018.  (IEA 2019b,58) 

 

A quick review on the views of a few large players in the energy field exposes that the 

companies are sharing a common opinion: renewable energy is coming but the speed and 

phases of the transition are unclear. Decarbonization and electrification are two main 

megatrends. For instance, Exxonmobil predicts 45% decrease in emissions and 60% increase 

in electricity demand by 2040. Solar and wind capacity is expected to increase 400%. 

(Exxonmobil 2018, 2). In their electricity-based Sky scenario, Shell is expecting a decrease 

in coal consumption after 2030, but the decrease will be rather slow. By 2070, almost half 

of total energy would be supplied by solar and wind (Shell, 2018,33). British Petroleum is 

also expecting the penetration of renewables, and the company presents that global energy 

demand increases a third by 2040 and 85% of the growth is done with renewables. British 

Petroleum specifically mentions that the penetration of renewables will be faster than any 

fuel in history (BP, 2019). Equinor (formerly known as Statoil) acknowledges that 

decarbonization and electrification are the key actions in their renewable scenario. The 

growth of renewable energy technologies is inevitable because of their low cost (Equinor, 

2018). 

 

Billion USD 
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Wärtsilä is a Finnish machinery corporation, which manufactures power generation 

applications for energy and marine markets. Among others, Wärtsilä is interested in the 

energy transition and has disclosed their view on energy transition. The main driver for the 

change in the energy system is the ongoing and projected cost decrease of renewable energy, 

which causes the decommissioning of conventional baseload power generation, even before 

their designed end of lifetime. Wärtsilä presents that a transition towards 100% renewable 

energy system is possible but requires massive investments. Such a system would need 

increased renewable energy capacity of five times compared to demand. The inherent 

intermittency of renewable energy technologies would also cause a need for energy storage 

systems to ensure the reliability of the energy system. The daily variation would be covered 

with battery storage, whereas thermal storages and flexible thermal energy generation are 

needed to cover weekly variation. Fuel as an energy storage would be an answer to cover 

seasonal variation, the excess solar energy from summer season could be used to produce 

synthetic fuels and these fuels could be used for power generation in winter time. (Wartsila, 

2017, 2-8.) 

 

A more specific pathway of energy transition to a 100% renewable energy system was 

provided by Bogdanov et al. (2019). Simulated results (Figure 6) confirm that radical 

changes in energy system are needed. In the early steps, wind energy and hydropower are 

major sources of renewable energy, but in 2050, roughly 70% of all electricity is generated 

with solar energy. A major part of defossilization of power sector is happening before 2030. 

The increase in solar energy capacity is especially accelerated after 2020’s. With the increase 

of solar energy capacity, the need for energy storage increases accordingly. Gas storage 

capacity is significantly larger compared to the capacity of battery storages. However, 

battery storages are operated daily and therefore there are 300 full charge cycles annually, 

whereas gas storages are operated to cover seasonal variation and there are two charge 

cycles.  Due to the increased share of cost-efficient renewable energy, the cost of electricity 

is expected to decrease by 2050, the predicted average levelized cost being 52 €/MWh with 

the range of 27-70 €/MWh.  
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Figure 6. Simulation results of the structure of energy system during a possible transition pathway towards 

100% renewable energy system. (Bogdanov et al., 2019,6.) 

 

 

2.2 The demand of carbon capture 

Carbon capture from power sector and industry has traditionally been considered as a 

valuable tool in climate change mitigation. In the IEA’s 2DS scenario, where global CO2 

emissions are reduced to 10 Gt/a by 2060, carbon capture and sequestration is considered as 

a key technology to reduce emissions, even 14% of total cumulative emission reduction is 

achieved with carbon capture (Figure 7). This means that annual carbon capture capacity 

should be roughly 5 Gt/a in 2060. In the B2DS, global emissions are negative by 2060 and 

total carbon capture capacity should be 8Gt/a. (IEA energy perspectives 2017,33).  
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Figure 7.  Global emission reductions by technology. (IEA 2017.)  

  

New scenarios present carbon capture as a link in power-to-X chain. Increased share of 

renewable energy leads to a decrease in electricity cost and low-cost energy can be used to 

synthetically produce hydrocarbons, such as fuels, from captured carbon dioxide. This 

concept is an answer for intermittency of renewable energy generation. Synthetic fuels can 

be used as an energy storage and grid balancing. In addition to power sector, one possible 

user of synthetic fuels could be the transport sector.  

 

When estimating the demand for captured carbon dioxide, one way to put it in scale is to 

scrutinize the energy consumption and the carbon dioxide emissions of transport sector. In 

2015, CO2 emissions from transport sector were 9.6 Gt and according to IEA’s reference 

technology scenario, emissions are expected to grow to 14.4 Gt in 2060. In the same 

scenario, the energy consumption of transport sector was 31.4 PWh and in 2060 it would be 

46 PWh (IEA, 2017,218). Assuming that 1 TWh synthetic liquid fuel requires 0.28 Mt of 

carbon dioxide (Fasihi et al., 2017, 8), the amount of carbon dioxide needed to produce 

synthetic liquid fuel for the entire transport sector would be 8.8 Gt in 2015 and  12.9 Gt in 

2060. Electrification of transport sector is most likely one of the greatest megatrends in the 

coming years even though it is applicable mostly for road transportation. The share of road 

transportation was roughly 75% of 2015 emissions, which means that to cover marine and 

aerial transport, the need for carbon dioxide for synthetic fuel production would be currently 

2.2 Gt/a and 3.2 Gt/a in 2060. 
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Bogdanov et al. (2019) simulated that a renewable energy system would need gas storage to 

cover seasonal variation. The energy need for such gas storage would increase proportionally 

with renewable energy generation and in 2050 it would be 1000 TWh. If that storage was 

completely covered with synthetic natural gas, the need for carbon dioxide would be 

approximately 180 Mt. In a year, the gas storage would be discharged twice so annual CO2 

need would be roughly 360 Mt. The future of energy sector and actual emission reduction 

routes are surely uncertain, but hypothetically, it can be summed that the carbon capture 

demand for grid balancing is measured in megatons, whereas for transport fuel production, 

it is measured in gigatons. The permanent CO2 storing should also be done in gigaton-scale. 

A rough estimate of carbon capture demand for these three purposes is sketched in figure 8.   

 

 

Figure 8. An estimation of total carbon capture demand in 2020-2060. CCS-2DS: Carbon capture demand for 

emission reduction purposes. CCU-PtL: carbon capture demand for marine and aviation transportation, CCU-

PtG: carbon capture demand for seasonal grid balancing. 

 

2.3 Carbon sources 

To answer sufficiently to the question what the possible carbon capture technologies in the 

future might be, one must have an understanding about what the possible carbon sources are, 

what are their characteristics and what could be the future of the sources.  In this section, a 

brief overview of the main characteristics of carbon sources are presented and some 

estimates of future availability are discussed. In addition to the amount of carbon dioxide 

emitted, an important parameter is the typical size of CO2 source. The concentration of CO2 
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in the stream, as well as the pressure and temperature levels of the possible streams are also 

interesting as they might have an effect to the separation process. Carbon dioxide can be 

extracted from various combustion and industrial processes.  Some chemical processes, such 

as natural gas processing, ammonia production and ethanol fermentation produce almost a 

pure stream of carbon dioxide. These streams are referred as concentrated streams. A major 

part of carbon dioxide is emitted by fuel combustion in industrial processes or power 

generation. In addition to these, biogas upgrading is a specific carbon source as it produces 

a gas stream with relatively high concentration of carbon dioxide. With current technology, 

carbon dioxide can also be extracted from atmospheric air. 

 

2.3.1 Concentrated streams 

Ammonia production creates a gas stream of pure carbon dioxide as a by-product. Hydrogen 

is needed in the production of ammonia, and initially, the CO2 is produced in hydrogen 

production by steam methane reforming. Emission intensity in ammonia production varies 

depending on the raw materials used in the process. Using natural gas produces 1,6 t CO2 

per ton of ammonia produced, whereas using naphtha, oil, or coal creates two to three times 

more (Philibert, 2017,3). Global ammonia production in 2015 was nearly 180 Mt and most 

of this was produced with natural gas. Production of a modern ammonia plant can be even 

0.75 Mt/a. Carbon dioxide, which is removed from the syngas, is currently vented to the 

atmosphere or used in a urea plant (Pattabathula Venkat, 2016,75). If carbon dioxide 

emission intensity of 1.6 t CO2/tNH3 is assumed, the CO2 availability from ammonia 

production was 288 Mt/a in 2015. Ammonia is a common ingredient in fertilization industry 

and the production is not expected to decrease. IEA has estimated that ammonia production 

would increase from 170 Mt to roughly 210 Mt by 2025, which means that annual growth is 

estimated to be 2%. (IEA, 2017,81) With the same growth rate, ammonia production in 2050 

would be 340 Mt and corresponding CO2 emissions 540 Mt/a. However, if the primary H2-

production method in ammonia production is changed from steam methane reforming to 

electrolysis, this CO2 source would totally disappear. In addition to electrolysis powered 

with renewable energy, another renewable source for hydrogen would be biomethane.  

 

Fermentation of sugars to ethanol produces a gas stream, which is almost pure CO2. This 

stream is available at atmospheric pressure. Average amount of CO2 produced from an 
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industrial fermentation plant is 0.2 Mt/a (IPCC, 2005,80). For each liter of ethanol, 0.82 kg 

of carbon dioxide is generated (Irlam, 2017,14). In 2018, global ethanol production was 104 

billion liters and 2% annual growth is expected until 2023, which would mean 119 billion 

liters in 2023. In an accelerated case IEA predicts that ethanol production would be 145 

billion liters with a growth rate of approximately 6.5% (IEA, 2018b). If 2 % growth is 

expected to continue until 2050, ethanol production would be 187 billion liters and with 6.5 

% growth, production would be even 500 billion liters in 2050. With these assumptions, 

carbon dioxide availability from ethanol fermentation plants would be 100-116 Mt/a in 2023 

and 153-400 Mt/a in 2050. The need for low emission transport fuels is undoubtedly high in 

the future so ethanol production is not expected to decrease. If an average growth rate is 

assumed, the amount of CO2 available from ethanol fermentation would be 300 Mt/a in 2050.  

 

Natural gas processing is another source of carbon dioxide. To reach adequate quality, 

carbon dioxide must be removed from the raw natural gas. Total CO2 emissions from natural 

gas end use was in US was 1234.3 Mt/a in 2012, and a total of 21.4 Mt of CO2 was released 

in the processing of natural gas by acid gas removal. This means that for each tonne of CO2 

produced in the combustion of purified natural gas, 17.3 kg of CO2 was produced in the 

natural gas sweetening. (Bradbury, Clement and Down, 2015,11-12). Global emissions from 

natural gas combustion were  4918.2 Mt/a in 2016 (IEA, 2018a, 25) and if the same fraction 

of CO2 is assumed to be produced during natural gas processing, the global CO2 from natural 

gas sweetening would be 85.3 Mt. This value seems reasonable as CO2 emissions from 

natural gas sweetening were reported to be 50 Mt in 2002 (IPCC, 2005,81). The future of 

natural gas, however, is problematic. In addition to power generation, it is also used as a raw 

material in chemical industry, for example in ammonia production. Even though there is an 

urgent need for emission reductions, US EIA has estimated that the production of natural 

gas in 2050 will be at least as much as current production (U.S. EIA, 2019,72).  

 

Biogas is produced during anaerobic digestion of organic matter. It is produced mainly in 

industrial countries. (Petersson and Wellinger, 2011). Biogas is composed of methane (55-

65%) and carbon dioxide (30-40%). Other components include water vapor, hydrogen 

sulphide, hydrogen and siloxans (Appels et al., 2011, 4300). In biogas upgrading, harmful 

components are removed, and the calorific value of biogas is increased to produce suitable 
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fuel to combust in engines. Upgrading can be done by CO2 removal or by feeding hydrogen 

into an in-situ or ex-situ biological methanation reactor (Angelidaki et al., 2018, 457).  

Biogas upgrading by CO2 removal could be another concentrated source for carbon dioxide 

utilization. Production of biogas is increasing, during 2000-2014 average growth rate was 

11.2 % and in 2016, biogas production was 60.8 billion Nm3 (Kummamuru, 2018, 20). With 

carbon dioxide concentration of 35%, this would result a total of 39.2 Mt of carbon dioxide 

if all of the biogas was upgraded.  On the other hand, it is reported that global biogas capacity 

grew from 8,3 GW to 17.7 GW between 2009-2018, with an average growth rate of 8% 

(IRENA, 2018,38) and estimated growth rate for biogas production in Europe between 2017-

2022 is roughly 5% (Geerolf, 2018,52). It seems to be that the growth rate decreases with 

the increase of capacity. The future of biogas is unsure but if average growth rate of 4% is 

assumed between 2016 and 2050, the production of biogas would be 230 billion Nm3 and 

corresponding CO2 availability 150 Mt, if all of the biogas was upgraded by CO2 removal.  

 

With these assumptions, a rough estimate of total available carbon dioxide from concentrated 

sources is presented in figure 9. Ammonia production and natural gas sweetening are, for 

sure, important carbon dioxide sources but it must be noted that they both are fossil-origin 

and if the pressure for emission reductions is increasing, it is possible that these sources can 

shrink to nonexistence. However, they are currently remarkable sources for CO2 utilization. 

Biogas upgrading and ethanol fermentation are specifically interesting sources as the carbon 

dioxide is biogenic. In principle, ethanol fermentation is competing with food production 

and therefore the growth can be restricted, but the total potential of biogas upgrading could 

be significantly higher if every possible biogas source was utilized.  
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Figure 9. An estimation of total availability of high-concentration CO2 sources. 

 

2.3.2 Large stationary sources 

A significant proportion of carbon dioxide is emitted from large point sources, such as power 

plants and industrial processes. Common for all of these processes is that a major part of 

carbon dioxide is from fossil fuel combustion. According to IEA, in 2017 total emissions 

were nearly 35 Gt, from which roughly 14 Gt (40%) were from power generation and 8 Gt 

(23%) from industrial sector. In the industrial sector, iron and steel production, cement 

manufacturing and chemicals accounted for two-thirds of emissions, emitting 2.16 Gt (6%). 

2.16 (6%) and 1.2 Gt (3%) respectively. (IEA, 2019a, 35.) Power sector is currently heavily 

dependent on fossil fuels, but the share of renewable energy is increasing. It is presented that 

in a 100% renewable energy system most of the defossilization happens before 2030 

(Bogdanov et al., 2019,5). The speed of the transition is undoubtedly unsure but, in this 

evaluation, it is assumed that the CO2 emissions from power sector will shrink to zero by 

2040. 

 

Iron and steel production is an energy intensive process, one tonne of crude steel produced 

emits 1.8 tonne of carbon dioxide. A major part of this (95%) is from coal or coke. Typical 

integrated steel mill produces 3.5 Mt of carbon dioxide annually, from which 70% is from 

the blast furnace. The CO2 concentration of this stream is 20%. Other sources of carbon 
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dioxide are lime kiln, sinter plant and coke plant with CO2 concentrations of 30%, 5-10%, 

and 25% respectively. (Bui et al., 2018,1076.) In 2017, emissions produced from iron and 

steel manufacturing were 2.16 Gt. IEA has estimated that the emissions from steel and iron 

sector could be reduced to 0.5 Gt/a by 2060. Nearly 70% of the emission reductions are a 

result of energy and material efficiency, other key methods are fuel switching and carbon 

capture (IEA, 2019a,43).  Without carbon capture, the emissions from steel sector would be 

roughly 0.75 Gt/a. On the other hand, European steel association has estimated that in an 

economic scenario, only 15% emission intensity decrease by 2050 in steel industry is 

possible compared to 2010 level (Eurofer, 2013, 61). 

 

One ton of cement is responsible for 600-1000 kg of CO2 emitted. 60% of emissions are so 

called process emissions which means that they are formed in the calcination of limestone, 

the remaining is from fuels used to heat the lime kiln. (Bui et al., 2018, 1076). Process and 

combustion emissions are combined after leaving the lime kiln and typical carbon dioxide 

concentration is higher than in coal power plants, even 33 %. Other emissions, such as NOx, 

SOx, and particulate emissions are typically higher compared to coal power plants (Li et al., 

2013,1381). Temperature of the flue gas is depending on heat recovery conditions and varies 

between 100 to 200 C°, pressure is atmospheric. Average amount of CO2 emitted from 

typical cement industry source is 0.8 Mt/a (IPCC, 2005, 81). Estimations for the future of 

carbon dioxide emissions from the cement industry vary. IEA estimates that cement demand 

is expected to increase but emission reductions are possible via materials efficiency, fuel and 

feedstock switching and reduction of clinker to cement ratio. With these reductions, 

emissions would be decreased to the level of 1.7 Gt/a by 2060 (IEA, 2019a,38). Another 

estimation concludes that emissions from cement industry could be in the range of  1.2-2.6 

Gt/a (Farfan et al., 2019, 826).  

 

Pulp and paper industry is a large CO2 source in the industrial sector. Carbon dioxide 

emissions from the largest producer countries were approximately 300 Mt in 2016. However, 

due to energy restrictions, technical capture potential is currently 0.14 Gt. Carbon dioxide is 

mainly biogenic. CO2 can be separated from the flue gases of the recovery boiler, lime kiln 

and biomass boiler. Typical amount of CO2 produced from a new mill is 3.1-4.8 Mt/a. 

(Kuparinen et al. 2019.) Largest single carbon dioxide source is the recovery boiler 
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combusting black liquor (Leeson et al., 2017,74). It is estimated that the average growth of 

paper and paperboard demand between 2020-2050 is 1.27% (FAO 2011,72). If this growth 

rate is used and the emission intensity of pulp and paper industry is assumed to remain at 

same level, the emissions from the industry sector would be roughly 460 Mt/a in 2050. 

 

Currently, around 11% of all global solid waste is treated by waste incineration. The potential 

for waste incineration is huge as around 40% of all waste is disposed in landfills and even 

30% is dumped (Kaza et al., 2018,34). In addition, it is estimated that global annual waste 

production would increase from 2 to 3.4 billion tonnes between 2016-2050. (Kaza et al. 

2018,25). In 2050, emissions from waste incineration are expected to be 81 Mt/a in a baseline 

scenario and 233 Mt/a in best-case scenario (Monni et al., 2006). On the other hand, it is 

estimated that the energy generated from waste to energy plants will grow from 2 EJ to 11 

EJ between 2013 and 2050. (Makarichi et al. 2018,819). With an average emission factor of 

33,5 kg CO2/GJ (Larsen and Astrup 2011,1604), the CO2 emissions from waste incineration 

would be 64 Mt in 2013 and 350 Mt in 2050. 

 

Decarbonization of industrial sector includes few remarkable challenges. About 25 % of 

industrial emissions are process emissions, which are generated in chemical reactions needed 

in industrial processes. Reducing these emissions requires significant changes in processes 

which might be costly. High temperature heat is needed in many industrial processes and 

there are no efficient alternatives for fossil fuels. Industrial facilities are often enormous 

investments with long operating time, so current infrastructure will affect for a long time 

even if new low-carbon technology is commissioned. A major restriction for 

decarbonization, though, is the fact that most industrial products are traded worldwide, and 

products produced with low-carbon technologies are often more expensive. (IEA, 2019a, 22-

24.) 

 

However, with these assumptions, an estimation of the carbon dioxide availability from 

different large-scale point sources is made and presented in figure 10. The conventional 

power sector is excluded from the figure. 
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Figure 10. Estimated carbon dioxide availability from large point sources. 

 

The summary of different carbon dioxide sources is presented in table 1.  

 

 
Table 1. Summary of carbon dioxide sources. 

CO2 source: 

CO2 

concentration 

% Pressure 

Temperature 

C 

Typical 

size 

Mt/a 

Current 

potential 

Mt/a 

Future 

potential  

Mt/a 

Ammonia production pure atm ambient 1.2 290 540 

Ethanol fermentation pure atm ambient 0.2 85 300 

Natural gas 

sweetening 
pure atm - - 85 85 

Biogas upgrading pure atm ambient - 47 150 

Total concentrated sources:   507 990 

Steel and iron 27 atm 100-200 3.5 2160 750 

Cement 14-33 atm 100-200 0.8 2160 1700 

Pulp and paper atm 100-200 3.1-4.8 300 460 

Waste incineration 10 atm 100-200 - 120 350 

Total point sources    4740 3260 
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3 INTRODUCTION TO CARBON CAPTURE 

Three main carbon capture technologies are post-combustion carbon capture, oxy-fuel 

combustion and pre-combustion carbon capture. In post-combustion technology, the carbon 

dioxide formed in the oxidation of the fuel is removed after a combustion process. In 

principle, a post-combustion carbon capture system can be attached to any stream containing 

carbon dioxide, such as power plant flue gas or an industrial process stream. Carbon dioxide 

can be separated also by modifying the combustion process. Oxy-fuel or oxy-combustion 

refers to a technology where fuel is oxidized with pure oxygen instead of air, and the 

resulting flue gas contains water vapor and carbon dioxide. Pre-combustion technology 

includes gasification of the fuel and carbon separation before the combustion process. A 

schematic figure of these carbon capture technologies is presented in figure 11. (Lee and 

Park, 2015, 3.) 

 

 

Figure 11. A schematic figure of post-combustion, oxy-combustion and pre-combustion carbon capture 

technologies. (Adapted from Lee and Park 2015.) 
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As it can be seen from figure (11), the actual carbon dioxide separation can occur in different 

stages of a process. Depending on the technology, the separation can be based on 

regenerative absorption or adsorption, membrane separation or cryogenic distillation.  

 

3.1 Principles of gas separation 

Carbon dioxide can be separated from a gas stream by various means. In this section, the 

basic principles of gas separation mechanisms are presented.  

3.1.1 Absorption 

The absorption of a carbon dioxide molecule includes both physical and chemical 

absorption. The overall process includes multiple steps (Figure 12). Firstly, due to diffusion 

in the gas mixture, the carbon dioxide molecule is introduced to a gas-liquid boundary and 

dissolved in liquid film. This step can be considered as physical absorption. The chemical 

absorption, however, includes diffusion of dissolved carbon dioxide to the binding agent and 

the chemical reaction between the binding agent and a carbon dioxide molecule (Wilcox, 

2012). 

 

 

Figure 12. Steps of absorption of carbon dioxide. (Wilcox, 2012.) 

 

The solubility of CO2 is a prominent factor for it can be used to determine the concentration 

of CO2 in the boundary layer. CO2-solubility can be generally expressed with the vapor-

liquid equilibrium constant, which is dependent on temperature, vapor pressure of CO2 and 

ionic strength of the aqueous solution. In general, the solubility increases with the increase 

of pressure, and decreases with the increase of temperature (Liu et al., 2011, 128). It can be 

remarked that if there is a chemical reaction between carbon dioxide and some type of 

binding agent, the mass transfer of CO2 into the liquid phase can be significantly increased 

(Wilcox 2012, 76). This is the operational principle of chemical solvents used in carbon 

capture. 
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As many of the solvents used for carbon capture are aqueous solutions, the chemical 

reactions include reactions between carbon dioxide and pure water. When dissolved in water, 

carbon dioxide forms carbonic acid, bicarbonate and carbonate ions. The proportions of 

these species vary according the Ph of the solution. (Wilcox, 2012, 66). Carbon dioxide is 

slightly acidic when dissolved in water, so adding a base increases the solubility. 

 

Solvents used in carbon capture can be classified to physical and chemical solvents referring 

to the type of absorption occurring during the process. Physical absorbents include multiple 

options such as dimethyl ether, propylene glycol, methanol and morpholine. Commercial 

physical solvents are named Selexol, Rectisol, Purisol and Morphysorb. Chemical solvents 

are often aqueous solutions of primary, secondary and tertiary amines such as 

monoethanolamine (MEA) and diethanolamine (DEA).   (Yu, Huang and Tan, 2012, 747.)  

 

Desorption of a carbon dioxide molecule can be done by varying the pressure and the 

temperature. Generally, physical solvents are used in high pressure and low temperature and 

regeneration occurs in decreased pressure and increased temperature. Chemical solvents are 

regenerated by increasing the temperature of the solvent. (Yu, Huang and Tan, 2012, 746. ) 

 

In solvent selection, several parameters should be considered. Working capacity, meaning 

the amount of carbon dioxide the solvent can capture per one cycle, determines how much 

solvent must be recirculated. High viscosity decreases the efficiency of heat transfer and 

increases required pumping power. High stability and high heat of absorption allows using 

high temperature in stripping part (Smit et al., 2014,217). Physical solvents typically have 

higher absorption capacities which is a benefit for smaller amount of solvent is needed in the 

whole recirculation process (Mumford et al., 2015). 

 

3.1.2 Adsorption 

When a carbon dioxide molecule is attached to a surface of a binding material, it is called 

adsorption. A carbon dioxide molecule to be attached is known as an adsorptive and when 

on the surface, it is called adsorbate. The surface, however, is adsorbent or more generally, 

sorbent. Adsorption is suitable for separation of dilute mixtures. (Wilcox 2012, 115.) 
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Adsorption may occur due weak intermolecular forces or covalent bonding. In the first case, 

it is called physisorption and in the second case, it is called chemisorption. The heat of 

adsorption in physisorption is generally lower than in chemisorption because it includes no 

dissociation of molecules. Because of electron transfer and electron sharing, chemisorption 

is also a slower process, but it can be more specific. Physisorption occurs in low temperatures 

whereas chemisorption may occur over a wide range of temperatures. (Brandani et al. 2008, 

4). The main difference between these two is that chemisorption includes monolayer 

coverage only whereas in physisorption adsorbate may accumulate as multilayer coverage. 

(Brandani et al., 2008; Wilcox, 2012). This means that in addition to higher regeneration 

energy, chemisorption requires also greater surface area and reaction time. Multilayer 

coverage predicts also higher capacity for sorbent, so physisorption processes will most 

likely dominate in carbon capture applications where large volumes must be treated. 

However, if a catalyst is introduced, both types of adsorption may play an important role 

(Brandani et al. 2008, 5). 

 

Typical adsorbents researched for carbon capture applications include activated carbon, ion-

exchange resins, silica gel and activated alumina for low temperature applications and metal 

oxides, hydrotalcites, and lithium zirconate for high temperature applications. (Wilcox, 

2012, 129; Leung, Caramanna and Maroto-Valer 2014, 431.)  Adsorption can be improved 

by adding functional groups with high selectivity to CO2. These functional groups are mainly 

amines (Lee and Park, 2015, 4). 

 

Any adsorption process is usually followed by a desorption process, known as regeneration 

of the sorbent. Regeneration of the sorbent is mainly done by altering the temperature or 

pressure. Different types of adsorption cycles are referred as temperature-swing adsorption 

(TSA), pressure-swing adsorption (PSA), and vacuum-swing adsorption (VSA). Both PSA 

and VSA have a same type of operational principle. Carbon dioxide is adsorbed at higher 

pressure, and after sorption phase, the pressure is decreased, and a certain amount of 

adsorbate is released. In TSA, the adsorption occurs at lower temperature and the 

regeneration is done by increasing the temperature. The difference between PSA and TSA 

is presented in figure 13. The amount of adsorbate released during an adsorption-
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regeneration swing is the difference in adsorbate loading (x1-x2). In PSA, the pressure is 

decreased from p1 to p2 and adsorbate loading decreases along the adsorption isotherm. In 

TSA, the regeneration is done by increasing the temperature from T1 to T2. 

 

Figure 13. A schematic of adsorbate loading during PSA and TSA. (Wilcox 2012, 160.) 

3.1.3 Cryogenic distillation 

Cryogenic distillation is a gas separation process where various gas species are separated 

from each other based upon their differences in boiling points. Separation by phase change 

can be utilized in various carbon capture applications, such as in oxy-fuel combustion where 

oxygen is separated from the air. (IPCC, 2005, 111). Cryogenic distillation can also be used 

to separate carbon dioxide from a gas mixture. When separating carbon dioxide from a gas 

stream, the gas mixture is compressed and pretreated to remove water. Condensation 

temperature of a gas depends on its partial pressure. When condensation occurs in a given 

temperature, the partial pressure decreases and so does the condensation temperature. This 

means that condensation takes place in various temperatures (Wilcox 2012, 221). 

 

At normal pressure, carbon dioxide does not exist as liquid (Figure 14). If temperature is 

decreased, desublimation occurs and carbon dioxide is solidified. To be liquefied, the 

pressure needs to be increased (IPCC, 2006, 385). Typical pipeline transport conditions for 

carbon dioxide are 110 bar and 35 °C (Wilcox 2012, 35). 
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Figure 14. Phase diagram of carbon dioxide. (Wilcox 2012, 36.) 

 

3.1.4 Membrane separation 

Membranes are porous or semipermeable materials that can be used to separate particles 

from each other (Figure 15). The driving force of membrane separation is pressure gradient 

across the membrane. Membrane divides gas stream into two streams, from which permeate 

is the stream with higher concentration of separated gas and retentate with lower 

concentration. After separation, retentate stays in higher pressure and permeate in lower 

pressure (Zaman and Lee, 2013). In carbon capture applications, membrane separation can 

be used directly to separate CO2 or indirectly to separate other gases such as O2 and N2.  
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Figure 15. A schematic figure of gas separation with membrane. (Zaman and Lee 2013, 1517.) 

 

The most important parameters when determining the efficiency and function of a 

membrane, are selectivity and permeability. Selectivity determines the purity of permeate 

flow and permeability dictates the overall amount of treated matter and therefore affects the 

membrane surface area needed for separation. Common two types of membranes are porous 

membranes and non-porous membranes. (Wilcox, 2012, 179). 

 

In porous membranes, separation occurs due molecular sieving, where pore diameter of the 

membrane is chosen so that unwanted particles do not pass the membrane. By this method, 

it is possible to completely remove unwanted particles. Drawback, though, is that permeate 

flow is relatively small compared to retentate flow and large membrane areas are needed. 

Pore size can be increased and the difference in permeability between molecules is due to 

differences in particle velocities, so that particles with smaller mass move faster through the 

membrane. This mechanism of diffusion is known as Knudsen diffusion. Non-porous 

membranes are based on solubility and diffusivity of gas particles.  (Smit et al., 2014, 291.) 

 

In addition to direct membrane separation, several proposals for utilizing membranes are 

also presented. Facilitated transport membranes, also known as carrier-assisted membranes 
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are specific type of non-porous membranes in which carbon dioxide is attached to a carrier 

at high pressure side and then detached from the carrier at the permeate side  (Wilcox, 2012, 

196-197). The concept has similarities with absorption process, where carbon dioxide is 

absorbed into a solvent at high pressure and then desorbed at low pressure (Smit et al., 2014, 

326). Another option is to use membrane as a contactor surface in a conventional solvent 

absorption process. It is reported that  membrane absorption with amine blends show better 

results compared to benchmark at higher CO2 concentrations and temperatures (Ansaloni et 

al., 2019). 

 

3.2 Concentration of CO2 and minimum theoretical work for separation 

Minimum work needed for separation can be calculated by defining the difference of Gibbs 

free energy between the initial and final states of the treated gas stream. This difference is 

mainly dependent on initial concentration of the gas stream. In general, the minimum 

theoretical work needed for carbon dioxide separation increases strongly when the initial 

concentration of CO2 decreases. Capture rate and purity after separation affect minorly to 

the separation work, which can be seen from figure 16. 
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Figure 16. Theoretical minimum work for separation with different purities and capture rates as a function of 

CO2 concentration.(Bui et al., 2018, 1131) 

 

In real world processes, the work required for separation is seldom even close to the 

theoretical minimum. Most applications run pumps and blowers for gas and liquid 

circulation and in adsorption and absorption processes, heat is needed for regeneration of 

solvents and sorbents. In addition, separated carbon dioxide must be compressed for further 

use. All these processes include irreversibilities. 

 

3.3 Estimation of the cost of carbon capture 

Even though the need for emission reduction actions is urgent and some of the technologies 

suitable for carbon capture are currently available, the wider adoption of the overall concept 
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is limited. The main restriction is the cost of carbon capture. Currently, there is no market 

for captured carbon dioxide in the scale of power or industrial sector. Any power plant or an 

industrial process will be more complicated and more expensive if carbon capture is applied.  

 

Estimating the cost of carbon capture is challenging for there is not much information 

available from actual plants. Many of the technologies are only in laboratory or pilot scale 

and most of the economic analyses are only theoretical calculations.  In addition to the fact 

that calculation methods and reporting practices vary in different publications, most of the 

calculations include many assumptions and therefore the results may not be comparable.  

 

As an attempt to unify the cost calculation of carbon capture projects, Rubin et al (2013) 

compared various reports and presented their recommendations for cost estimation practices. 

The main components of the cost of carbon capture are capital expenditure, fixed and 

variable operating expenditures and the cost of energy consumed in the capture process. In 

this section, the main principles of cost estimations for carbon capture plants are presented. 

 

3.3.1 Capital expenditure 

Capital cost is the overall sum of all costs related to the construction of a carbon capture 

plant. The main part of capital cost estimation is called Bare Erected Cost (BEC), which is 

the sum of the cost of all equipment needed in the plant and the cost of materials and 

construction work. BEC estimation requires very detailed information of the plant and it can 

be estimated with the help of engineering and construction companies. Engineering, 

Procurement and Construction costs (EPC) are usually estimated as a percentage of BEC. 

As there are many uncertainties in the construction and in the processes, a contingency cost 

is added, which is also estimated as a percentage of BEC. The maturities of carbon capture 

processes are very low, and the contingency can be even 50%. The sum of BEC, EPC and 

contingency costs yields an intermediate cost which is referred as Total Plant Cost (TPC). 

In addition to TPC, there are numerous costs related to any larger project, such as feasibility 

studies, surveys, land costs, insurances and permitting. These are commonly referred as 

Owner’s Cost and are not typically included in cost estimations but can still form a 

significant part of the overall cost. The sum of TPC and Owner’s cost is called a Total 

Overnight Cost (TOC). Large plants may take several years for construction to complete and 
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the Total Capital Requirement (TCR) is the overall cost when interest during construction 

and construction cost escalations are accounted. (Rubin et al., 2013, 8-11.) 

3.3.2 Operational expenditure 

Operational expenditures are related to the operation and maintenance (O&M) of a carbon 

capture plant, which can be categorized into fixed and variable O&M costs. Fixed cost 

contains the cost of maintenance and operating labor, maintenance materials, taxes and 

insurances. Variable costs are costs related to fuel and chemical handling, waste disposal 

and sometimes even energy cost. Variable costs are depending on the utilization rate of the 

plant and they are commonly presented as per unit produced. Operational costs are often 

presented as a percentage of capital cost. (Rubin et al., 2013.) 

3.3.3 Energy cost 

Separating carbon dioxide is an energy intensive process and a major part of the cost is 

related to the cost of energy. In the simplest form, this cost can be determined if the energy 

consumption of carbon capture process and levelized cost of energy is known. The levelized 

cost of energy is a unit generated for easier comparison between different energy generation 

methods. It is the cost per energy unit generated over the lifetime of an energy generating 

plant. It contains multiple assumptions such as fixed charge factor, fuel cost and plant 

utilization rate.  

3.3.4 Cost of captured carbon dioxide 

Most of the economic analyses of the cost of captured carbon dioxide are related to power 

plants. Two main units mentioned in literature are cost of CO2 avoided and cost of CO2 

captured. Adding a carbon capture equipment to a process will increase the overall energy 

consumption. For instance, to provide the same amount of end product, which often is 

electricity, more carbon dioxide is emitted. Carbon capture application has certain capture 

efficiency so certain amount of carbon dioxide is still emitted. The cost of carbon capture is 

often presented as the cost of CO2 avoided. This value compares a plant with CCS to a 

reference plant without any carbon capture device, using the levelized cost of electricity and 

emission intensity. The emission intensities of reference plant and a plant with CCS are 

somewhat straightforward but the levelized cost of electricity contains multiple assumptions 

such as fixed charge factor, plant utilization rate and fuel cost of electricity generation. This 
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is the reason that many economic values presented in literature are not necessarily 

comparable. For power plants, the cost of CO2 avoided can be calculated as follows. 

 

𝐶𝑜𝑠𝑡 𝑜𝑓 𝐶𝑂2 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 =  
𝐿𝐶𝑂𝐸𝑐𝑐𝑠−𝐿𝐶𝑂𝐸𝑟𝑒𝑓

𝐸𝐹𝑟𝑒𝑓−𝐸𝐹𝑐𝑐𝑠
    (1) 

Where: LCOE: levelized cost of energy [€/MWh], EF: emission factor [tCO2/MWh], CCS: 

plant with carbon capture and storage, ref: plant without carbon capture 

 

Another value presented in literature is the cost of CO2 captured. This is a value which does 

not take into account the extra CO2 emissions produced while generating the excess energy 

needed for capturing and sequestration. For power plants, it can be expressed as follows 

(Rubin et al., 2015,16).  

 

𝐶𝑜𝑠𝑡 𝑜𝑓 𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 =  
𝐿𝐶𝑂𝐸𝑐𝑐−𝐿𝐶𝑂𝐸𝑟𝑒𝑓

𝐸𝐹𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑
    (2) 

Where: CC: plant with carbon capture, captured: amount of captured CO2 [t/MWh] 

 

Similar calculation methods can be used also with other types of CO2 emitting processes. 

The general principle is the same, instead of generated electricity, the costs and emissions 

are normalized on the amount of end-product, such as steel or cement. (Wilcox 2012, 30.) 

 

Carbon capture applications can be also considered as individual units with their specific 

capital and operational costs. In a techno-economic evaluation of direct air capture plants, 

Fasihi et al (2019) calculated the cost of carbon capture by using capital and O&M cost of 

carbon capture plant, annuity factor, energy consumptions and levelized cost of heat and 

electricity. A benefit in this method is that the cost of captured CO2 with different carbon 

capture technologies can be compared more straightforwardly: 

 

𝐶𝑜𝑠𝑡 𝑜𝑓 𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 =  𝐶𝑎𝑝𝑒𝑥 ∙ 𝑐𝑟𝑓 + 𝑜𝑝𝑒𝑥𝑓𝑖𝑥 +  𝑜𝑝𝑒𝑥𝑣𝑎𝑟 + 𝐸 ∙ 𝐿𝐶𝑂𝐸 + 𝑄 ∙ 𝐿𝐶𝑂𝐻       (3) 

𝑐𝑟𝑓 =  
𝑊𝐴𝐶𝐶 ∙ (1 + 𝑊𝐴𝐶𝐶)𝑛

(1 + 𝑊𝐴𝐶𝐶)𝑛 − 1
 

Where: Capex: specific capital cost of carbon capture equipment [€/tCO2/a], Opex: 

operational cost [€/tCO2], fix: fixed, var: variable, E: electricity consumption [MWh/tCO2], 
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Q: heat consumption [MWh/tCO2], LCOH: levelized cost of heat [€/MWh], crf:  annuity 

factor WACC: weighted average cost of capital, n: plant lifetime [a] 

 

3.4 Carbon pricing 

Traditionally, the benefits of fossil fuel use have been accumulated only for a small 

proportion of economic players whereas the harms have been equally divided by everyone. 

Carbon pricing is a concept, where the emissions contributing to the climate change are 

priced according their harms caused to the environment and society. The greatest advantage 

related to the concept is that it inherently forces the polluters to reduce emissions in the most 

cost-effective way. In the long term, the concept also promotes development of less emission 

intensive technologies.  (Boyce, 2018,53.) 

 

Determining the actual cost of harms caused by fossil emissions is an extremely challenging 

task so another option is to scrutinize the carbon price from the perspective of emission 

reduction goals. Two commonly discussed methods are so called cap-and-trade system and 

carbon taxation. In the cap-and-trade system, the total emissions are limited, and emission 

permits are either given or auctioned to the polluters. Emission permits can be traded 

between the polluters, if there is unbalance between the allowed and actualized emissions. 

The carbon price is thus determined by supply and demand. Annual allowed emissions 

decline through the years, which increases the pressure for emission reduction actions. In the 

carbon taxation, a uniform price for emissions is governed by a national or an international 

authority. (Boyce, 2018.) 

 

Globally, there are over 20 different emission trading systems (ETS) in force. Most of them 

follow the idea of cap-and-trade, but there are multiple differences in the structures, such as 

the overall emission coverages and the shares of free allowances. Most of the systems cover 

the emissions from power generation and industry, some of them are applied also for 

construction, road transport and aviation sectors. Between 2005 and 2018, the total amount 

of CO2 emissions under emission trading grew from 2.1 Gt to 7.4 Gt. In 2017, the average 

CO2 price varied from 3 to 15 €/tCO2. (ICAP, 2018, 6-8.)  
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The European Emission trading system (EU-ETS) is the largest currently operating carbon 

market, since 2006 its annual value of overall carbon markets has been more than 95% each 

year (Ibikunle and Gregoriou, 2018,16). The system is a cap-and-trade system and its 

implementation is divided into operational phases. The price of European Union emission 

allowances (EUA = 1 t CO2) has been varying a lot through the years (Figure 17). In general, 

the price has been relatively low due to the oversupply of EUA’s.  Tools to affect the 

oversupply of emission unit allowances include back-loading and market stability reserve 

and using them is expected to stabilize the CO2 price. Back-loading means postponing the 

auctioning of emission allowances during a phase and market stability reserve mechanism 

enables removal of emission allowances if there is too much surplus (EU, 2019). 

 

 

Figure 17. Historical development of emission unit allowance price in EU-ETS during 2008-2019. (Friedrich 

and Pahle, 2019.) 

 

The concept of carbon pricing provides an opportunity for the large-scale implementation of 

carbon capture technologies. If the CO2 price increases, the emission intensive industry is 

forced to reduce their emissions. If the price is high enough, also carbon capture could be a 

feasible option. In principle, carbon pricing is the only economic incentive for carbon capture 

and permanent storing. In the CCU concept, the value comes from the savings gained by 

reduced fossil fuel use. Carbon pricing could accelerate the early implementation of carbon 
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capture technologies and therefore affect the development of CCU technologies. The future 

of CCU and legislation related to carbon pricing is, however, unsure. For example, the EU-

ETS, which is the oldest operating emission trading system, does not reward the capture and 

utilization of CO2 whereas CCS is incentivized. This means that if an industrial actor 

belonging to the EU-ETS uses synthetic fuel produced from CO2, it must still report 

subsequent emissions, even if the CO2 was originally captured from atmospheric air. (IOGP, 

2019,32). In addition, current ETS regulation allows the subtraction of emissions only if 

captured CO2 is permanently stored (Kärki et al., 2018,29). In principle, this means that the 

emissions would be counted twice if both the CO2 source and captured CO2 user belonged 

to the EU-ETS. 

 

In addition to carbon pricing, other regulations could enhance the deployment of carbon 

capture technologies. For example, the European Union directive 2018/2001/EU 

acknowledges synthetic fuels as a manner to increase the share of renewable energy use. 

Synthetic fuels of non-biological origin are considered renewable if the electricity used in 

production is completely renewable. In general, the maturity of CCU technologies are low 

and the corresponding regulation does not recognize their full potential.  
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4 TECHNOLOGICAL EVALUATION  

 

The core of this technological evaluation is a vast literature research, which is conducted by 

reviewing scientific publications, books and information provided by vendors in the sector. 

The goal is to collect relevant technological information of different carbon capture 

technologies and to conclude them so that they are presented in an easy to understand and 

compact form. Comparability is a crucial part of any technological evaluation so numerical 

values, such as energy consumption, are transformed to same units so that the information 

provided is comparable. 

 

For each technology, the operational principle and the underlying gas separation method are 

shortly described. Process description, main components of the technology and main 

material streams are presented. A prominent aspect related to material streams is the 

availability and toxicity or corrosivity of the materials used in the process. Side streams, 

effluents and possible environmental risks related to the technology are considered. The need 

for additional pretreatment will surely affect the complexity of the overall concept, so it is 

also mentioned. The carbon capture efficiency, as well as the purity of the separated carbon 

dioxide stream is also a matter of interest. The possibility for retrofitting and suitable carbon 

sources with their availabilities are also discussed. In the future, it is most likely that the 

flexibility of a given technological process is an important aspect so the possibility for 

flexible operation of the carbon capture technology is considered. A crucial part of any 

carbon dioxide technology is its energy consumption and the quality of the energy, in 

addition to the availability of the energy required. Even though there are numerous 

technologies presented in literature, the technological maturity may vary. Technological 

readiness level (TRL) is used to describe the maturity of the technology. Main restrictions 

in the research and development and major barriers for implementation are identified. 

Possible demonstration plants, pilot plants and vendors acting in the sector are also 

presented.  

 

4.1 Compression of concentrated sources 

Whether captured carbon dioxide is stored or utilized, it is usually compressed to higher 

pressure. In addition to outputs of different carbon capture applications, the side streams of 
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ammonia production, natural gas sweetening and ethanol fermentation are possible highly 

concentrated carbon sources. When comparing to other carbon capture routes, the utilization 

of concentrated CO2 streams is definitely the most attractive method as the process is 

extremely simple and includes no effluents or hazardous materials. Only restriction is that 

the availability of these sources is limited.  

 

The compression of carbon dioxide is typically done with multi-stage centrifugal 

compressors and the number of stages in compressors designed for carbon dioxide 

compression to high pressures can be 8-10. Between the stages, cooling of the compressed 

gas is needed (Figure 18). To ensure proper functioning of the compressor, dehydration is 

needed as pretreatment. Large compressors needed in the scale of CCS applications are 

commercially available and from the technical point of view, the compression is generally 

considered as unproblematic. (Steven and Brodal, 2019,2). 

 

 

Figure 18. A schematic view of CO2 compression with multiple stages. (Adapted from: Steven & Brodal 

2019,3.) 

 

Electrical energy is required for the compression of carbon dioxide. Some of the energy used 

in the compression is transformed to waste heat and cooling is usually needed in the 

compression process. Thermodynamic minimum work required for  isothermal compression 

of carbon dioxide from 1 bar to 100 bar is 61 kWh/t CO2 (Socolow et al., 2011,23). Current 
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efficiencies of compressors are generally high and energy consumptions of real compression 

reported in literature are quite similar.  Simulation results show that the electricity 

consumption of carbon dioxide compression in the scale of CCS applications and reported 

that the energy consumption would be 81-112 kWh/t CO2 (Steven and Brodal, 2019,10). 

Other electricity consumptions reported in literature are 132 kWh/t CO2 (151 bar) (Keith et 

al., 2018) and 111 kWh/t CO2 (110bar) (IPCC, 2005, 119). 

 

The compression of pure CO2 is a mature technology (TRL 9). Current research has a focus 

on novel compressor types, process optimization and heat recovery possibilities, such as 

using waste heat derived in the compression to run an organic Rankine cycle. In addition to 

concentrated sources, possible future development of compression processes affects also all 

of the other technologies as the compression energy can be responsible for 30-50% of the 

total energy consumption. (Jackson and Brodal, 2018,1.) 

 

4.2 Water scrubbing 

Water scrubbing is a method for CO2 removal from a gas stream. The method is based on 

physical absorption and regeneration by pressure reduction. Main components in the process 

are scrubbing tower, raw gas compressor, stripping tower and water pumps. The stream 

containing carbon dioxide is firstly pressurized to 9-12 bars and then contacted to water 

counter currently in a scrubbing tower. Pressurized stream is introduced from the bottom of 

the tower and water from the top of the tower. Commonly, the scrubbing tower is a packed 

bed column. Carbon dioxide is released in a flash tank or in a stripper by decreasing the 

pressure to atmospheric levels. After releasing, carbon dioxide is collected from the top of 

the stripper and compressed. Water leaving the bottom of the stripper can be used once or 

re-circulated in the process. (Sahota et al., 2018,81). Water as a working material provides 

inherent advantages such as high availability, low cost and minimal environmental risks. 

The process itself contains no side streams, if water is recirculated. An advantage is also that 

using water as a solvent includes no need for make-up solvent as thermal or chemical 

degradation of the solvent does not exist. Water is contacted with the CO2 stream at low 

temperature and high pressure, which means that the evaporation of water in the absorber is 

unlikely. 
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With water scrubbing technology, it is possible to reach high carbon capture efficiency, even 

more than 97%. The purity of the produced stream depends on the process configuration. 

For example, in biogas upgrading, the overall system may be optimized for maximum 

biomethane yield, and the purity of the stream from the stripper is not a matter of interest. In 

addition to pressure reduction, the CO2-rich water may be purged with atmospheric air, in 

such situation, the CO2 concentration of the residual stream is very low, from 10 to 20% 

(Cozma et al., 2013,919). In principle, water scrubbing can be used for any stream containing 

carbon dioxide. Sulphur compounds, however, may cause corrosion problems when 

dissolved in water and therefore proper removal of sulfur compounds is needed if the process 

is used for flue gas (Sahota et al., 2018,81). Before absorption, the stream to be treated is 

compressed to high pressures. High CO2 concentrations in raw gas are favorable because 

volumetric flows to be compressed are smaller. It is beneficial for the absorption process 

that the stream to be treated is as cool as possible. For these reasons, water scrubbing is not 

preferable for CO2 separation from flue gases, but it is suitable for biogas or natural gas 

processing. An advantage with biogas is that after absorption tower, upgraded biogas is at 

higher pressures so energy recovery systems are not needed as biogas is typically used at 

higher pressures. 

 

Energy is used for compression of the raw gas stream and circulation of water. In addition 

to these, a major part of energy is consumed in the compression of the extracted carbon 

dioxide. Cooling may be needed in the process but there is no need for heat. The energy 

consumption depends on the initial CO2 concentration of the raw gas stream as higher initial 

concentration leads to higher CO2 yield during a working cycle. In the case of biogas, energy 

consumption of water scrubbing is reported to be 0,2-0,4 kWh/Nm3 per upgraded biogas 

(Patterson et al., 2011,1809). If CO2 concentration of biogas is assumed to be 40%, this 

equals 136-326 kWh/t CO2. A simulation result shows that the energy consumption of biogas 

upgrading with water scrubbing is 450 kWh/t CO2 (Cozma et al., 2013,922). However, it 

must be noted that the design used was using atmospheric air sweep for regeneration, so the 

produced CO2 stream had very low concentration and the energy consumption reported does 

not include the final compression of CO2. An electricity consumption of 0,46 kWh/Nm3 was 

presented for a process with CO2 purity 80-90%. (Yousef et al., 2019,625). With 40% CO2 

concentration in raw biogas, this would be 375 kWh/tCO2. In literature, there is a lack of 
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data concerning the energy consumption of water scrubbing systems used for streams with 

lower carbon dioxide concentration, such as flue gas. As a major part of energy consumption 

is associated with the pre-pressurizing of raw gas, the energy consumption in flue gas 

applications would be undoubtedly higher than in biogas applications. 

 

The technology is widely used for biogas upgrading, in 2015 there were over 150 operating 

biogas upgrading plants based on water scrubbing (Angelidaki et al., 2018,453). A Finnish 

company, Carbon ReUse Finland, is developing their own plant which is using water 

scrubbing technology. Instead of packed column, they are using a bubbling bed column and 

their own patented post-desorption system which increases the capture efficiency and end 

purity of CO2. Based on discussion with the company, Carbon ReUse Finland has done pilot 

tests with power plant flue gases, biogas upgrading and breweries. The company has reached 

high purity of CO2 (>99%) and reported energy consumption of 400 kWh/t CO2. In general, 

the technology is more suitable for those streams with higher partial pressures (Teir et al., 

2014,19). 

 

4.3 Solvent scrubbing 

As discussed previously, the dissolution of a carbon dioxide molecule can occur as physical 

or chemical absorption. In addition to water scrubbing, there are two major groups of carbon 

capture systems based on absorption. The main operational principles have similarities with 

water scrubbing but as there are some differences, the characteristics of physical solvent 

scrubbing and chemical solvent scrubbing are discussed separately. 

4.3.1 Physical solvent scrubbing 

The process is based on regenerative absorption-desorption cycle. As the name indicates, the 

underlying operational principle is physical absorption. Main components are absorption 

tower, solvent pumps and desorption sections. As the solubility of CO2 depends on both 

temperature and pressure, the regeneration can be done by pressure reduction or temperature 

increase. In the case of pressure swing, the desorption occurs in flash drums. If thermal 

regeneration is used, the process is similar to chemical solvent scrubbing system, which is 

discussed later in this work.  The process is illustrated in figure 19. In the beginning of the 

process, the stream containing carbon dioxide is compressed and contacted with the solvent 

in the absorber. The solvent is then driven to flash drums where carbon dioxide is extracted 
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by pressure reduction. After this, the lean solvent is pumped back to the absorber. (Olajire, 

2010,2618; Zaman and Lee, 2013,1507). CO2 is extracted at low pressure, so compression 

is required for storage and utilization purposes. Low temperature levels and high pressure 

levels are favorable for physical absorption. For example, the optimal pressure level for 

Selexol process is 20 Bar. Operating temperatures reported are typically low, some of the 

solvents can operate at temperature up to 175 °C but most of the solvents prefer ambient or 

even sub-ambient temperatures (-40 °C) (Zaman and Lee, 2013,1509). 

 

Figure 19. Schematics of carbon capture process with physical solvent scrubbing. (Adapted from Olajire, 

2010,2618.) 

 

Most of the solvents are physically and chemically stable, and there are no major degradation 

or corrosion problems. Output gas is often dry but physical solvents may have difficulties 

with meeting the required quality of produced carbon dioxide as physical absorption is not 

that selective as chemical absorption.  High solubility of CO2 to physical solvents means that 

the overall solvent volume needed for operation is smaller than in water scrubbing so the 

size of the equipment and capital cost should be smaller (Olajire, 2010,2618; Mumford et 

al., 2015). Sulfur compounds are soluble to physical solvents so if pure carbon dioxide is 

needed, sulfur removal must be done. Low temperature and high pressure requirements 

indicate that physical solvents are not suitable for carbon dioxide extraction from flue gas as 

the compression of large volumes would have an remarkable energy need. Most of the flue 
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gases contain also sulphur compounds so the cost of desulphurization might also be a 

problem. Suitable streams to treat with physical scrubbing are those with high CO2 

concentration, such as biogas. Syngas in pre-combustion technology has high CO2 

concentration and also high pressure so physical scrubbing is a suitable technology for the 

separation. 

 

Energy consumption of physical solvent scrubbing is typically smaller compared to chemical 

solvent scrubbing because the interactions between the solvent and the absorbed gas do not 

include chemical binding. Energy consumption for purified biogas was reported to be 0,4 

kWh/Nm3(electricity) and 0,2 kWh/Nm3 (heat), (Angelidaki et al., 2018,454) with 40% CO2 

concentration this equals to 326 kWh/t CO2 (heat) and 162 kWh/t CO2 (electricity).  The 

energy consumption in pre-combustion was calculated by utilizing values provided by Rubin 

et al (2015) by determining the energy penalty of CCS equipment and dividing it with the 

amount of CO2 captured; the consumptions were between 210 and 245 kWh/tCO2. 

 

Physical solvent scrubbing is a commercially available technology which has been on use 

for decades in natural gas sweetening and in the production of ammonia, hydrogen and 

methanol. There are several commercial solvents available with trademarks SelexolTM, 

Rectisol®, Fluor, Purisol and Sulfolane  (Zaman and Lee, 2013, 1507). The technology is 

also commercially used for the separation of  H2 and CO2  from syngas (Abanades et al., 

2015, 127). Biogas is also upgraded with physical scrubbing  (Sahota et al., 2018). As the 

technology is widely used, the TRL is 9. 

4.3.2 Chemical solvent scrubbing 

The process is based on reversible physical and chemical reactions between aqueous solvent 

and carbon dioxide. Absorption of carbon dioxide is enhanced by adding chemical 

compounds that are selective to carbon dioxide. A schematic view on solvent absorption 

process is presented in figure 20. After initial cooling (32), flue gas is contacted with the 

solvent in absorption column (22) in the temperature between 40-60 °C. Flue gas stream is 

flowing upwards and solvent is flowing downwards. The top of the column contains a 

washing section (29), which is used to remove solvent vapor from the flue gas stream. 

Solvent is collected from the bottom of the column and is then pumped to the regeneration 

vessel (38). Lean-rich heat exchanger (36) is used to heat up the solvent and the regeneration 
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is done in temperatures between 100-140 °C, pressure is not much increased. To reduce 

solvent leakage, the desorption column includes also a washing section (47). The flux 

leaving the top of the desorption vessel contains carbon dioxide and water vapor, which are 

separated by condensing the water vapor in reflux condenser (44). The resulting carbon 

dioxide (45) flows to compressor and condensed water is used in the washing section. The 

stream leaving the bottom of the vessel contains lean solvent and condensed water, which 

are separated in a reboiler (41). Reboiler is the component which is used to maintain the 

regeneration process. Lean solvent is then pumped back to the absorption vessel. (IPCC, 

2005,111; Ramezan et al., 2007,40; Olajire, 2010,2615.) 

 

 

Figure 20. A schematic process figure of chemical scrubbing. (US 2003/0045756A1.) 

 

Depending on the solvent properties, pre-treatment of the flue gas is needed before carbon 

dioxide removal with absorption process can be applied. The temperature of the flue gas 

varies between 100-200 °C, depending on the heat recovery systems. Low temperatures are 

favorable for absorption, so flue gas must be cooled.  Flue gas can also contain variable 

amounts of other components such as fine particles and oxides of sulfur and nitrogen.  Acidic 
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gases are problematic for their chemical interaction with the solvent, they might form salts 

and therefore add chemical treatment and purification need of the solvent. SOx content is 

critical for it is mainly responsible for solvent degradation. To keep solvent consumption in 

reasonable limits, SOx content of the flue gas must be reduced to as low as 10 ppm. This 

means that additional SOx-removal is needed when amine-based carbon capture application 

is used (IPCC, 2005,117). In addition to sulfur and nitrogen oxides, also oxygen may cause 

degradation (Wang et al., 2011, 1611). Degradation rates reported in literature vary 

depending on the solvent. Typical values are between 0.2 and 2.2 kg of solvent replaced per 

tonne of CO2 captured. (Yu, Huang and Tan 2012, 747). With chemical scrubbing 

technology, it is possible to produce CO2 stream with a purity of >99% with capture 

efficiency of >98% (Olajire, 2010,2614). 

 

An advantage related to chemical scrubbing is that the technology can be retrofitted so that 

the original combustion process is not majorly affected. (Wang et al., 2011,1610). This 

makes the process suitable for cement and steel industry, where maintaining the quality of 

the main product is crucial. Typical cement plant, however, does not provide enough low-

pressure steam required in the process. The process is also suitable for use in power plants, 

but changes must be made in the steam cycle. Another disadvantage is that solvents may 

suffer from degradation so additional flue gas treatment is needed if the fuel used contains 

sulfur compounds. Water use is another aspect to consider as it might even double, when 

chemical scrubbing system is added to a typical coal power plant (Zhai, Rubin and Versteeg, 

2011). The possibility for flexible use of chemical solvent scrubbing seems to be low. Two 

methods are presented, the first is based on venting the flue gas to atmosphere during high 

power demand, thus releasing the energy demand of carbon capture to power generation. 

This requires an electricity price high enough that it is economically beneficial to pay the 

penalty of releasing the carbon dioxide. Another option is to increase the capacity of 

stripping tower and adding solvent storage tanks. During high power demand, the carbon 

dioxide can be absorbed to the solvent and then released during low demand. The method is 

unlikely to be beneficial due to increased capital cost. (Abdilahi et al., 2018,3104.) 

 

Chemical scrubbing process requires electrical energy for flue gas blowing, cooling water 

and solvent circulation and thermal energy for solvent regeneration. A major part of energy 



50 

 

consumption is related to regeneration of the solvent. Typical values for CO2 separation from 

flue gases are between 600-1100 kWh/t CO2, the higher end is for benchmark solvents 

(MEA) (Øi and Kvam, 2014,1193; Bui et al. 2018, 1080) and the lower end for possible new 

solvents (ammonia, aqueous potassium carbonate, mixed amines) or more energy efficient 

process configurations (Jin et al. 2018, 481).  Electricity requirement for solvent circulation 

is rather small, between 17-30 kWh/tCO2, and compression to 110 bar requires 111 

kWh/tCO2 (IPCC, 2005,119). Energy consumption for purified biogas with chemical 

scrubbing technology are reported to be 0.05-0.25 kWh/Nm3 (electricity) and 0.5-0.75 

kWh/Nm3 (heat), (Angelidaki et al., 2018,454) with 40% CO2 concentration in raw biogas, 

this equals to 40-204 kWh/tCO2 (electricity) and 407-610 kWh/tCO2 (heat). Another energy 

consumption of 0.43 kWh/Nm3 was found from biogas upgrading review by Yousef et al. 

(2019). With 40% concentration in raw biogas, this equals to 350 kWh/tCO2.  

 

Chemical scrubbing with MEA solvents is a commercially available technology, which has 

been used for natural gas sweetening (Olajire, 2010,2614). Operating CCS plants utilizing 

chemical scrubbing technology include 240MW Petra Nova power plant capturing 1.4 Mt 

CO2/a and 110MW Boundary Dam Unit 3 with capacity of 1 Mt CO2/a. (Bui et al., 

2018,1117). Amine based process is being planned to Fortum Oslo Värme waste-to-energy 

plant and Norcem cement plant, both capturing 0.4 Mt CO2/a. Estimations are that the 

capture plants are commissioned by 2024 (CCS Norway, 2019). Technological readiness 

level is thus 9. Even though the technology is commercially available, it faces multiple 

challenges, which are mainly associated with the high energy consumption of regeneration, 

thermal and oxidative degradation, toxicity and corrosivity of the solvent. Current research 

is focusing on the development of new solvents with improved characteristics such as high 

solubility, low regeneration energy, biodegradability, low toxicity and corrosivity and high 

stability. Working capacity or absorption capacity and absorption rate are main interest in 

development as they are the main parameters determining the flow rate of the solvent. 

Increased working capacity and absorption rate would significantly reduce the energy 

consumption and equipment sizing and therefore the energy cost and capital cost of the 

technology. Increased solvent stability would reduce the need for make-up solvent whereas 

decreased viscosity could enhance mass and heat transfer and therefore overall energy 

economics. Energy efficiency can be improved also by more developed process 
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configurations and energy recovery utilization. (Wang et al., 2011,1618; Kim, Hoff and 

Mejdell, 2014,1447; Smit et al., 2014,216; Li et al., 2016,657). 

 

Companies developing the chemical scrubbing process include Carbon Clean Solutions, 

Innovator Energy, Aker Solutions, Shell and GE Power. Common for all of them is that they 

claim to have more developed solvent, which is the backbone for reduced energy 

consumption and equipment size. Detailed information, however, is not publicly available.  

 

An example of possible development inside the technology would be using chilled ammonia 

as a solvent. The technology is mainly similar to amine absorption, but the required 

temperature in absorption column is lower (0-20 °C). Regeneration is made at high 

temperature (100-200 °C). Simulation results show that that energy consumption of chilled 

ammonia process  is lower (569 kWh/tCO2 ) (Darde et al., 2009,136) and absorption capacity 

is 3 times higher compared to MEA (Bai and Yeh, 1997,2493).  

 

4.4 Adsorption 

Carbon capture by adsorption is an option for solvent scrubbing. In the simplest form, the 

process consists of a column with fixed bed of solid adsorbent. The gas stream containing 

carbon dioxide is driven to the column and when the adsorbent is saturated, the carbon 

dioxide is released by altering pressure or temperature which means that the same column is 

working as an adsorber and a desorber. However, to maintain constant operation, multiple 

columns are needed. Two main methods for regeneration are called Pressure Swing 

Adsorption (PSA), where adsorption occurs at high pressure and regeneration at atmospheric 

pressure, and Temperature Swing adsorption (TSA), where adsorption occurs at low 

temperature and regeneration is done by increase in temperature. Regeneration can be done 

also in sub-atmospheric pressure; this method is called Vacuum Swing Adsorption (VSA), 

or pressure-vacuum swing adsorption (PVSA), if the sorption occurs at high pressure.  

Adsorption may be based on physical or chemical adsorption. (Zaman and Lee, 2013) In 

biogas upgrading, typical pressure levels in PSA are 3-8 bar in adsorption phase and 100-

200 mbar in regeneration phase. Low temperatures are preferred (50-60 °C). In TSA, 

temperature levels are from 30 °C to 120 °C (Sahota et al., 2018,83). Reported pressure 

levels for possible flue gas applications are 0.03-0.1 bar and 1.0-3.5 bar, referring to 
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regeneration and adsorption pressures. In pre-combustion applications, adsorption pressures 

are typically higher, from 35 to 40 bar for adsorption phase and atmospheric pressure for 

regeneration. (Riboldi and Bolland, 2017,2394) 

 

The advantage of PSA and VSA is that the regeneration can be achieved in a very short time, 

typical cycle time is from few seconds to minutes. Smaller cycle times are preferable as the 

equipment size can be reduced. A benefit of TSA is that no compression is needed but the 

regeneration time can be long, up to hours. Compared to the regeneration of aqueous 

solvents, an advantage is also that the heat capacities of solid materials are lower and there 

are no energy losses related to the evaporation of water (Abanades et al., 2015,150; Ben-

Mansour et al., 2016,1512). In principle, the fast regeneration of pressure swing systems 

provides an opportunity for flexible operation. The process could possibly be used so that 

the adsorption takes place during low electricity price and the desorption takes place during 

high electricity price.  

 

Possible sorbent materials include physical (zeolites, activated carbon, metal organic 

frameworks) and chemical sorbents, which are various compounds of sodium, potassium, 

lithium and calcium. In general, the availabilities of different sorbent materials are high, and 

the costs are low. The suitable temperature range for sorbents is high, for example, sodium 

compounds can be utilized at temperatures between 120-170 °C, potassium compounds at 

70-140 °C and calcium compounds at 900 °C (Zaman and Lee, 2013,1513). High CO2 purity 

(>99%) and recovery (>95%) can be reached with adsorption technology, however, the 

purity reported in literature is most often roughly 95%. (Abanades et al., 2015; Riboldi and 

Bolland, 2017b,2392).  Most physical adsorbents are more selective to water than CO2, 

which means that the gas to be treated must be dried before CO2 separation (Zaman and Lee, 

2013,1512). It is also noted that the footprint of a PSA plant with current technology could 

be significantly larger compared to solvent scrubbing technology (Riboldi and Bolland, 

2017b,2398). In addition to need for compression of large volumes, the footprint and flue 

gas cooling and drying may be major issues when adapting the process for post-combustion 

applications. Adsorption-based processes are most likely utilized in pre-combustion 

applications as they inherently contain high pressure streams with high CO2 concentrations. 
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The quality of the energy needed in the process is electricity for PSA/VSA and their 

combinations and low-quality heat for TSA. In terms of energy consumption, adsorption-

based processes show promising results compared to solvent scrubbing. Simulation show 

that the energy consumption for PSA/VSA processes in electricity could be as low as 140-

210 kWh/t CO2. The heat consumption for TSA processes was reported to be from 900 to 

1790 kWh/t CO2 (Abanades et al., 2015; Susarla et al., 2015). 

 

Adsorption based gas separation has been used for O2 production and CO2 removal from 

natural gas and biogas (Sahota et al., 2018,83). In these applications, TRL can be considered 

9. The technological maturity for flue gas CO2 separation is lower, current TRL is 5. 

(Abanades et al., 2015,128). Adsorption based CO2 separation is also utilized in pre-

combustion technology and direct air capture which are discussed later in chapters 4.7 and 

10.1. Current research is focusing on sorbent development; the main aim is to increase the 

working capacity as it directly affects to the sizing of equipment. In literature, there are 

numerous reports on sorbent chemistry, and it seems to be that there is no single winner in 

that area. The optimal process configuration is also a matter of interest. Reducing the size of 

the equipment could be very beneficial as adsorption based systems show significantly 

smaller energy consumptions in simulations. (Krutka et al., 2013,83; Riboldi and Bolland, 

2017b,2391.) 

 

4.5 Membrane separation 

Membrane separation is a process where pressure difference is used as a driving force for 

carbon dioxide separation. In the simplest form, the process consists of a compressor or a 

vacuum pump and a membrane separation unit. The gas stream containing carbon dioxide is 

compressed and contacted with a membrane and carbon dioxide is extracted to the low-

pressure side. With a system containing only one membrane separation unit, it is challenging 

to achieve high purity and capture rate with current membrane performance and therefore 

two or more stages are preferred. A two-stage membrane separation process includes cycling 

of the retentate stream of the second membrane unit. A schematic of a two-staged membrane 

separation process is presented in figure 21. It depends on the process whether compressors 

or vacuum pumps are the choice for pressure difference creation. In case of flue gas 

separation, it is beneficial to place a vacuum pump after the first section as the volume to be 
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pumped is smaller compared to the compression of whole flue gas stream. Typical pressure 

ratios mentioned in the simulations are about 10 in the first stage and 4 in the second stage  

(Xu et al., 2018, 2281). Operating temperatures for gas separation membranes are reported 

to be between 25-40 °C (Siagian et al., 2019,185). 

 

 

Figure 21. Schematic figure of a membrane separation process with two stages. (Adapted from: Xu et al. 2018, 

2280.) 

 

Membranes do exist naturally, but the membranes used for gas separation are typically 

synthetically produced polymeric or inorganic membranes. Polymeric membranes are easier 

and cheaper to produce  (Abanades et al., 2015,154). Wider implementation of the 

technology would require membranes with better performance. Higher permeability and 

selectivity must be reached, in addition to higher stability against contaminants and 

temperatures. Successful operation of the technology requires also removal of water and fine 

particulates. Hydrocarbons and water may condensate on the surface on the membrane and 

fine particulates can cause fouling (Siagian et al., 2019,177). Current lifetime of gas 

separation membranes is typically 5 years. Advantages related to the technology is that its 

operational principle and process configurations are relatively simple, it contains no 

hazardous chemicals and it has no challenges related to corrosion. The technology is also 

easily scalable by varying the number of parallel membrane separation units. (Zaman and 

Lee, 2013) With 2-stage membrane process, a CO2 purity of 95% with capture rate of 90% 
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can be reached (Xu et al., 2018,2284). In principle, the technology is relatively agile and 

could possibly be used in flexible operation with a power plant (Yuan et al., 2019,154). 

 

The quality of energy consumed in the process is electricity. For post-combustion 

applications, the energy consumptions reported in literature are mainly results of 

simulations, as large-scale pilot plants or demonstration plants do not exist. The results show 

attractive numbers, but performance of the membranes may be optimistic. Energy 

consumption for post-combustion applications were reported to be 72-211 kWh/t CO2 

(Khalilpour et al., 2015), 160 kWh/t CO2 (Franz et al., 2013,187) and 260 kWh/t CO2 

(Scholes et al., 2013,344). The energy consumption for biogas upgrading was reported to be 

0,14-0,26 kWh/Nm3 (Angelidaki et al., 2018,454) and 0,18-0,35 kWh/Nm3 (Sahota et al., 

2018,86). Values are presented per upgraded biogas and they contain the energy 

consumption of purified biogas compression but not the energy consumption for carbon 

dioxide compression. With 40% CO2 concentration in the raw biogas, the energy 

consumption is 190-640 kWh/t CO2. 

 

Membrane technology is currently not available commercially for carbon capture from flue 

gases (TRL 5). Main problems are related to the temperature resistance of membranes and 

adequate separation performance. In flue gas treatment, temperature-resistant membranes 

with high performance would be required for commercialization. The cost and complexity 

of membrane manufacturing is another issue to overcome. The technology is most suitable 

for CO2 concentrations over 20% so it could be an attractive choice for cement and steel 

industry as the energy consumptions reported in simulations are lower compared to solvent 

scrubbing. However, in natural gas processing and biogas upgrading, the technology is 

currently in use, so TRL is 9. (Abanades et al., 2015; Sahota et al., 2018; Siagian et al., 

2019). Another obstacle related to the technology is that the current capability of creating 

pressure difference is limited which leads to large capital costs as required membrane area 

is large with current membrane performance (Wang et al., 2017,658). 

 

4.6 Oxy-combustion 

Oxy-combustion or oxy-fuel combustion is a method where the nitrogen compound of 

combustion air is removed, and the fuel is combusted with pure oxygen. A schematic of the 
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process is presented in figure 22. In addition to a conventional combustion process, an oxy-

combustion facility requires an air separation unit, additional flue gas treatment, flue gas 

dewatering and a compression section. To control the temperature in the combustion 

chamber, a part of the flue gas is recirculated. The oxygen concentration in the combustion 

chamber is between 27-35%, which is higher compared to conventional firing. The greatest 

advantage is that the nitrogen is completely removed before combustion, so the flue gas 

stream is significantly smaller and contains mainly carbon dioxide and water vapor. Other 

compounds in the flue gas are fuel-related impurities such as NOx, SOx and inert gases from 

oxygen supply or air leakage. To reach adequate CO2 quality, these should be removed 

before flue gas drying. Conventional flue gas treatment methods such as selective catalytic 

reduction (SCR) and electrostatic precipitator (ESP), and flue gas desulphurization (FGD) 

can be used. After cooling and water condensing, the CO2 concentration of the flue gas is 

between 80-98%. (IPCC, 2005,122) (Toftegaard et al., 2010) Typical CO2 recovery rate for 

oxy-combustion process is reported to be 90% (Toftegaard et al., 2010,588). 

 

 

Figure 22. A schematic view for an oxy-combustion process for coal combustion (Toftegaard et al., 2010) 

 

Critical part of the technology is the oxygen production as it can be responsible for even 

60% of energy consumption.  The technology for air separation, however, is mature. Most 

suitable technology is currently cryogenic O2 production. Current air separation units are 

designed and optimized for steady-state operation and this can be a problem for the flexibility 
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of an oxy-fuel plant used for power generation. (Toftegaard et al., 2010,S8; Wall, Stanger 

and Santos, 2011,589; Carrasco-Maldonado et al., 2016,192). 

 

The energy consumed in the process is mainly electricity required for the oxygen separation 

unit. Other energy consumers are the blowers needed for flue gas recirculation and the 

compression of carbon dioxide. As the process is most commonly used in power plants, the 

availability of energy is good. The energy consumption for oxy-combustion in supercritical 

power plants was 287 kWh/tCO2. (Mancuso et al., 2015,14). Similar values were 

recalculated from the results presented by Rubin et al. (2015), the energy consumption for 

pulverized coal plants were between 280-295 kWh/tCO2. 

 

In principle, the process can be used to combust any type of fuel, which provides an 

opportunity to use carbon neutral fuels. Most of literature, however, is related to pulverized 

coal combustion. Other configurations include oxy-firing with circulating fluidized beds and 

gas turbines. The process is retrofittable, but as conventional boilers are not designed to be 

leak tight, problems with air leakage are expected. Air leakage could decrease the purity of 

CO2. The flue gas treatment section might also need re-designing as the flue gas volume after 

recycling is only 20% compared to a conventional process. Because of the flue gas 

recirculating, the concentrations of fuel-related impurities are also higher, which can 

increase the risk of corrosion. A specific retrofitting option called partial oxy-fuel is a 

process configuration suitable for cement production.  (Buhre et al., 2005,286; Toftegaard 

et al., 2010,585; Scheffknecht et al., 2011,S32; Carrasco-Maldonado et al., 2016,190.) 

 

Main barrier for wider implementation of oxy-combustion is the cost of oxygen needed in 

the process and major developments in that area are needed. It is mentioned that these 

developments are not expected with the current cryogenic separation technology, but 

membrane separation and electrolysis might be opportunities in the future. Pilot plants exist 

up to 30MW and TRL can be considered 7.  (Toftegaard et al., 2010,589; Abanades et al., 

2015,127). GE Power promises that they have currently oxy-fuel combustion technology 

available up to 448 MWe. Other vendors in the sector include B&W, AirLiquide, Air 

Products, Alstom and Linde Group.  
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4.7 Pre-combustion 

The process can be divided into four functional sections, which are the oxygen island, the 

syngas island, CO2 separation, CO2 compression and power island (Figure 23) (Jansen et al., 

2015,169). In the oxygen island, oxygen is separated from atmospheric air to produce raw 

material for the syngas island, where syngas composed of carbon monoxide and hydrogen is 

formed. With addition of water, carbon monoxide is shifted to carbon dioxide to produce 

hydrogen. Carbon dioxide is separated, and the resulting hydrogen is combusted in the power 

island. The process can be used in integrated gasification combined cycle. The concentration 

of carbon dioxide before separation can be even 60% and pressure 20-70 bar.  The 

temperature levels in water-gas-shift reaction can be in the range of 190-500 °C.  The 

separation of carbon dioxide can be done with water scrubbing or physical solvent scrubbing, 

but a major disadvantage is that the gas stream must be cooled before carbon separation. 

High CO2 concentration and pressure makes the separation of carbon dioxide more energy 

efficient, however, the energy consumption of oxygen production and gasification balances 

the overall energy requirement. (IPCC, 2005,130; Rosner et al., 2019).The purity of the 

produced CO2 stream depends on the performance of the actual separation technology. 

Typically, the separation is based on physical solvent scrubbing and capture efficiency is 90-

95% and purity 97-99% (Porter et al., 2017,19). 

 

 

Figure 23. Pre-combustion for power generation. (Jansen et al., 2015,169.) 
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The energy consumption for IGCC plant was 278 kWh/tCO2 (Mansouri Majoumerd and 

Assadi, 2014,16780). Recalculation from the values provided by Rubin et al (2015) revealed 

that energy consumption in IGCC were between 210 and 245 kWh/tCO2 whereas values 

from simulation by Cormos (2010) resulted in an energy consumption of 260 kWh/tCO2. 

From the same simulation, it can be seen that oxygen production is the largest energy 

consumer with 50% of total energy consumption whereas carbon separation and 

compression was responsible for 40% and syngas production for 10%. As the process is used 

in power generation, the availability of energy is good.  

 

The process can be used for any type of fuel but with higher carbon content, the energy 

consumption of water-gas-shift increases. Typical fuels presented in literature include 

natural gas and coal, however, the use of biomass could be an environmentally friendly and 

carbon negative opportunity. The process provides also an opportunity for flexible use as it 

can be switched to produce only hydrogen instead of co-production of hydrogen and power. 

(Jansen et al., 2015,170; Riboldi and Bolland, 2017a,2163). Retrofitting to existing plants is 

not straightforwardly suitable as the combustion of hydrogen is not possible in conventional 

gas turbines. Additional units are also needed so it is most likely that pre-combustion is used 

only in new plants. The process is relatively complicated compared to other carbon capture 

technologies; in addition to actual carbon separation unit, it requires oxygen production, 

syngas production and cleaning and modified power generation.  

 

Most of the technology is currently available, including oxygen production, syngas 

production and carbon separation with physical solvents. Hydrogen-based power generation 

in large scale is less mature technology, but in overall, the technology is commercially 

available, and it has undergone several pilot demonstrations including the Vattenfall 

Buggenum IGCC power plant, the ELCOGAS 14 MW pilot plant (2010-2014) and the 

EAGLE project in Japan. Large scale demonstrations with IGCC and carbon capture include 

Kemper 528 MW IGCC plant and Edwardsport 318 MW IGCC plant, both have faced 

multiple operational problems and cost escalation. The process is also demonstrated in 

OSAKI CoolGen project in Japan.  Development in the oxygen production could be 

beneficial for commercialization, as well as carbon separation technologies that could be 
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used at high temperatures. (Abanades et al., 2015; Jansen et al., 2015; Schlissel and 

Wamsted, 2018; Rosner et al., 2019.) 

 

4.8 Calcium looping 

Calcium looping or carbonate looping is a method for CO2 separation, which is based on the 

calcination and carbonation reactions between calcium and carbon dioxide. The concept can 

be used in various carbon separation processes but most commonly it is referred as a post-

combustion system for treatment of flue gases. An example of a calcium looping process 

fitted to coal fired plant is presented in figure 24. Flue gas is contacted with CaO sorbent in 

the carbonator reactor, where exothermic carbonation reaction takes place at atmospheric 

pressure and at the temperature of 580-700C. The carbonator is a fluidized bed reactor and 

the fluidization is done with the flue gas. Carbon dioxide is removed from the stream in the 

form of solid calcium carbonate. The release of the bound CO2 occurs at atmospheric 

pressure in another fluidized bed reactor called calciner. The temperature in the calciner is 

850-950 °C. Calcination is an endothermic reaction, so additional heat must be brought to 

the calciner, either by adding fuel and pure oxygen or by indirect heat transfer. The resulting 

stream after the calciner is relatively pure carbon dioxide, which can be directed to 

compression. Because of sintering, attrition and sulphation, a small portion of the sorbent 

must be replaced in the cycle with fresh sorbent. (Abanades et al., 2015,141; Hanak, 

Anthony and Manovic, 2015,2201). 
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Figure 24. An example of post-combustion CaL-system with oxy-combustion integrated to coal-fired power 

plant. (Abanades et al., 2015.) 

 

One of the greatest advantages related to the process is that the sorbent material is widely 

available and relatively cheap. It is not hazardous and has no risks related to corrosion. High 

temperatures are needed in the process, so the technology is suitable to use with combustion 

processes. Coal is the preferred fuel but using the process with biomass could also provide 

an opportunity as a negative emission technology. High temperatures can be used for power 

generation with efficient heat recovery systems, the process provides also an opportunity for 

flexible use, as the solid calcium carbonate is relatively easy to store. The process could be 

divided so that calcination occurs at low power demand and carbonation at high power 

demand. Retrofitting to a steam turbine cycle is possible but significant modifications are 

needed in the boiler section.  Even though the make-up need for sorbent is mainly considered 

as a disadvantage, it also provides an opportunity to integrate the process with cement 

production as the purge contains CaO and can be used as a feedstock for clinker production. 

The integration to the cement plant could be done as a tail-end technology, where carbon 
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dioxide is extracted from the flue gases, or the carbon capture process could be fully 

integrated to the cement kiln precalciner. (Abanades et al., 2015,143 ; De Lena et al., 

2019,247). The purity of produced CO2 stream is over 90% (Rolfe et al., 2017,3448). The 

capture rates from pilot plant results are between 80-99%  (Hanak et al. 2015,2204). 

 

Heat is needed at high temperature to run the calcination reaction in the calciner. Electrical 

energy is needed for the fluidization of the carbonator and calciner reactors and the 

production of oxygen in the air separation unit. In addition, the compression of carbon 

dioxide requires electrical energy. Energy consumption of calcium looping in 600MW coal 

power plant was 280 kWh/tCO2 (electricity), roughly 30% of this was consumed in the air 

separation unit. Another model resulted that in a coal power plant, the energy consumption 

for carbon capturing could be as low as 170 kWh/tCO2 (Mantripragada and Rubin, 

2014,2204). Low energy consumptions are possible because high temperatures in the process 

provide opportunities for efficient energy recovery. Decreasing the need for oxygen in the 

calciner could decrease the energy consumption significantly. For example, in a case study 

it was proven that it is possible to minimize energy losses so that only excess energy is 

required for the compression of CO2 (Martínez et al., 2011,503).  However, the complexity 

of the process will most likely increase, meaning additional capital cost. In general, the 

energy penalty of integrating a calcium looping system to a power plant seems to be low 

compared to other carbon capture processes. The mean energy efficiency decrease presented 

in the studies is 6-7%, around half of the energy consumption is associated to the calcium 

looping itself and the other half is related to the compression of carbon dioxide. (Hanak, 

Anthony and Manovic, 2015,2237). 

 

Most of the units needed in the process, such as fluidized bed combustion and oxygen 

production are relatively high maturity technology. The main unit which is composed of the 

calciner and carbonator reactors and continuous circulation of the sorbent has only been 

tested in pilot scale. The process has been tested in pilot plants up to 2 MWth and there are 

plans to scale the size of piloting up to 20 MWth. (Hilz et al., 2019,333). Main target of 

current research is minimizing the energy and oxygen need of the calciner. Another interest 

is increasing the reactivity and stability of the sorbent. New process configurations are also 

an area of interest as energy requirement can be even more reduced with efficient energy 
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recovery. TRL for calcium looping systems is 6. (Abanades et al., 2015,142) (Hanak, 

Anthony and Manovic, 2015) 

 

4.9 Chemical looping 

Chemical-looping combustion (CLC) is a combustion process, which avoids direct contact 

with atmospheric air and fuel, thus eliminating the nitrogen compound from the combustion 

process. The fundamental idea has similarities with oxy-combustion discussed earlier, and 

CLC can be considered as a second generation oxy-combustion process. Instead of a separate 

oxygen production, the oxygen is introduced to the fuel with an oxygen carrier. The core of 

the process is an interconnected system that consists of an air reactor and a fuel reactor 

(Figure 25). Oxygen carrier is contacted with air in the air reactor at high temperature, and 

the oxygen is bound to the carrier. After this, the oxygen carrier is directed to a fuel reactor, 

where combustion reactions take place. The resulting flue gas has a high concentration of 

carbon dioxide, other compounds are water vapor and fuel-originated contaminants. Typical 

temperatures in air reactor are 800-1050 °C and 850-1000 °C in fuel reactor, depending on 

the oxygen carrier. Reactor types proposed in literature include circulating fluidized bed and 

rotating bed reactor. Typically, the air reactor is a circulating fluidized bed reactor and the 

fuel reactor is a bubbling fluidized bed reactor. To maintain adequate burning of the fuel, 

pure oxygen may be needed in the fuel reactor, this is called oxy-polishing. (Zaman and Lee, 

2013,1501; Abanades et al., 2015,129; Adánez et al., 2018,8.) 



64 

 

 

Figure 25. A schematic figure of a CLC process for solid fuels (Adánez et al., 2018,10) 

 

 

The process is suitable for gaseous, liquid or solid fuels. In principle, gaseous fuels would 

be preferable as combustion would be more complete and the fuel could be used as fluidizing 

media. Solid fuels are problematic as they form char and in a fluidized bed environment, the 

reaction between oxygen carrier and char may be insufficient for complete combustion. Char 

can be gasified by addition of steam into the fuel reactor. The steam can be used also for 

fluidizing the bed. The method is referred as in-situ gasification chemical looping 

combustion (ig-CLC). Another option is to use oxygen carriers that can release the oxygen 

in the fuel reactor in gaseous form so that combustion reactions can take place with solid 

char just like in conventional firing. This method is called chemical looping with oxygen 

uncoupling (CLOU). Proper burning is necessary as char can be transferred to the air reactor 

with the reduced oxygen carrier, thus decreasing the carbon capture efficiency. Unburnt 

volatile compounds may need additional oxygen for complete combustion, which is a major 

disadvantage as oxygen production increases the energy consumption of the process. Ash 

must also be removed from the fuel reactor. (Abanades et al., 2015,130; Adánez et al., 

2018,8-11).  
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From pilot plant results, it can be concluded that high carbon capture rates (99%) are possible 

to reach but it requires proper combustion in the fuel reactor (Lyngfelt and Linderholm, 

2017,379). Detailed information related to the purity of the produced CO2 stream was not 

available, but in general, it depends on the quality of the fuel (NOx, SOx), and the purity of 

the oxygen used in oxy-polishing. As the underlying operational principle is similar to 

conventional oxy-combustion, it can be assumed that the purity is similar. 

 

Oxygen carrier material is typically a metal, such as nickel, copper, manganese or iron. An 

advantage is that these materials are widely available and most of them are non-poisonous 

and they have no corrosive nature. Greatest advantage of chemical looping combustion is 

that carbon dioxide is separated in the process itself, so expensive gas separation equipment 

is not needed. The temperature in the air reactor is also low enough to avoid the formation 

of thermal NOx. (Abanades et al., 2015,130.) Operating a CLC power plant in partial load 

would require separate air reactors for different loads as decreasing the air velocity would 

stop the circulation of oxygen carrier. (Lyngfelt and Leckner, 2015,486). This implies poor 

performance in terms of flexibility. In principle, the process is suitable for various fuels and 

using biomass provides an opportunity for negative CO2 emissions. Waste incineration with 

CLC technology could also be an option but would most likely need additional flue gas 

treatment. To ensure proper burning, the particle size of fuel should be small, so the cost of 

fuel pre-treatment would probably be high. 

 

The energy consumption of the process seems to be very low. Comparisons between CLC 

technologies with conventional power plant without carbon capture show that the efficiency 

penalty is between 2-3 %-points (Adánez et al., 2018,58). Out of this efficiency penalty, a 

major part is related to the compression of the resulting carbon dioxide, so the energy 

consumption for the actual carbon dioxide separation is extremely low. For example, a 

simulation which resulted an efficiency penalty of 3,9%-points, roughly 75% was from CO2 

compression (Lyngfelt and Leckner, 2015,485). If energy consumption for compression of 

CO2 is assumed to be 120 kWh/tCO2, this would result an overall energy consumption of 

160 kWh/tCO2, which is significantly lower compared to other carbon capture technologies.  

 



66 

 

The process has been tested in pilot scale up to 3MW. The tests have been done with different 

oxygen carrier materials and reactor designs, but currently the maturity is relatively low 

(TRL 6). Main issues regarding the upscaling of the technology include determining suitable 

low-cost and attrition-resistant oxygen carrier materials and maintaining complete 

combustion in fluidized environment. The reduction of oxygen polishing of the flue gas is 

crucial as oxygen production with current technology is costly. It is presented that 

pressurized CLC unit could provide very high power generation efficiencies but with current 

oxygen carrier materials, high temperatures required for the process cannot be used. In 

general, it seems to be that the technology shows very high potential as it involves inherent 

carbon separation and main energy penalties are related to the purification and compression 

of carbon dioxide. (Cormos, 2011,3737; Adánez et al., 2018,58; Lyngfelt et al., 2019,50.) 

 

4.10 Direct air capture 

Direct air capture (DAC) is a specific group of carbon capture technologies that are capable 

of separating carbon dioxide from atmospheric air. They are generally divided into two main 

categories. Low temperature technologies are based on solid sorbents and thermal 

regeneration and high temperature technologies are based on carbon dioxide absorption to 

aqueous solvent.   

4.10.1 Low temperature direct air capture 

Low temperature direct air capture is a carbon capture technology, which is based on 

adsorption of carbon dioxide on the surface of a solid sorbent. Atmospheric air is contacted 

with the sorbent in a vessel and when the sorbent is saturated, it is regenerated by increasing 

the temperature. In addition to temperature increase, also pressure can be decreased. In some 

cases, a steam flow is used as a purge gas and heat transfer media. The desorption 

temperature is typically low, around 100 °C. As the same vessel is used as an adsorber and 

a desorber, multiple vessels are needed for constant operation. Sorbent materials are 

typically amine based, but also potassium carbonate based sorbents are used.  (Broehm et al. 

2015,7; Fasihi et al. 2019,962-963). 

 

As the process uses atmospheric air as a carbon source, it can be built close to the site where 

carbon dioxide is needed. This is an advantage as there is no need for transportation 

infrastructure. Naturally, the carbon source is also virtually limitless and available 
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everywhere. Low regeneration temperature makes the utilization of widely available waste 

heat possible. The heat can be also provided with heat pumps, which could make the process 

also independent of heat source. Depending on the climate conditions, the process can yield 

water as a by-product. The amount of water produced is dependent on the humidity of air 

and ranges between 0.8-2 tH2O/tCO2 (Fasihi et al. 2019,971). Water production could be an 

advantage in dry areas but further purification may be needed as the water may contain 

degradation products from the sorbent (Vázquez et al., 2018,243). An advantage related to 

the process is that if demonstration plants are proven to work properly, the upscaling is 

relatively easy as it can be done by adding multiple parallel units. The regeneration phase is 

responsible for the major part of energy consumption, so the technology might provide an 

opportunity for flexible CO2 production, if the process is fully electrified. A disadvantage is 

that the sorbent is contacted with atmospheric air and pre-filtering is probably needed to 

avoid problems caused by dusting. CO2 purities between 88-99.9% were reported (Fasihi et 

al. 2019,963). No detailed information related to the carbon capture efficiency was available. 

As the process separates carbon dioxide from air, it can be assumed that the separation 

efficiency is much lower compared to other carbon capture technologies.  

 

The process requires electrical energy for running the air fans and carbon dioxide 

compressors. The regeneration requires thermal energy. For processes with thermal 

regeneration, electricity consumptions are reported to be in the range of 150-694 kWh/t CO2 

and heat consumptions in the range of 1170-2083 kWh/tCO2. (Fasihi et al. 2019,963.)  

 

The process has been tested on pilot and demonstration scale and there are several vendors 

developing their own configurations. In 2015, Audi launched a synthetic fuel plant which 

uses CO2 from biogas and a portion of CO2 is produced also with Climeworks’s DAC 

technology. (Audi, 2015). Climeworks has also launched a pilot plant where one capture unit 

is used to store CO2 to the ground in Iceland (Climeworks, 2017). Another project by 

Climeworks is a plant consisting of three capture units built in Italy, capturing 150 tCO2/a. 

(Climeworks, 2018). Global Thermostat is also developing a low temperature direct air 

capture technology. The process uses modular units with monolith contactors and thermal 

regeneration at the temperature as low as 75 °C. The company claims that full cycle takes 

only 16 minutes. The process has been tested on SRI demo plant with capacity of 1000 t/a, 
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and their first commercial plant was completed at Huntsville, Alabama, with a capacity of 

4000 t/a (Chichilnisky, 2018). In 2019, Global Thermostat and ExxonMobil signed a joint 

development agreement to evaluate the scalability of the technology to industrial scale 

(ExxonMobil, 2019). The technology of a Dutch company, Antecy, is based on potassium 

carbonate sorbent on activated carbon. The company claims that compared to amine 

sorbents, the advantage is that the sorbent is resistant to degradation (Antecy 2019). A 

Finnish company Hydrocell Oy has also supplied a capture unit with capacity of 1400 t/a 

(Vázquez et al., 2018,28). In general, it seems to be that the TRL is between 8-9. Since the 

main part of the technology is the regenerative adsorption-desorption unit, the upscaling 

should be relatively easy. Development in sorbent technology could make the process very 

promising, by increasing the working capacity and decreasing the cycle time, the size of the 

equipment could be reduced.  

4.10.2 High temperature direct air capture 

High temperature direct air capture is another group of direct air capture technology. The 

process begins in a contactor where air is contacted with aqueous solution of sodium 

hydroxide, potassium hydroxide or calcium hydroxide. Carbon dioxide is bound with the 

solution and regeneration is done with heat. Chosen solution is dictating the regeneration 

process. When using calcium hydroxide, the calcium carbonate formed in the contactor is 

first dried and then heated in a kiln to release the carbon dioxide. Using calcium hydroxide 

in the contactor is not preferable for it tends to precipitate as a solid and causes scaling. 

Therefore, sodium hydroxide or potassium hydroxide is used in the contactor and generated 

sodium carbonate or potassium carbonate is then reacted with calcium hydroxide. This 

reaction forms calcium carbonate which can be then regenerated in a kiln. Regeneration 

requires high temperature (800-900 °C). Higher temperatures mean that practically some 

kind of fuel must be combusted and to avoid high volumes of flue gases, oxy-combustion 

should be used. This means increased electricity use but on the other hand, high temperatures 

offer an opportunity for energy recovery as heat from flue gases can be recovered for drying 

the carbonate. (Broehm, Strefler and Bauer, 2015,6.) 

 

As it was in the case of low temperature direct air capture, this technology has also an 

advantage in terms of carbon source availability. A major disadvantage, though, is that the 

process requires high grade heat. Water loss is also a disadvantage, a water demand of 
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roughly 3-9 t/t CO2 for the technology is reported. Water loss increases with the decrease of 

relative humidity and  the increase of air temperature (Keith et al., 2018,1584). The purity 

of the produced stream is high, over 97%. A capture rate of 42% was reported. A residue 

stream of CaCO3 is also produced with a rate of 20 kg/tCO2, which implies that a small 

portion of make-up sorbent is needed (Keith et al., 2018,1575). Calcium carbonate, however, 

is a naturally existing and widely available product so the process faces no disadvantages 

related to residual stream treatment or sorbent material availability. Potassium hydroxide is 

a strong base and therefore corrosive and irritant. 

 

As the process uses atmospheric air, a major part of the energy consumption is used for air 

blowing. Broehm et al. (2015) evaluated energy consumption aspects of DAC systems and 

concluded that theoretical minimum energy need for air movement through the contactor 

and separating CO2 is between 120-125 kwh/tCO2 and compression to 150 bar 61-78 

kWh/tCO2. However, the used solution and process affect the theoretical minimum; 

regeneration cycle of calcium hydroxide requires 1360 kWh/tCO2 and sodium hydroxide 

670 kwh/tCO2. Minimum energy needed for combination of sodium hydroxide-calcium 

hydroxide system is 1580 kWh/tCO2 but could be reduced to 850 kWh/tCO2 with titanate 

catalyst. (Broehm et al., 2015,9). Fasihi et al. (2019) compared different DAC technologies 

and found out that energy consumption for high temperature aqueous solutions were reported 

to be 1420-2450 kWh/tCO2 as heat and 366-764 kWh/tCO2 as electricity. A fully electrified 

process configurations were reported to consume 1500-2790 kWh/tCO2. 

 

Carbon Engineering is a Canadian company developing the technology. The process consists 

of four main components. Air contactor uses potassium hydroxide solution to capture carbon 

dioxide and to convert it into potassium carbonate solution. Pellet reactor converts the 

potassium carbonate solution into solid calcium carbonate, which is dried before vented to 

the third step, which is a calciner. In the calciner, calcium carbonate is heated to remove 

carbon dioxide. Lime produced is hydrated in the slaker, and then returned into the pellet 

reactor. A schematic of the process is presented in figure 26. The process has been tested in 

pilot scale by Carbon Engineering in 2015 with the capacity of 365 tCO2/a. In 2017, also 

synthetic fuel plant was attached to the pilot plant, the plant produces roughly 365 barrels of 

liquid fuels per year. The company is currently running a commercial validation project and 
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the current goal is to deploy a commercial synthetic fuel plant with annual production of 

730 000 barrels in 2021. (Carbon Engineering, 2019.) 

  

 

Figure 26 A schematic view of the direct air capture process of Carbon Engineering (Carbon engineering 

2019.) 

 

 

4.11 Summary of technological evaluation 

In general, many of the technologies are based on physical or chemical reactions between 

carbon dioxide and a working material. The underlying nature of the separation may be 

regenerative cycle or filtering. In terms of material availability, the greatest possibilities lie 

in those technologies that are using materials that are naturally existing or otherwise widely 

available. Such technologies are, for example, water scrubbing, calcium looping and 

chemical looping combustion, which are employing water, calcium carbonate and widely 

available metals, such as iron or copper. The toxic or corrosive nature of the materials used 

is also an important aspect. For example, a common chemical solvent, monoethanolamine, 

is not only produced synthetically, but also corrosive. In addition to risks related to handling 

the materials, the materials may also end up in environment or result to hazardous effluents. 

The degradation of working material is typically caused by increased temperature or by 

chemical reactions with contaminants on the treated gas stream. The need for pre-treatment 

may involve flue gas desulphurization, removal of particle matter or cooling. Working 

materials that involve physical or chemical reactions with carbon dioxide, are often more 

selective to other acid components, so sulfur removal before carbon separation is needed. 

There is not currently commercially available a technology that could be used to remove 

carbon dioxide from hot gases, so cooling is needed. An option is to use a technology that 

inherently avoids mixing the carbon dioxide with atmospheric nitrogen such as oxy-
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combustion. A disadvantage, though, is that the need for pure oxygen is currently a major 

restriction. As the separation of carbon dioxide may be needed as a raw material for another 

industrial process, the purity of the produced CO2 is an important aspect. It was found out 

that it is possible to reach high purities with almost all of the technologies but in general, 

processes that utilize chemical absorption or adsorption are producing the purest streams. It 

seems to be that also high capture rates are possible.  

 

The energy consumption of carbon separation is generally high. In terms of energy 

consumption, it is the most attractive option to utilize carbon dioxide from sources that 

provide an inherent and relatively pure carbon dioxide stream, as the only operation needed 

is the compression of carbon dioxide. Another option is to use processes where carbon 

dioxide separation is not needed, such as chemical looping combustion or calcium looping. 

Technologies that utilize low temperatures, such as temperature swing adsorption, are also 

interesting as many industrial processes provide low grade waste heat as a side stream. 

Regeneration heat for low temperature processes can possibly be also provided by heat 

pumps. The advantage of technologies utilizing only electricity, such as membrane 

separation, pressure swing adsorption or temperature swing adsorption with heat pumps, is 

the independence of heat sources. For example, even though the energy consumption for 

inherent carbon separation in chemical-looping combustion in a developed process 

configuration could be very low, it will always be attached to a large combustion process 

and a subsequent power generation facility. Chemical scrubbing is currently the only 

commercially available technology for carbon dioxide separation from flue gases. The 

energy consumption is strongly dependent on the performance of the solvent and with 

current benchmark solvents, amines, the energy consumption is 1100 kWh/tCO2 in heat and 

roughly 150 kWh/tCO2 in electricity. Almost 60% of the energy is consumed in the 

regeneration of the solvent. Lower energy consumptions are reported for possible new 

solvents, such as ammonium or ionic liquids, but large-scale operation is not yet proven. 

Even though the technology is mature, there is still room for development. Hypothetically, 

the energy consumption could be reduced significantly with solvent development and novel 

process configurations with more efficient heat recovery. There are some vendors that claim 

they have developed solvents with better performance. 

 



72 

 

The concentration of carbon dioxide in the initial stream is the main factor that predicts the 

energy consumption of the separation process. For example, the energy consumption for 

direct air capture is theoretically roughly three times larger compared to separation from flue 

gases. However, when comparing the reported energy consumptions, the higher end of the 

heat consumption of LT DAC systems is only less than two times larger compared to the 

higher end of chemical scrubbing technology. This is an interesting aspect, as it may imply 

that the direct air capture is currently more developed compared to flue gas separation. It 

may also be a result of optimistic values used in the simulations. Simulation results from 

literature show that the possible energy consumption of emerging technologies such as 

membrane separation or pressure swing adsorption could be very low, thus making them 

promising options for flue gas carbon dioxide separation, but only if the problems related to 

thermal stability and material manufacturing are overcome. Even though the energy 

consumption of carbon dioxide separation could be reduced with novel solvents or inherent 

separation during combustion, the energy consumption of compression would still remain 

high. Current compressors are running with relatively high efficiency and it is unlikely that 

revolutionary steps are taken in the development of compressors. 

 

Evaluated carbon capture technologies are suitable for different carbon sources. As the major 

part of carbon dioxide is emitted from large stationary point sources, the technologies 

suitable for them are obviously very appealing. In addition to energy consumption, 

retrofitting possibility is perhaps the most important factor when considering the suitability 

of the technology. The greatest advantage related to post-combustion technologies is that 

they do not majorly affect to the manufacturing process of the main product, such as cement. 

In addition to increased need of flue gas treatment, the main requirement of a post-

combustion technology is the energy demand. This is not a problem in the case of power 

generation, but the sufficiency of energy should be considered when retrofitting to an 

industrial site like steel, cement or pulp mill. The synergies of cement production and 

calcium looping technology provide opportunities for retrofitting. Power sector is currently 

heavily dependent on fossil fuels and in addition to post combustion technologies, also novel 

combustion technologies combined with carbon capture could be utilized there. It turned out, 

however, that retrofitting an oxy-combustion facility to an old plant is not a straightforward 

task. The technology requires pure oxygen and modified flue gas channels for flue gas 
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recirculation. Besides, current power plant boilers are not designed to be leak proof and 

leaking of atmospheric air could reduce the carbon capture efficiency and product quality. 

Pre-combustion technology is not retrofittable, but it provides an opportunity for clean coal 

combustion. The pressure for abandoning coal as a fuel for power generation is increasing 

and it is unlikely that coal is used in the future but the need for waste management is not 

going to decrease. Even though the increase in recycling rate is far higher in the hierarchy 

of sustainable waste management, also waste incineration is considered. Technologies such 

as oxy-combustion, pre-combustion, calcium looping, and chemical looping could be used 

in waste-to-energy plants. Especially the latter two are promising in terms of energy 

consumption, and as waste incineration is projected to increase, they could be used in new 

plants. These technologies are also suitable for biomass combustion.  

 

The future’s renewable based energy system will inevitably require flexibility from any 

energy consuming facility. In principle, the technological potential for flexible use for many 

carbon capture technologies exist. In solvent based technologies, the flexibility can be 

reached by storing the rich solvent loaded in high power demand and regenerating it during 

low demand. Membrane and pressure swing adsorption are naturally agile and can quickly 

follow a load change. Pre-combustion technology provides an opportunity for flexible use 

as the process can be switched to hydrogen production, instead of co-generation of hydrogen 

and power. A benefit of calcium looping technology is the relatively stable, safe and easy-

to-storage sorbent. The process can be used for calcination during low demand and 

carbonation during high demand. However, the flexible operation requires over-

dimensioning of the main components so economic feasibility should be studied further.  

 

The technological maturity varies not only between the main technology categories, but also 

inside a technology category. For example, membrane separation is a mature technology for 

biogas upgrading but applying the technology for separation of carbon dioxide from flue 

gases is still in its infancy. The only commercially available technology for post-combustion 

purposes is chemical scrubbing with relatively old-fashioned amine solvents. Physical 

solvent scrubbing is currently mature technology for syngas, biogas and natural gas 

treatment. Water scrubbing is also used in biogas upgrading. Calcium looping and chemical 

looping combustion are very promising technologies, but they are still in pilot-scale or 
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demonstration phase. There are several vendors developing technologies related to direct air 

capture, but large-scale implementation is not yet done.  

 

It was noted that there are multiple different technologies available, all of them with different 

technological characteristics. Choosing a suitable technology is a multi-dimensional task and 

many aspects should be considered when comparing the technologies to each other. The 

greatest uncertainty lies in the characteristics of technologies with lower level of 

technological readiness. The results of the technological evaluation are presented in 

Appendix I.  
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5 ECONOMIC EVALUATION 

 

The economic evaluation process begins with a literature research, where available 

information related to different carbon capture technologies is collected. As carbon dioxide 

is the main interest in this work, the main goal is to find the cost of captured CO2 for each 

technology. In addition to the cost of end product, the capital cost and O&M cost for each 

technology is in the scope of interest. Capital cost is determined as the Total Capital 

Requirement, and to make this information comparable, it is divided by the carbon capture 

capacity of the plant. Currencies are transformed to euros. O&M costs are presented as 

percentages of capital cost. 

 

5.1 Cost data from literature 

Cost estimates from literature were reviewed and the cost for carbon capture by each 

technology was collected and the results are summarized in a table below (Table 2). It was 

noted that in many cases, the main interest of calculations was the cost for avoided carbon 

dioxide, perhaps for the reason that carbon capture is typically considered as an important 

tool for climate mitigation. For example, the cost for captured carbon for calcium looping 

technology was not available from literature. Another note is that there is a significant 

variance in the reported costs. Many assumptions are probably taken, including crucial 

parameters such as energy cost and contingencies when estimating the capital cost. For 

example, the cost for captured CO2 with chemical scrubbing was reported to be between 36-

104 USD/tCO2. The great dispersion in these results describes well how the cost of carbon 

capture is actually a sum of many aspects. Even though these results are not fully 

comparable, a general relationship between the raw gas CO2 concentration and cost can be 

seen. The compression of pure carbon dioxide is clearly the cheapest option and the 

separation from syngas with physical solvents is also very economical. On the other hand, it 

is no surprise that the low CO2 concentration in atmospheric air yields the highest separation 

cost. In the middle, there is the current benchmark technology, chemical scrubbing from flue 

gas. Emerging technologies such as post-combustion adsorption, calcium looping and 

chemical looping seem to be relatively cost effective.  
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Table 2. Carbon capture and avoidance cost for different carbon capture technologies. 

 Captured cost €/t Avoided cost €/t Year Reference 

Compression 6-16 - 2012 Dahowski et al. 2012 

 4-6 - 2011 Mikunda et al. 2011 

 10 - 2015 Lyngfelt & Leckner 2015 

Water scrubbing 10-95 - 2019 Carbon Reuse Finland 2019 

Physical scrubbing 5 - 2015 Im et al. 2015 (from syngas) 

Chemical scrubbing 30-44 38-58 2013 Rubin et al. 2015 

 40-86 48-101 2013 Rubin et al. 2015 

 53-69 37-101 2017 Wang et al. 2017 

 - 80 2019 Gardarsdottir et al. 2019 

 - 66 2019 Gardarsdottir et al. 2019 

 - 63 2016 Li et al. 2016 

 - 57 2013 Majourmerd & Assadi 2014 

Adsorption 25 28 2015 Susarla et al. 2015 

 18 26 2019 Khurana & Farooq 2019 

 14-28 - 2019 Zhao et al. 2019 (w/o compr.) 

Membrane separation 31-42 45-72 2017 Wang et al. 2017 

 - 84 2017 Gardarsdottir et al. 2019 

 - 34-35 2013 Scholes et al. 2013 

 - 21-45 2008-2013 Abanades et al. 2015 

Oxy-combustion 29-48 38-61 2013 Rubin et al. 2015 

 - 42 2019 Gardarsdottir et al. 2019 

 - 71-116 2014 Porter et al. 2017 

 - 34 2015 Abanades et al. 2015 

 - 40-57 2013 Borgert & Rubin. 2013 

Pre-combustion 23-34 31-48 2013 Rubin et al. 2015 

 11-23 - 2019 Giordano et al. 2019 

 21-29 29-40 2019 Ahmed, Zahid & Lee 2019 

Calcium looping - 52 2019 Gardarsdottir et al 2019 

 - 59 2019 Gardarsdottir et al 2019 

 - 88 2014 Mantripragada & Rubin 2014 

 - 23 2015 Abanades et al. 2015 

 24-26 28-31 2014 Cormos 2014 

 15 20 2017 Rolfe et al. 2017 

Chemical looping - 16-26 2015 Lyngfelt & Leckner 2015 

 - 5-13 2009 Ekström et al. 2009 

 - 24 2018 Haaf et a.l 2019 

LT DAC 120-244 - 2019 Fasihi et al. 2019 

HT DAC 78-193 - 2018 Keith et al. 2018 

 115-388 - 2019 Fasihi et al. 2019 

  

 

A major part of the cost is related to the energy consumption. For example, Li et al (2016, 

658) reported that the energy cost in post combustion chemical scrubbing system was 55% 

of the total avoided cost. Capital cost and O&M cost were 25% and 20%. Out of energy cost, 

almost 60% was related to the regeneration and 30% to compression of CO2. When 

considering the capital cost, the absorption and desorption columns are the most expensive 

units, their share of the cost was almost 50%. Another expensive unit is the CO2 compression 

section with its 40% share of total capital cost. The structure of the capital cost seems to be 

similar in adsorption-based technology, the cost of adsorption and desorption columns were 

estimated to be 44% of capital cost (Khurana and Farooq, 2019,S7). From capturing cost, 

roughly 40% is due to capital cost and 60% from operating and energy cost. (Susarla et al., 

2015,363) In membrane technology, the energy cost was reported to be roughly 40% of 

operational costs. The largest share of capital cost is related to the compressors or vacuum 

pumps and the share of membranes is relatively low. (Scholes et al., 2013,346).  
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For more precise evaluation of the cost of carbon capture, also capital cost and O&M costs 

must be determined. Energy consumptions for different technologies were determined earlier 

in the technology evaluation and by utilizing previously mentioned information, it is possible 

to calculate the levelized cost of capturing CO2. In many situations, the carbon capture 

application is integrated to a facility which produces its main product while simultaneously 

capturing the CO2. In this evaluation, the carbon capture application is considered as an 

individual unit with only certain amount of CO2-containing stream to be treated. The 

operation of the main unit, such as cement mill or power generation facility, is not 

considered.  

 

When determining the capital cost, the main aim is to find the specific cost for carbon capture 

(€/t CO2,a). For certain capture technologies, the specific cost is presented in that form but 

in many cases, it is hidden and must be calculated. For example, the capital cost for post-

combustion carbon capture with chemical absorption was calculated by values provided by 

Rubin et al. (2015). Total capital requirement for CCS equipment in 550 MW coal power 

plant was 1778 USD/kW, emission rate 0.80 tco2/MWh and carbon capture system efficiency 

90%. Capacity factor of the plant was 85%. With this information, the amount of annual 

captured CO2 can be calculated, as well as the specific capital cost for carbon capture. 

 

𝐶𝐴𝑃𝐸𝑋 =  
1778 000 

$
𝑀𝑊

0.80
𝑡𝐶𝑂2

𝑀𝑊ℎ
∙ 8760

ℎ
𝑎 ∙ 0.85 ∙ 0,9

= 331.64 
$

𝑡 𝐶𝑂2/𝑎
  

 

Costs are presented in euros, using exchange rate of 1.2 €/USD. Capital costs, as well as the 

fixed and variable operational costs for different technologies are presented in table 3. 
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Table 3. Calculated capital and operational costs for evaluated carbon capture technologies. 

Technology CO2 source 

CO2 % 

in raw 
gas 

Capacity 
Mt/a 

Capex 
€/t/a 

Opex,fix 
% 

Opex,var 
% Reference 

Compression MEA process >99 3.8 13 - - Li et al. 2016 

 Capture process >95 1 56 - - De Lena et al. 2019 

 Capture process >75 2.9 15 - - Porter et al. 2017 

  Capture process >95 2.3 19 - - Porter et al. 2017 

Water scrubbing Biogas 30-40 0.018 106 2.5 0.5 Hauser 2017 (w/o compr.) 

  Biogas 30-40 0.004 412 2.8 0.5 Hauser 2017 (w/o compr.) 

Physical scrubbing - - - - - -   

Chemical scrubbing Cement mill 18-22 0.5 151 6 5.4 Gardarsdottir et al. 2019 

 Flue gas n/a 3.6 258 - - Rubin et al. 2015 

  Flue gas 10.7 3.7 191 2.6 2.7 Li et al. 2016 

Adsorption Flue gas n/a 2.5 146 - - Abanades et al. 2015 

 Flue gas n/a 1.8 161 - - Abanades et al. 2015 

 Flue gas 8.9 2.4 84 - - Jiang et al. 2019 

 Flue gas 12 2.8 110 - - Khurana & Farooq 2019 

 Biogas 30-40 0.018 182 2.4 0.6 Hauser 2017 (w/o compr.) 

  Biogas 30-40 0.004 351 2.2 0.5 Hauser 2017 (w/o compr.) 

Membrane separation Cement mill 18-22 0.6 327 - - Gardarsdottir et al. 2019 

 Flue gas 12.7 0.8 137 - - Wiesberg et al. 2014 (w/o compr.) 

  Flue gas 11.6 3 107 20 - Merkel et al. 2010 

Oxy-combustion SCPC - 4.1 299 - - Rubin et al. 2015 

Pre-combustion IGCC - 3.2 161 - - Rubin et al. 2015 

 IGCC 29 2.7 137 3 - Cormos 2012 

  IGCC 29 2.9 116 3 - Cormos 2012 

Calcium looping Flue gas 11.9 0.8 390 - 1 Mantripragada et al. 2014 

 Cement mill 18-22 0.9 317 5 1.2 Gardarsdottir et al. 2019 

 Flue gas - 2.9 248 1 2 Hanak & Manovic 2017 (w/o compr.) 

  Cement mill  n/a 1 214 - - De Lena et al. 2019 

Chemical looping CCGT - 2 127 - - Mantripragada & Rubin 2017 

  CCGT - 2.9 221 7 1 Zhu et al. 2018 

LT DAC Air 0.04 0.36 730 - - Fasihi et al. 2019 

  Air 0.04 0.004 1220 - - Fasihi et al. 2019 

HT DAC Air 0.04 1 549 3.7 - Fasihi et al. 2019 

 Air 0.04 1 2086 4 - Fasihi et al 2019 

 

 

The concept of carbon capture is historically considered as a tool for decreasing the emission 

intensity of fossil power generation. For this reason, a major part of economic evaluations is 

made for coal power plants. However, the characteristics of flue gases using other fuels and 

the technology for combustion is mainly similar to coal power plants and for generic carbon 

capture comparison, these values can be used as a guideline. It is no surprise that the capital 

cost is the lowest for compression. With higher capacity, the results show unity, the range 

for capital cost is between 13-19 €/tCO2/a. The capital cost is largest for DAC technologies, 

most likely due the sizing of the equipment needed for separating carbon dioxide from 

diluted air. Indeed, Keith et al. (2018) disclosed that roughly 60% of total capital cost is due 

to non-general units such as air contactor and reactors needed for calcination. In general, the 

variance in capital cost inside technology categories is still high. For instance, calculated 

capital costs for membrane technology are in the range of 107-327 €/tCO2/a. However, the 

capacity is also varying and the results for larger plants are generally smaller, which is in 

accordance with economics of scale. Economic estimations in literature usually contain the 

contingency cost, which is higher for technologies with lower TRL, so the technological 
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maturity is taken into account. It was found out to be a challenging task to determine the 

operational expenditure for each technology with the information available. In many cases, 

the energy consumption and the cost of energy is included in the operational expenditures 

so determining the fixed operational cost and variable operational cost is not possible. In 

general, the fixed operational cost is between 1-7% and variable operational cost is from less 

than 1% to 5%.  

 

5.2 Generic cost comparison  

For a generic comparison of carbon capture costs, a recalculation is made according to 

equation (3). Plant life is assumed to be 25 years and weighted average cost of capital 7%. 

The electricity price is assumed to be 60€/MWh and the heat price 20€/MWh.  

 

The capital cost for compression is the average of the values presented in table 4. The energy 

consumption is chosen from the upper end of the range presented in technological 

evaluation. Operational expenditure is assumed to be 2% as no better information is not 

available. The range of capital cost for water scrubbing is relatively high, but it must be 

noted that the values are for different capacities. For this evaluation, the lower end is chosen 

as it represents the capital cost of a larger plant. In the case of chemical scrubbing, the capital 

cost for biogas upgrading plants are excluded and the average value is used. The energy 

consumption of chemical scrubbing is chosen from the higher end as the value is for current 

benchmark solvent. Operational expenditure is an average of the values presented by Li et 

al (2016) and Gardarsdottir et al. (2019).  For adsorption-based technology, an average 

capital cost of post-combustion applications is used. The cost of carbon capture is calculated 

for both pressure-swing adsorption and temperature-swing adsorption technologies as the 

energy consumptions are available. The operational cost is chosen from values presented by 

Hauser et al (2017). The capital cost for membrane technology is an average of the values. 

A general operational expenditure of 20 % was estimated by Merkel et al. (2010), but it was 

detailed very loosely. Another estimation of operational cost for membrane technology was 

provided by Gardarsdottir et al. (2019) and it included membrane replacement, cooling water 

and chemicals required for increased flue gas treatment, the variable operational cost was 

1.23 %. A general fixed operational cost of 4% and a variable operational cost of 1.23 is thus 

assumed. Only one cost estimation for oxy-combustion was available and a general 
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operational expenditure of 4% is assumed. For all of the other technologies, average values 

presented in table 3 are used.  

 

The values used for the cost comparison and the cost for capturing for each technology are 

presented in table 4.  

 

Table 4. Values used for cost comparison and recalculated captured cost of carbon dioxide. 

 Capex Opex Opex 

Heat 

consumption 

Electricity 

consumption 

Captured 

cost 

Technology €/t/a %,fix %,var kWh/t kWh/t €/t,CO2 

Compression 25.75 2 - - 120 9.9 

Water scrubbing 106 2.5 0.5 - 400 36.3 

Chemical scrubbing 200 4.3 4.1 1100 150 65.0 

Adsorption, PSA/VSA 125.25 2.4 0.6 - 175 25.0 

Adsorption, TSA 125.25 3 0.6 1345 0 42.2 

Membrane 190.3 4 1.2 - 166 36.2 

Oxy-fuel 299 4 - - 251.5 52.7 

Pre-combustion 138 3 - - 245 30.7 

Calcium looping 292.25 3 1.4 - 225 51.4 

CLC 174 7 1 - 160 38.5 

LTDAC 975 4 - 1626.5 422 180.5 

HTDAC 1317.5 4 - 1935 565 238.4 

 

When comparing recalculated carbon capture costs to the costs presented in literature, it can 

be seen, that the results are reasonable. For example, the reported capture cost for chemical 

scrubbing technology is in the range of 30-86 €/tCO2 whereas the recalculated cost in this 

evaluation is 65 €/tCO2 and for post-combustion adsorption separation, the cost reported in 

literature is between 18-26 €/tCO2 and 25 €/tCO2 in this evaluation. The resulted cost for 

chemical looping combustion is higher compared to the values presented in literature. 

However, these results can be used for rough estimation for the cost of carbon capture. 

 

The captured carbon cost and the corresponding proportions of capital, operational and 

energy cost for different technologies are presented in figure 27. The utilization of high-

concentrated CO2 streams is undoubtedly the most economical option. Out of post-

combustion technologies, the pressure-swing adsorption yields the lowest cost, followed by 

membrane separation, temperature-swing adsorption and calcium looping. However, 

chemical scrubbing is currently the only commercially available option and the cost is 
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highest. Out of oxy-combustion technologies, chemical looping combustion seems 

beneficial compared to conventional oxy-fuel technology. It must be noted that the cost 

comparison is not made for similar CO2 sources. For example, if chemical scrubbing 

technology is applied for streams with higher initial concentrations, both energy 

consumption and capital costs are smaller, and the capture cost is also lower. Another 

example is that water scrubbing technology might seem more appealing compared to 

chemical solvent scrubbing, but the technology is not necessarily preferable option for CO2 

separation from flue gases. 

 

 

Figure 27. Generic cost comparison between evaluated carbon capture technologies. 

 

The cost for direct air capture is significantly higher compared to other technologies. A major 

part of the cost is due to high capital cost. Energy consumption for direct air capture is also 

high (Figure 28). 
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Figure 28. Captured cost for direct air capture technologies. 

 

For comparison, the cost structure for carbon capturing of evaluated technologies are 

presented in figure 29. The share of energy cost is highest with compression, water 

scrubbing, temperature-swing adsorption and chemical scrubbing. Capital cost is relatively 

high with oxy-fuel, calcium looping and DAC technologies.  

 

 

Figure 29. The cost structure of captured cost for different technologies 
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6 DISCUSSION 

6.1 The demand of captured CO2 and its availability 

Previously, in section 2.2, it was estimated that to cover the fuel demand of marine and 

aviation transportation with synthetic liquid fuel, approximately 2.2 Gt of carbon dioxide 

should be captured annually. In principle, the technical potential for capturing such amount 

exists. Roughly 0.5 Gt/a of pure carbon dioxide is currently available as side streams from 

ammonia production, ethanol fermentation, natural gas sweetening and biogas upgrading. 

These streams could be utilized by compression with an average cost of 10 €/tCO2. CO2 

emissions from large stationary point sources are immense, almost 19 Gt/a is currently 

emitted from power generation and different industrial sectors. For these sources, post-

combustion capture with chemical solvent scrubbing is a mature technology with a generic 

carbon capture cost of 65 €/t CO2. 

 

Estimating the situation in the future is more complicated, as the development of carbon 

dioxide demand, carbon dioxide sources and carbon capture technologies contain 

uncertainties. The demand for synthetic liquid fuel for marine and aviation transportation is 

expected to increase. To cover the fuel demand, approximately 3 Gt of carbon dioxide should 

be captured for raw material for power-to-liquid applications in 2050. Meanwhile, the 

structure of the energy system is expected to change radically. With the increased share of 

solar energy in the energy system, the need for seasonal energy storage grows. By 2050, the 

CO2 need for synthetic gas production for grid balancing is estimated to be 0.36 Gt/a. The 

future development of available CO2 sources contains multiple uncertainties. For example, 

a major part of ammonia is currently produced from natural gas, and it is unsure if natural 

gas use is restricted for political or economic reasons. In fact, it is also possible, that the 

primary method for hydrogen production in ammonia industry is changed from steam 

reforming to electrolysis. This would lead to a situation where ammonia production would 

not produce any CO2 for CCU purposes. If natural gas use is restricted, the side stream of 

natural gas sweetening would not be available either. This would mean that the availability 

of high concentration CO2 sources would be roughly 0.45 Gt/a in 2050.  Increased pressure 

for emission reductions and the feasibility of renewable energy will most likely lead to a 

radical decrease of fossil power generation. Emission reductions are also expected in the 

industrial sector, with increased material and energy efficiency, the CO2 availabilities from 
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steel and iron industry and cement manufacturing would decrease to 0.75 Gt/a and 1.7 Gt/a 

in 2050. With the addition of 0.46 Gt/a from pulp and paper industry and 0.35 Gt/a from 

waste incineration, the total CO2 availability from point sources would be 3.26 Gt/a in 2050. 

The total availability of CO2, (3.71 Gt/a) is thus adequate to cover both grid stabilization and 

marine and aviation transport demand (3.36 Gt/a). 

 

6.2 Future perspectives 

There are multiple possible carbon capture technologies for large stationary point sources. 

The maturities of most of the technologies are low and it is possible that development occurs 

during the next 30 years. For example, the cost of chemical scrubbing could be reduced with 

solvent development.  

 

Innovator Energy has reported that their post-combustion system with novel solvent can 

utilize low temperature waste heat and the sizing of the equipment is only 20% compared to 

a conventional process. Solvent degradation is also claimed to be eliminated, which would 

lead to minimal variable operational costs (Innovator Energy, 2019). Reported regeneration 

energy requirement for the solvent is 386 kWh/tCO2, which is only 35% of current 

benchmark solvent energy consumption (1100 kWh/tCO2)  (Novek et al., 2016,294). A 

rough estimate by six-tenths rule shows that 80% reduction in equipment sizing would lead 

to reduced capital cost from 200 €/t/a to 76 €/t/a. If 0% variable opex, free waste heat and 

an electricity cost of 40€/MWh is assumed, this would yield a capture cost of 15.8 €/tCO2. 

In addition to decreased capture cost, utilizing low grade heat would be revolutionary as the 

energy adequacy would not be a problem in industrial sites such as pulp or cement mills.  

 

On the other hand, Carbon Clean Solutions presents that with their developed solvent, the 

regeneration energy and solvent flow rates are both 40% smaller compared to MEA (Carbon 

Clean Solutions, 2019). 40% reduction in energy consumption means 660 kWh/tCO2 and 

40% reduction in equipment size yields a capital cost of 147 €/t/a. Again, if 0% variable 

opex, free waste heat and an electricity price of 40 €/MWh is assumed, the capture cost is 

24.9 €/tCO2. This is in accordance with the prediction of the company, which as estimated 

that the capture cost would be as low as 18 €/tCO2 between 2020-2025 (Carbon Clean 

Solutions, 2019). Compared to current estimations, a carbon capture cost of 16-25 €/t CO2 
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seems revolutionary. In such a situation, the major part of the cost would be associated to 

the final compression of CO2. It is thus unlikely, that the cost of carbon capture will ever 

decrease close to the cost of compression, which is roughly 10 €/tCO2.  

 

Solvent development is an example of radical development step taken in the area of carbon 

capture. Another radical step could be the performance development of membranes, as the 

reported cost estimates in literature are very low. Implementation of adsorption-based post-

combustion technology could also be a very promising option. Water electrolysis produces 

oxygen as a side stream, and if it is implemented in large scale, massive cheap oxygen 

sources could be available for oxy-combustion, chemical looping and calcium looping 

technologies. As the energy system is currently on transition and it seems that the share of 

conventional thermal power plants is decreasing, one could question the need for 

development of alternative combustion technologies, such as oxy-fuel, chemical looping or 

pre-combustion. However, these technologies could be used in industrial processes where 

high-grade heat is needed. Waste incineration is probably one key tool in waste management 

in future and in addition to post-combustion technologies, alternative combustion 

technologies could be used there. Leeson et al (2019) estimated that the avoided cost for 

calcium looping technology could be 16.7 €/tCO2 and 45.8 €/tCO2 for post-combustion 

amine absorption in 2050. If a general conversion from avoided cost to captured cost is 

assumed to be 0.75 (Rolfe et al., 2017), the corresponding costs would be 12.5 €/tCO2 and 

34.3 €/tCO2. Compared to the costs resulted in this work, 51.4 €/tCO2 and 60.5 €/tCO2, the 

cost reduction of calcium looping technology seems quite large, whereas the cost reduction 

of amine absorption could be easily achieved with the values presented by Innovator Energy 

and Carbon Clean Solutions. In general, most of the carbon capture technologies are still in 

development phase, so the number of estimations of the cost development is very limited. 

 

Large-scale implementation of direct air capture technologies for CCU purposes seems 

unreasonable. The separation of CO2 from atmospheric air is certainly costlier compared to 

utilization of point sources. However, if the carbon capture demand for climate mitigation is 

taken into account, also direct air capture should be used. In addition, the emissions from 

steel and cement industry are fossil-origin and utilizing them for synthetic fuel production 

could lead to increased costs (Fasihi et al. 2019). The benefit of direct air capture is the fact, 
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that it is carbon neutral, if the overall chain from capturing to synthetic fuel production is 

done with renewable energy. Calculated cost for direct air capture technologies is currently 

between 180-238 €/tCO2. A detailed cost estimation from Fasihi et al. (2019) concluded that 

if large-scale implementation of DAC technologies starts immediately and reaches annual 

capacity of 15 Gt/a by 2050, the capture cost could be even less than 20 €/tCO2. However, 

with current DAC cost estimations, the utilization of point sources is undoubtedly more 

attractive, and the development of DAC technologies will most likely be delayed. 

 

The implementation of large-scale carbon capture projects will be strongly dependent on 

their economic feasibility. In addition to possible development related to high capital cost 

and energy consumption of different technologies, the regulatory framework and policies 

will surely be significant drivers in the implementation rate of carbon capture projects. To 

reach the emission reduction goals, large-scale CCS and CCU projects are most likely 

needed and to promote the development, both CCS and CCU should be actively subsidized.   
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7 CONCLUSIONS 

 

During the coming years, the demand for carbon capture is expected to increase, whereas 

the availability of CO2 streams is expected to decrease. Relatively pure carbon dioxide is 

available as a side stream from different processes such as ammonia production, ethanol 

fermentation, natural gas sweetening and biogas upgrading. However, the availability of 

these sources is limited, and the utilization of large point sources from industrial processes 

and waste incineration is required to ensure the CO2 adequacy for synthetic fuel production, 

which is needed for grid stabilization and non-road transport sector. 

 

Techno-economic evaluation made in this work confirmed that there are multiple different 

carbon capture technologies, all of them with their specific opportunities and restrictions. 

Carbon dioxide separation by solvent scrubbing and regenerative absorption-desorption 

cycle is currently the main method. Physical solvents are used for CO2 streams with higher 

initial concentration, whereas chemical solvents are used for lower initial concentrations. 

The only commercially available carbon capture technology for large-scale point sources is 

chemical scrubbing with amine solvents. Emerging technologies include membrane 

separation, post-combustion adsorption, calcium looping and novel combustion 

technologies, oxy-combustion and chemical looping combustion. In addition, fuel 

gasification and CO2 separation from syngas before combustion is a possible method.  

 

The utilization of high-concentration CO2 sources is the cheapest option with an estimated 

cost of 10 €/tCO2. Carbon capture from large and diluted point sources is significantly more 

expensive with an estimated cost of 65 €/tCO2 with currently available technology. 

Emerging technologies result lower cost estimations, but large-scale demonstration plants 

are needed to confirm them. 
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APPENDICES 

Appendix I: The summary of technological evaluation. 

Material streams  Compression  

Water 
scrubbing 

Physical 
scrubbing 

Chemical 
scrubbing Adsorption  

Membrane 
separation 

Oxy-
combustion 

Pre-
combustion 

Calcium 
looping CLC  LT DAC  HT DAC  

 working material availability - high moderate moderate moderate/low low low low high high moderate low/moderate 

 effluents   water - - solvent - - - - CaO O2 carrier water CaCO3 

 water demand  - yes - yes - - - yes - yes - yes 

 make-up/degradation - - - yes yes yes - - yes yes yes yes 

 hazardous materials - - yes yes yes - - yes - - yes yes 

 pretreatment  - yes yes yes yes yes - - - - - - 

 CO2 capture efficiency [%] 100 97 - 98 95 90 90 90-95 80-99 99 - 42 

 CO2 purity [%]  >99 - >99 95-99 95 80-98 97-99 >90 80-98 88-99.9 >97 

Energy streams  
            

 pressure levels [bar] 110-150 9 to 12 20 atm 0.03-3.5 (PSA) 10 atm 20-70  atm atm atm atm 

 
temperature levels [C] ambient ambient -40 to 175 40 to 140 30 to 120 25-40 - 

190-500 
(WGS) 

580 - 900 800-1050 75-120 900 

 heat demand kWh/tCO2 - - - 600-1100 900-1790 (TSA) - - - - - 1170-2080 1420-2450 

 electricity demand kWh/tCO2 110-130 400 210-245 150 140-210 (PSA) 72-260 208-295 210-280 170-280 160 150-690 366-760 

Carbon sources             

 Concentrated streams + - - + - - - - - - - - 

 Power generation  - - - + + + + + + + - - 

 Cement industry  - - - + - + + - + - - - 

 Steel industry  - - - + - + + - - - - - 

 Pulp &paper  - - - + - + + - + - - - 

 Biogas   - + + + + + - - - - - - 

 Air   - - - - + - - - - - + + 

 retrofitting possibility high high high high moderate moderate low low moderate low - - 

 
possibility for 
flexible operation   

high moderate moderate moderate moderate high moderate moderate high low moderate low 

Research & Development            

 TRL   9 9 9 9 5/9 5/9 7 8 6 6 8-9 8-9 

 Development potential low low moderate moderate high high moderate moderate high high moderate moderate 

 

Main restrictions 
 
 
 
 

limited CO2 
source 
availability 

low 
absorption 
rate 

low 
temperatures 
required, suitable 
only for high CO2 
concentrations 

solvent 
degradation, 
energy 
consumption, 
hazardous materials 

compression of 
large volumes, 
sorbent stability 

temperature 
resistance, 
compression 
of large 
volumes 

oxygen 
production 

high 
temperature 
carbon 
capture, 
oxygen 
production 

calcination 
energy 
demand, 
sorbent 
stability 

oxygen 
carrier 
stability & 
cost, 
complete 
combustion, 
O2 
production 

sorbent 
capacity & 
stability, 
pressure loss 
in contactor, 
regeneration 
temperature 

high grade heat 
required, 
pressure loss in 
contactor  

 

Main advantages 
 
 
 
 

simple 
operation, high 
maturity, low 
energy 
consumption 

cheap, safe 
and 
available 
working 
material 

technological 
maturity, stability 
of solvent 

technological 
maturity, high CO2 
purity, suitable for 
large sources 

possibly 
reduced energy 
consumption, 
low grade heat  

possibly 
reduced 
energy 
consumption 

reduced 
volumes, no 
need for CO2 
separation, 
carbon neutral 
fuels 

combined H2 
production, 
carbon neutral 
fuels 

cheap & safe 
sorbent 
material, 
flexibility, 
carbon neutral 
fuels, 
integration to 
cement 
industry 

energy 
efficiency, 
carbon 
neutral fuels, 
no CO2 
separation 
equipment 

low grade 
heat 
utilization, 
modularity, 
CO2 source 
availability 

CO2 source 
availability, safe 
effluents 


