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Abstract 

With the ever-increasing level of carbon dioxide in the atmosphere, there is an enormous need to find new 

ways to minimize CO2 emissions. One way to tackle this problem is with Bioenergy with Carbon Capture 

and Storage (BECCS). BECCS is a new technology, which captures CO2 from biomass and stores it 

geologically. As biomass is considered to be CO2-neutral, this technology creates negative emissions and 

could thus in the long run decrease the level of CO2 in the atmosphere.  

There is currently a large unawareness of BECCS as a mitigation technology, preventing the break through 

as it does not receive enough attention and most importantly enough funding or promotion by incentives. 

By introducing small-scale showcase units to policy makers and the industry, BECCS as a technology with 

its many benefits can be successfully demonstrated.  

During this project, an extensive literature review has been done in order to evaluate the current status of 

the technology and to investigate the maturity and possibilities in the field to introduce small-scale units. 

Injection sites worldwide have been contacted, to research the possibilities of external small-scale projects 

to inject CO2. These sites are strictly regulated and it is therefore difficult to inject as an external partner. 

Industry and field experts were also contacted regarding the different technologies and their scalability.  

The various capture technologies have potential to work in small scale. As most technologies, the capture 

technologies used in BECCS processes are first developed in micro-scale in laboratories. This means that 

the technologies are known to work in small scale, the problem being that they are not commercially 

available and therefore questions regarding reliability and economy remain to be solved.  
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1 Introduction 

With the ongoing climate change there is an enormous need to minimize CO2 emissions, and although 

there are attempts to address this issue, new ways must be found. Bioenergy with Carbon Capture and 

Storage (BECCS) is a new approach to tackle CO2 emission abatement, an emission mitigation technology 

that captures carbon dioxide from biomass systems and stores it underground. This creates a unique 

chance of generating negative emissions, with the potential to counteract the ever-increasing emissions of 

CO2. 

Carbon Capture and Storage (CCS) in general is not receiving the necessary investments to succeed in 

making the impact it potentially could do. This combined with a low level of awareness and lack of 

incentives makes it especially difficult for BECCS to break through. 

There is a necessity to raise awareness about BECCS and its benefits to policy makers as well as the 

general public. A way of doing this is to be able to demonstrate the technology on site. This requires a 

mobile micro-scale unit showcasing one of the possible BECCS technologies. 

Apart from giving an overview of the BECCS technology, this report aims to investigate the possibility of 

creating a micro-scale unit focusing on the various technologies available and potential sites of injection of 

the produced CO2. 

An extensive mapping of currently active injection sites worldwide as well as future planned projects was 

initially done, followed by contacting the sites to get detailed information on required specifications of the 

injected gas and possibilities of storage of external CO2. Finally, the different capture techniques were 

evaluated according to the potential of down-scaling. 
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1.1 Background 

BECCS is a type of CCS, in which carbon dioxide emissions from biomass rather than from fossil fuel 

sources are used. As biomass is considered to be carbon neutral, BECCS actually results in negative 

emissions. The present level of carbon dioxide and increasing emissions into the atmosphere is causing 

climate change and ocean acidification. When fossil emissions have been reduced as much as possible, the 

carbon dioxide already emitted can actually be removed through negative emissions (Figure 1). 

 

 

 

Figure 1 Illustration of the BECCS process (Biorecro AB, 2010b) 
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1.2 Climate Change  

There is an ongoing change in our climate. The costs and impacts of this change will be large, unevenly 

spread and unpredictable (The Royal Society, 2009). The foundation of this problem is the excessive use 

of fossil fuels, which has led to carbon dioxide levels approaching 400 ppm in 2012 (Figure 2) compared 

to pre-industrial levels of 280 ppm (IPCC, 2007). This elevated level of carbon dioxide concentration leads 

to an enhanced greenhouse effect, which in turn raises the global mean temperature. The temperature rise 

affects both ocean and land environment with polar ices melting and sea levels rising. 

It is widely accepted that the increased carbon dioxide concentration induced by humans is the major 

source of the climate change. Actions have to be taken to stabilize these levels and prevent further 

increases. This is a difficult challenge as the world’s energy demand as well as the population continues to 

grow and will most likely lead to an increase in CO2 emissions (WWF, 2011). 

Until today the efforts to address the climate change have primarily focused on mitigation of greenhouse 

gas emissions (GHG). Global energy related carbon dioxide emissions continue however to increase by an 

average of 3 % per year. In 2011 the increase was 3.2 % compared to 2010 (IEA, 2012a). Considering the 

inertia of the climate change means that even with future decreases in emissions, global warming might 

increase for decades to come (Figure 3) (IPCC, 2007). 

 

 

 

Figure 2 CO2-concentration in the atmosphere (Global CCS Institute, 2012) 
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In the late 1980’s the World Meteorological Organization (WMO) together with the International Council 

of Scientific Unions (ICSU) and the UN Environment Programme (UNEP) identified two temperature 

thresholds with different levels of risk. Based on the knowledge at that time, a 2˚C increase from pre-

industrial temperatures was determined as the upper limit. An increase beyond this limit would cause 

severe damage to the ecosystem as well as possible non-linear responses. There are more recent studies 

that point in the same direction and claim that increases of more than 1˚C relative to year 2000 will be 

considered dangerous (IPCC, 2007). 

According to a scenario from the International Energy Agency’s (IEA) publication World Energy Outlook 

2012, based on new policies that are to be taken, there is only a 6 % probability of limiting the 

temperature increase to 2˚C but a 50 % probability of limiting it to 3.6˚C. This is an alarming result 

showing the importance that even more actions than already planned need to be taken. 

Only limiting the emissions of greenhouse gases might not itself solve the problem of global warming, 

additionally there is a need of removal of carbon dioxide from the atmosphere. There are several ways to 

do this by for example enhancing land carbon sinks or oceanic uptake of carbon dioxide, but the only way 

to completely get rid of the carbon dioxide for good is by capturing and storing it under ground. There 

has been research regarding the capture of carbon dioxide from the ambient air, but currently the only 

commercially available method to achieve a net negative emission is by BECCS (The Royal Society, 2009). 

 

 

 

Figure 3 CO2-concentration, temperature and sea level changes after emissions are reduced (Global CCS Institute, 2012)  
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1.3 Bioenergy 

Bioenergy is energy derived from the conversion of biomass either directly as fuel or processed into liquid 

and gases. Bioenergy differs from other renewable energy technologies because it is a part of the terrestrial 

carbon cycle where carbon dioxide emitted during the bioenergy process previously was seized from the 

atmosphere and will be emitted and seized again as a part of the cycle. 

The supply of biomass for bioenergy plays a key role as a part of the sustainable energy mix in order to 

prevent the ongoing climate change. Even though the current share of global bioenergy in the total 

primary energy demand is relatively small (Figure 4) and mainly driven by renewable energy incentives, the 

demand of bioenergy is expected to rise in the coming years where some scenarios predict a future 

demand of up to 250 EJ by 2050 (IEA Bioenergy, 2009). This compared to the roughly 53 EJ as of 2010 

(IEA, 2012a). 

 

 

Figure 4 Share of bioenergy of world primary energy demand (IEA, 2012a) 

Although the increase in demand will impose a big challenge, there is a wide range of available biomass, 

which could be used as feedstock for bioenergy production. This includes energy crops, organic wastes, 

agricultural residues, forestry residues as well as algae. In the poorest countries where bioenergy accounts 

for more than 80 % of the energy mix, the use of traditional biomass such as wood used for domestic 

heating and cooking is by far the most common practice (IPCC, 2012). 

  

World primary energy demand 2010 

Oil 32.3 % 

Coal 27.3 % 

Gas 21.5 % 

Nuclear  
5.6 % 

Other renewables 6.7 % 

Renewables  

13.2 % 

Hydro 17.5 % 

Bioenergy* 75.8 % 

*Includes traditional and modern biomass uses 
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1.3.1 Possible Risks with Bioenergy 

Bioenergy has the possibility to offer opportunities for developing countries where it can provide valuable 

income for farmers and jobs for local communities (WWF, 2011). Associated with these opportunities are 

risks of displaced food crops, deforestation and an increase in competition for water. There is a discussion 

on whether or not a massive increase in demand for bioenergy and biofuels could be met in a sustainable 

way. As the market share increases the pressure on the sustainability along the entire chain increases. This 

includes both environmental and socioeconomic sustainability such as land use, competition for food and 

water, energy efficiency, greenhouse gas emissions and lifecycle analysis (EBTP, 2012). 

One debated topic when it comes to bioenergy is the land use change that it may cause.  These land use 

changes can be both direct and indirect (Figure 5). Indirect land use changes are always hard to quantify 

and be able to measure the impact in the near future. Land use changes could affect greenhouse gas 

balances in several both positive and negative ways (IEA Bioenergy, 2010). However, bioenergy does not 

always equal land use change. This is for example not the case when it comes to the use of wastes and 

residues not utilized for different purposes. 

 

 

Figure 5 Illustration of indirect (iLUC) and direct (dLUC) land use change 

1.3.2 Differences between Bioenergy and Fossil Fuels 

There are distinct differences between the characteristics of the biomass feedstock compared to those of 

fossil fuels like oil, coal and gas. This leads to both technical and economic challenges (IEA, 2012c). 

Firstly, the transportation of untreated biomass is both more costly and difficult due to lower bulk density 

and calorific value. This could be solved by pre-transportation treatment of the feedstock, but this 

increases the overall cost and limits the economic scale of operation (IEA, 2012c). Storage is also another 

concern when it comes to seasonally generated biomass. To provide evenly distributed energy all year 

round, energy crops with certain harvesting periods have to be stored. Storage systems as well as handling 

systems also have to be bigger and hence more expensive due to the difference in energy and bulk density 

compared to fossil fuels (IEA, 2012c). 

To get as high calorific value as possible low levels of moisture are necessary. Untreated biomass usually 

contains high levels of moisture and dry biomass absorbs moisture. This puts additional pressure on 

proper storage and handling of the biomass. To ensure clean and efficient combustion and to avoid 

fouling and corrosion problems, combustion systems have to be designed specifically for the feedstock in 

mind. 
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2 Methodology 

The goal is to investigate the possibilities for micro- or small-scale BECCS units. The most important part 

of this process and also the deciding factor is how and where the storage will be. There is a complexity of 

finding a suitable storage site, drilling an injection well, together with the need for monitoring wells and 

other monitoring equipment. This increases cost and time and therefore, an existing injection site will be 

needed, as a BECCS unit of the desirable size could not justify a completely new injection site. This 

project is thus dependent on the existing injection sites and their willingness to accept carbon dioxide 

from an external source. 

An extensive mapping of currently active injection sites as well as future planned projects was initially 

done.  All the basic facts needed of every project as to when the start or planned start of injection is, type 

of injection permit and specifications of injected gas was collected by research of publically available 

reports as well as contacts with responsible persons at the injection sites.  

Depending on the type of injection permit of the site but also the willingness to cooperate many sites 

could be excluded from the possibility of injection of an external carbon dioxide source. All EOR 

injections were also excluded as this type of storage increase the emissions of carbon dioxide. 

The required specifications of the injected gas from the remaining sites would stand as the basis of the 

next step, to evaluate appropriate technologies to capture the carbon dioxide. Although the choice of 

biomass feedstock would very much be a deciding factor for the choice of method as well as the resulting 

flue gas composition this lays outside of the scope. Focus has instead been on down-scalability of the 

different processes. While all the processes have the technical potential of also working in small scale, 

possible implications have instead been accounted for (Hooper, 2013). 
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3 BECCS 

As mentioned earlier, BECCS is a greenhouse mitigation technology where CO2 is captured from biomass 

and stored geologically, thus resulting in negative emissions. It is a new application, first mentioned in a 

scientific publication in 1996 (Williams, 1996). Since then it has been mentioned as a part of CCS-

technologies but also as a unique opportunity to create negative emissions. BECCS combines the 

advantages of the binding of CO2 in trees and plants with geological storage. The cheapest and easiest way 

to create BECCS-systems is combining existing biomass facilities with carbon capture and storage; it is 

also the fastest way of implementation. 

In several scenarios, the capacity for BECCS as a long-term sustainable mitigation technology is thought 

to be very large. Some scenarios predict a capacity for negative emissions of 5-10 billion tonnes CO2/year, 

which can be compared to the annual GHG emissions of 30 billion tonnes today (Biorecro AB, 2010a).  

3.1 Conventional CCS Technology 

Conventional CCS is a way to reduce CO2 emissions by capturing CO2 produced during combustion of 

hydrocarbons (fossil fuels), before it is vented to the atmosphere and instead storing it underground 

permanently. The CCS process consists of three different stages; capture, transport and storage. CCS on a 

commercial scale is most common in gas industries and industries that produce high-purity CO2 but is also 

beginning to be applied in the power generation industry (Global CCS Institute, 2012). According to the 

Intergovernmental Panel on Climate Change (IPCC), applying CCS to a conventional power plant could 

reduce CO2 emissions by 80-90 % compared to a power plant without CCS (IPCC, 2005). 

When applying CCS to power generation the greatest cost is the CO2 capture, whereas with for example 

gas processing, where the capture is already a part of the process, the compressing, transporting and 

storing is the most costly part (Global CCS Institute, 2012). 

Historically, CCS has mainly been used for the purpose of enhanced oil recovery (EOR). Oil and gas 

companies have several decades of experience in this field as CO2 is used to “push” oil in depleting oil 

fields towards protruding wells in order to produce more oil (Figure 6). Without EOR an oil field can only 

produce around 60 % of its oil, after that point it becomes uneconomic. With the success of EOR 

projects, the feasibility of the techniques required for safe and long-term storage underground is proven 

(IEAGHG, 2012).  

 

Figure 6 Enhanced oil recovery by CO2 injection (2b1stconsulting, 2012) 
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3.2 Political Issues 

As mentioned earlier, one big challenge to the implementation of BECCS is how the biomass is produced. 

If produced unsustainably, it may contribute to environmental degradation in a number of ways. Not only 

in the form of carbon emissions from land-use changes, but also from loss of biodiversity and water 

depletion. These damaging effects may outweigh the benefits of negative emissions. In the context of the 

Kyoto Protocol, the international treaty that obligates industrialized countries to reduce GHG emissions, 

the issue with biomass sustainability should be addressed as soon as possible in order to not hold back the 

implementation of BECCS (OECD/IEA, 2011). 

Some of the technologies with the greatest potential for saving energy and CO2 emission reduction are 

making the slowest progress (IEA, 2012b). CCS in particular is not receiving the necessary rates of 

investment into full-scale demonstration projects and adequate government funding is required. Figure 7 

shows the public funding support commitments to CCS demonstration projects (Global CCS Institute, 

2012). 

Furthermore, there is a large need for governments to both nationally and internationally put a price on 

carbon emissions, this is currently recognized as a highly important factor for CCS-projects. Whether or 

not CCS will progress as an important mitigation technology highly depends on policy, legal and 

regulatory developments (Global CCS Institute, 2012). Some progress is however in the making. There 

appears to be nothing of a bureaucratic nature stopping CCS projects from applying to be registered under 

the Clean Development Mechanism (CDM) (Global CCS Institute, 2012). This potentially marks an 

exciting new era for CCS in developing countries as it facilitates the establishment and necessary 

arrangements to support CCS-projects. Also, this enhances public confidence in the technology due to its 

international acceptability (Global CCS Institute, 2012). 

 

 

Figure 7 Public funding support commitments (Global CCS Institute, 2012) 

 



-10- 
 

Conventional CCS is relatively well known as a carbon mitigation technology, however BECCS seems to 

have a much lower profile despite its potential to not only reduce current emissions but to reverse historic 

GHG emissions (OECD/IEA, 2011). The effects of BECCS are potentially large but are poorly reflected 

in current climate policy debates. Also, policies should provide equal treatment for comparable bioenergy 

systems. Moreover, current policies favor dedicated biomass applications over co-utilization with fossil 

fuels where some of the most interesting potentials might be prominent (Rhodes & Keith, 2007).  

BECCS is capable of indirect mitigation of emission sources that are expensive to mitigate directly. For 

example, CO2 emissions from the transportation sector could be compensated for by negative emissions 

from BECCS in the power generation sector. In other words, the emissions from sectors that are most 

expensive to deal with could be taken care of with BECCS in the sectors where they are least expensive 

(Rhodes & Keith, 2007).  The IEA expects BECCS to represent one fourth of all CCS activity in 2050, but 

the current amount of research and projects related to BECCS is far too low to be able to meet this 

expectation (IEA, 2010). BECCS is highly limited by the cost and availability of biomass-based conversion 

technologies, many of which are currently inefficient or technically immature (Rhodes & Keith, 2007). 

Multiple studies state that there is an extensive unawareness of BECCS amongst policy makers (UNIDO, 

2010) (Vergragt, et al., 2010). There is also a lack of research and demonstration programs directed at the 

BECCS segment. In order for BECCS to be fully recognized, carbon accounting mechanisms are needed 

to allow the benefits of the technology to be realized by the countries that invest in it. International 

climate guidelines applied to industrial countries only make passing references to CCS, and guidelines to 

the Kyoto Protocol do not mention CCS at all. Unless there is incentive to deploy BECCS, the potential 

to reduce atmospheric levels of CO2 is unlikely to be realized. Appropriate incentive policies need to be 

based on an assessment of the emissions reduction that BECCS can deliver (OECD/IEA, 2011). 

To sum up, the major challenges for both CCS and BECCS are a lack of high enough carbon price as well 

as clear regulations. The low level of awareness is a big issue especially for BECCS when compared to 

other technologies. Because of this lack of awareness, BECCS is currently often excluded from market 

incentives and government funding. There is a necessity to raise awareness about BECCS and its benefits 

to policy makers as well as the general public. 
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3.3 Conversion Technologies Used with BECCS 

There are plenty of different technologies used to convert biomass into energy (Figure 8). The 

technologies are adapted to the diverse physical natures and chemical composition of the feedstock as well 

as the energy service required. While basic direct combustion for heat is a straightforward method, others 

need advanced pretreatment methods, upgrading or several conversion steps. The conversion methods 

can be classified into three categories; Thermochemical, physiochemical and biological. 

Thermochemical conversion is when biomass by the use of high temperature undergoes a chemical 

degradation. The four types of thermochemical conversion are combustion, gasification, pyrolysis and 

torrefaction. They differ in temperature range, heating rate and amount of available oxygen in the reaction. 

Physiochemical conversion is used to produce liquid fuels such as biodiesel or vegetable oil from oil crops. 

This by oil extraction and possibly followed by transesterification. 

Biological conversion use living microorganisms like enzymes or bacteria to degrade the feedstock and 

produce liquid or gaseous fuel. There are an abundance of biological routes including fermentation from 

sugar, starch and lignocellulosic feedstock and anaerobic digestion of mostly wet biomass. 

 

Figure 8 Biomass conversion technologies (IEA, 2012c) 
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3.3.1 Pre-Treatment Technologies 

Due to the lower energy density and its variable physical character, biomass as previously stated often 

requires pre-treatment prior to transport or conversion. Depending on the feedstock as well as 

application, there are several technologies that may be used. 

Pellets are made to make the biomass more homogenous and increase the energy density, which is done 

by compressing comminuted small particles of solid biomass. Unfortunately pellets tend to absorb 

moisture during transport and storage, which lowers their calorific value. 

Pyrolysis produces a liquid bio-oil, a mixture of gas and charcoal. This is done by thermal decomposition 

at a temperature of about 500°C in an anaerobic environment. Pyrolysis is still in the early stages and only 

a few demonstration units exist. Concern about the long-term stability of the oil, which degrades over 

time, as well as economic and technical issues, still exists.  

Torrefaction produces biomass with high energy and hydrophobic properties, which significantly 

simplifies the handling. The biomass feedstock is processed at a temperature of 200-300°C into a dry 

product which resembles coal. Compared to traditional pellets, torrefied pellets are expected to be even 

more cost competitive (IEA Bioenergy, 2009). 

3.3.2 Combustion 

The burning of biomass for heat is the oldest and most common way of converting biomass to energy. 

Due to the fact that combustion is an old, well understood technique there is a great variety of different 

commercial combustion technologies tailored to the biomass characteristics. This also benefits the scaling 

of the plants for its application (IEA Bioenergy, 2009). Generally, the size of a biomass-fired plant is 

limited by the availability of biomass and costs of transportation (IEAGHG, 2011b). 

For dedicated biomass firing there are a number of different technologies including fluidized bed 

combustion, pile burning, grate firing and suspension firing. The various technologies require different 

feedstock pre-treatment and physical characteristics like particle size, moisture content and alkali content. 

The CO2 content in the resulting flue gas is generally 14-17 % when combusting biomass (Biorecro AB, 

2010a).  

For small scale heating, below 500 kWth, a fixed grate is most commonly used. For bigger applications 

moving grates are favorable, this is because of the necessity of maintaining a stable and compact bed, 

which limits the fixed grate plant dimensions. 

By using the heat produced by biomass combustion, electricity can be generated with a steam turbine or 

engine. The use of the traditional steam cycle is currently the cheapest and most reliable standalone 

application to generate power even though there are other technologies with improved efficiency (IEA 

Bioenergy, 2009). 

Combined heat and power plants (CHP) use the excess heat produced when generating electricity. The 

total efficiency of CHP plants makes them competitive even in small scales. The electrical efficiency is 

lower due to the size but compensated by the use of the heat.  

The use of an Organic Rankine Cycle (ORC) engine could in the 0.5-2.0 MW range lower the cost as well 

as mean technical advantages such as lower process temperature. Using ORC together with biomass is still 

uncommon and efficiency as well as economical improvements is still needed.  Another more or less 

unproven technology for this application is the Stirling engine. Particularly for small-scale operation in the 

capacity range between 10-150 kW the Stirling engine could be a low cost alternative although efficiency 

as well as stability improvements is under development (IEA Bioenergy, 2009).  
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When capturing carbon dioxide from combustion of biomass the same capture technologies will generally 

be applicable as with traditional CCS for coal-fired combustion. The most likely technology would be to 

retrofit an existing power plant with a chemical absorption based post-combustion capture technology. 

When capturing carbon dioxide with post-combustion a loss in generation efficiency is experienced. For 

fluidized bed combustion this loss is estimated to be 13-16 percentage points (IEAGHG, 2011b). This 

loss is greater for biomass than fossil fueled combustion.  

3.3.3 Gasification 

Gasification is a thermochemical conversion process where biomass is transformed into a mixture of 

various combustible gases known as fuel gas. Practically any biomass feedstock can with high efficiency be 

transformed into fuel gas. This fuel gas can then be either used directly to generate heat or power, or be 

upgraded to synthesis gas (syngas) for biofuel production. Gasification can simplified be explained as 

staged combustion. It is a series of 4 discrete thermal processes; combustion, reduction, pyrolysis and 

drying (Figure 9). 

There are three variants of gasifier technologies; the fixed bed, fluidized bed and entrained flow gasifier. 

The gasification system may use air or oxygen as oxidant.  The entrained flow gasifier is seen as the most 

flexible one even though most currently in use are based on the fluidized gasification concept. Although 

demonstration plants have been successful there are no commercial gasification plants running on one 

hundred percent biomass. 

Although still unproven, pre-combustion capture of carbon dioxide from BIGCC is currently the most 

promising technology. When applied to gasification the pre-combustion capture process is regarded to be 

the same independently of the fuel input. Although the process is the same the fuel input affects the 

synthesis gas exiting the gasifier. Due to these changes carbon dioxide capture energy requirement may 

differ and have to be taken into consideration.  

 

 

Figure 9 Illustration of the different stages in a gasifier (Fisher, et al., 2011) 
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3.4 Biofuel Production and BECCS 

As with some industrial processes, carbon dioxide can be captured during certain stages of the production 

of biofuels. These stages usually emit concentrated carbon dioxide with no further need for separation or 

the separation stage is already a part of the process. 

3.4.1 Bioethanol 

Bioethanol is the most common biofuel, accounting for more than 80 % of total biofuel use worldwide 

(IEAGHG, 2011b). Bioethanol is produced by fermenting sugar or starch. The ethanol is then in the next 

step distilled to fuel grade ethanol. The feedstock includes all sugar and starch containing biomass such as 

cereal crops, maize, sugarcanes, sugar beets, potatoes, sorghum and cassava. There are also technologies 

available for ethanol production from lignocellulosic biomass although this requires advanced 

pretreatment processes. 

Capture of carbon dioxide from bioethanol can both be done as a part of the fermentation process and 

from the flue gases of the boiler for the production of heat and power. The fermentation step of both 

conventional and advanced bioethanol production is similar resulting in the same amount of carbon 

dioxide with a concentration of about 98.8-99.6 % after dehydration (IEAGHG, 2011b). The carbon 

dioxide stream then has atmospheric pressure and a temperature between 25 and 50°C and further 

treatment is not necessary. 

The carbon dioxide captured from the flue gases of the boiler are in a comparable amount to that from 

the fermentation, although the carbon dioxide concentration is considerably lower and therefore also 

requires an additional separation step. 

3.4.2 Biodiesel 

Biodiesel is mainly produced by transesterification of vegetable oil but synthetic biodiesel could also be 

produced based on gasification. The biomass feedstock is gasified into mainly hydrogen, carbon monoxide 

and carbon dioxide and then recombined into liquid fuel by the Fischer-Tropsch reaction producing more 

carbon dioxide. The product generated by the reaction has to be upgraded using conventional techniques 

like hydrocracking. 

Removal of the carbon dioxide is already an important step of the cleaning of the synthesis gas before it 

can be processed. Pre-combustion technology is used in the same way as the capture of carbon dioxide 

previously described for gasification (IEAGHG, 2011b). 

3.4.3 Biomethane 

Biogas is methane rich gas produced by anaerobic digestion of biomass, usually organic waste. Biogas can 

either be burnt for power generation or heating purposes or upgraded to natural gas standard. The 

upgrading process releases carbon dioxide and the end product is known as Biomethane.  

Biomethane is upgraded from biogas by separating carbon dioxide and removing sulfurous components. 

Even though the separation process is commercially proven and frequently used, it faces challenges for 

CCS purposes because of the relatively small amounts of carbon dioxide captured (EBTP, 2012). 
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3.5 Capture 

Apart from being a GHG, CO2 is also used in a number of industrial applications such as carbonating soft 

drinks, in fire extinguishers, as a refrigerant, in fertilizer production and in chemical production. This 

means that the technologies to separate and handle CO2 are already well established (Biorecro AB, 2010a). 

Most emissions of carbon dioxide come from coal-fired power stations. The flue gases of these can have 

carbon dioxide concentrations as low as 10-15 %. Separating concentrations as low as these is a complex 

expensive process. The CO2 content in flue gases depends on the fuel used; combustion of natural gas 

gives a content of 3-4 % while combustion of coal gives a content of 13-15 %. When capturing CO2 the 

purpose is to produce a concentrated stream that can be easily compressed and transported to a storage 

site (Biorecro AB, 2010a).  

Capture systems require additional energy to operate which reduces the overall efficiency of the plant and 

leads to increased fuel requirements compared to a plant without capture. There are four main systems 

used to capture CO2; capture from industrial process streams, pre-combustion capture, post-combustion 

capture and oxyfuel combustion capture.  

The cost of capture is highly dependent on different factors of the production process as well as the 

chosen capture technology.  Normally 85-90 % of the CO2 can be captured, but with certain methods 

such as oxyfuel combustion more than 95 % can be captured (IPCC, 2005).  

3.5.1 Pre-Combustion Capture 

When capturing the CO2 before combustion, the hydrogen is separated from the hydrocarbon fuel. This 

involves an Integrated Gasification Combined Cycle (IGCC). In IGCC the fuel is not burnt, but reacted at 

high pressure and temperature to form a synthesis gas containing carbon monoxide, carbon dioxide and 

hydrogen. This gas is then reacted further with water to produce carbon dioxide and hydrogen. The 

carbon dioxide can then be separated and stored while the hydrogen will be burnt to produce power 

(Figure 10). The benefit of this is that hydrogen is a clean fuel, which only produces water when burned. 

The disadvantage is that pre-combustion capture requires a somewhat large amount of modification if 

done to an existing power plant (IEAGHG, 2012). 

 

 

Figure 10 Pre-combustion capture (CO2CRC, 2013c) 
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3.5.2 Post-Combustion Capture 

Carbon dioxide, which is captured from flue gases after combustion of fossil fuels or biomass in air is 

called post-combustion capture. The flue gas passes through equipment, which separates the CO2, feeds it 

to a storage reservoir and the remaining flue gas is vented to the atmosphere (Figure 11).  

Even though post-combustion capture systems require a lot of additional equipment and the cost is high, 

it is easy to retrofit to existing power plants as little modification is required to the generation equipment 

(IPCC, 2005). Many of the existing coal fired power stations will continue to operate for 30 years or more 

and this makes post-combustion an important technology and thus it receives plenty of attention despite 

the resulting high costs. 

 

Figure 11 Post-combustion capture (CO2CRC, 2013c) 

3.5.3 Oxyfuel Combustion Capture 

When using oxyfuel combustion almost pure oxygen is used during combustion instead of air (Figure 12). 

This ends in a flue gas consisting mainly of CO2 and water and resulting in approximately 75 % less flue 

gas. Cooling and compressing the gas removes the water, resulting in a high concentration stream of CO2. 

As the nitrogen in the air is not heated, less fuel is required and higher temperatures are possible. Oxyfuel 

combustion technology is similar to that used in existing power plants and could thus be retrofitted to 

existing power plants although changes are required to the boiler and associated flue gas handling system 

to accommodate the higher flame temperatures. To be able to regulate combustion temperature some of 

the flue gas is recirculated back into the boiler lowering the temperature. 

The primary use of oxyfuel combustion has historically been in welding and cutting of metals since the 

flame temperature can be higher than when using an air-fuel flame.  

 

Figure 12 Oxyfuel combustion capture (CO2CRC, 2013c) 
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3.5.4 Capture from Industrial Process Streams 

Some industrial processes emit streams of fairly pure carbon dioxide, which can be captured and separated 

relatively inexpensive (Figure 13). The most common of these processes is purification of natural gas, 

which has used ways of capturing CO2 for more than 60 years (CO2 Capture Project, 2008). The CO2 has 

historically been vented to the atmosphere, as there has been no incentive or requirement to store it. 

Other industries that yield CO2 streams that could be captured and stored are manufacture of some 

fertilizers, cement and steel production, pulp and paper and fermentation processes in for example ethanol 

production. 

 

 

Figure 13 Capture from natural gas- and raw material processing (CO2CRC, 2013c) 

3.5.5 CO2 Separation Techniques 

Depending on the capture process different carbon dioxide separation techniques may be used. There are 

four different main technologies for separating the CO2 from the gas stream (Figure 14). 

 

Figure 14 Separation techniques (CO2CRC, 2013c) 

3.5.5.1 Absorption 

Absorption involves a cyclical process in which carbon dioxide is absorbed from a gas stream directed 

into a liquid. The most commonly used technology for low concentration capture of carbon dioxide is 

absorption with liquid chemical solvents. The technology is adapted from the gas processing industry 

where amine-based processes have been used commercially for the removal of gas impurities for over 60 

years (CO2 Capture Project, 2008). Although an old and commercially proven technology it has some 

problems when it comes to larger scales of operation both regarding efficiency and stability (Hermann, 

2005). 

The most used chemical solvent for capture of carbon dioxide is amine based chemical absorbents. Out of 

these alkanolamines are the most commonly used, which are simple combinations of alcohol and 

ammonia. The CO2 in gas phase dissolves into a solution of water and amine compounds. It then reacts 

with the amines to form protonated amine (AH+), bicarbonate (HCO3
-), and carbamate (ACO2

-) 

(Hermann, 2005). As these reactions occur, more carbon dioxide is driven from gas phase into the 

solution due to lower chemical potential of the liquid phase compounds at this temperature.  
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The solution is removed from the gas stream when the intended CO2 loading is reached. It is then heated 

to reverse the reaction and release the concentrated CO2 at atmospheric pressure (Figure 15). The solvent 

is recycled back to react with additional gas after first being cooled and treated to remove reactive 

impurities such as sulfur, nitrogen oxides, and particulates, which otherwise may interfere and reduce the 

solvents capacity of CO2. 

Reaction rates differ among various amines as well as equilibrium absorption characteristics. The amines 

are categorized into three groups, primary, secondary and tertiary amines. Tertiary amines have the highest 

enthalpy of solution with CO2 which in turn drives the reaction at high rates but also means significant 

amounts of energy is needed for regeneration (Hermann, 2005).  

Another type of solvents is the physical solvent. With a physical solvent no chemical reaction occurs with 

the gas so they usually require less energy than chemical solvents. Absorption is most common in post-

combustion capture but could also be used in pre-combustion although the conditions for the two 

processes differ. In IGCC processes the CO2 concentrations would be much higher at about 35-40 % at a 

pressure of 20 bar or more. Physical solvents can then be used, with the main advantage that the CO2 can 

be released mainly by depressurization. This avoids the high heat consumption associated with amine 

scrubbing, but depressurization still results in significant energy penalty (CO2 Capture Project, 2008). 

 

 

Figure 15 Absorption (CO2CRC, 2013c) 

3.5.5.2 Adsorption 

Adsorption relies on the carbon dioxide to attract to the surface of a material under certain conditions 

without forming a chemical bond (Figure 16). Instead a bond is formed by weak interactions such as van 

der Waals and electrostatic forces, called Physisorption, or by forming covalent bonds, called 

Chemisorption (CO2CRC, 2013a). Less energy is required compared to absorption, which means that 

adsorption has the potential to be cost effective. Since adsorption is cyclical, the process needs to be 

regenerable. This is done by four different methods; Pressure Swing Adsorption (PSA) where desorption 

is triggered by a decrease in pressure, usually from high pressure to atmospheric levels, Vacuum Swing 

Adsorption (VSA) where the pressure is decreased down to almost vacuum, Temperature Swing 

Adsorption (TSA) where temperature is increased which is an energy consuming method or Electrical 

Swing Adsorption (ESA) where desorption is triggered by an applied voltage (CO2CRC, 2013d). 
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Adsorbers used to capture carbon dioxide are typically so called Metal Organic Frameworks (MOFs), 

Mesoporous Carbons or minerals such as Zeolites. Since adsorption is a surface phenomenon, a high 

surface area to volume ratio will benefit the effectiveness of the process. Due to low carbon dioxide 

selectivity and capacity adsorption has not yet been considered attractive for large-scale separation but in 

combination with another method it may prove to be successful (CO2 Capture Project, 2008). 

 

 

Figure 16 Adsorption (CO2CRC, 2013c) 

3.5.5.3 Membranes 

Membranes could be made of polymers or ceramics and are specifically designed to allow the desired gas 

to be removed by using several membrane layers to achieve high degrees of separation. Membranes 

separation can be considered a steady state combination of adsorption and absorption. The membrane 

allows the desired gas molecule to adsorb to the surface on one side and then the molecule is absorbed 

into the membrane interior eventually reaching the other side where it is desorbed due to a change in 

condition (Figure 17).  

Membranes have been used for hydrogen recovery in ammonia synthesis and carbon dioxide separation 

from natural gas. The membranes used for these purposes may also be used for carbon capture 

(Hermann, 2005). 

 

Figure 17 Membranes (CO2CRC, 2013c) 



-20- 
 

3.5.5.4 Cryogenics 

Cryogenic separation processes are used for high CO2 concentration stream such as during oxyfuel 

combustion or pre-combustion capture. It works by using the different boiling temperatures of gases and 

cooling them until they separate into different phases (Figure 18). When it comes to CO2 separation this 

could mean severe energy penalties unless liquid CO2 is favorable due to transportation. Presence of water 

in the gas will also cause problems during cooling because it will freeze, which might cause blockages. 

 

Figure 18 Cryogenics (CO2CRC, 2013c) 

3.5.6 Cost of Capture  

The cost of CCS is a combination of two components; capture and storage, where storage includes 

transportation and injection.  Each of these has a profile of cost versus scale and as with all process plants 

the larger the scale the more economical it is likely to be. The capital costs are not only more economical 

as scale increases but also the total cost is spread across a larger number of tonnes of CO2 hence lowering 

the cost on a $/t CO2 basis. 

The cost of capture represents 80-90 % of the total cost of CCS, around 75 % excluding the power plant, 

which means that cost reduction within the area must focus on capture and at the same time keep the 

costs of transport and storage low. Although these numbers generally assume economies of scale. The 

cost of capture includes the capture process itself, as well as the conditioning and 

compression/liquefaction of the captured CO2 required for transport. As capture of CO2 is an emerging 

technology, costs are expected to decrease in the future with greater technology maturity 

(IEAGHG/ZEP, 2011a). 

Cost-studies of CCS to date show no clear difference between the different capture technologies. The 

result is always site-specific and largely depends on the type and cost of fuel. All technologies should be 

competitive in the future if successfully demonstrated.  The most developed of the first-generation 

capture technologies is the IGCC with pre-combustion capture as the majority of components have 

already been demonstrated at full scale in separate applications. The least developed of the first-generation 

capture technologies is considered to be oxyfuel combustion, and for this reason there is substantial 

variability in the cost estimations. Differences between cost estimations for various projects and capture 
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technologies may depend on; size and location of power plant, technology maturity, level of plant 

integration between capture and compression, CO2 export conditions and the year when the cost estimate 

was performed (IEAGHG/ZEP, 2011a). 

There are several different parameters when calculating costs for power plants with CO2 capture. The 

Levelized Cost of Energy (LCOE) considers plant capital cost, O&M costs, fuel costs, location of site and 

financial assumptions of the lifetime of the plant in order to calculate the energy cost without profit. 

When the LCOE is calculated, the CO2 avoidance cost can be determined by comparing the LCOE and 

CO2 emissions of the power plant with CO2 capture compared to a reference plant without CO2 capture 

(IEAGHG/ZEP, 2011a). The Weighted Average Cost of Capital (WACC) takes into account equity rate, 

inflation and required rate of return on equity. In other words, it assumed that the inflation rate is equal 

for all costs and incomes during the project life. The Zero Emission Platform together with the 

International Energy Agency Greenhouse Gas R&D Programme assumes the WACC to be 8.0 % in their 

report on cost of CO2 capture from 2011 (IEAGHG/ZEP, 2011a). The total investment cost of a project 

includes the Engineering Procurement and Construction costs (EPC) of the power plant, and also the 

Owner’s Costs to develop the project. The planning, designing and commissioning phases of the power 

plant are included in the Owner’s Costs, as well as a contingency for any deviations (IEAGHG/ZEP, 

2011a).  
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3.6 Transport 

Transporting CO2 in a safe way from capture site to storage site is very important. Means of transport is 

already a reality and has been taking place around the world since the beginning of the 21st century. Large 

amounts of CO2 are most commonly transported by pipelines, which is a very mature technology. Smaller 

amounts could be transported via truck and rail but in the long term it is unlikely that this type of 

transport will be significant. Transport by ship is also an alternative to pipelines, research and design of 

large-scale shipment vessels is well underway in several countries (Global CCS Institute, 2013a). 

As mentioned above, pipelines are technologically mature, as they have been used for around 40 years to 

safely transport liquids and natural gas. There is today approximately 6000 km of pipelines that transport 

CO2. In order to make the CO2 easier to handle during transport in pipeline, the gas is compressed to 

more than 74 atm, getting the gas into a supercritical state, i.e. adopting properties between a gas and a 

liquid, with a density of more than 700 kg/m3.  When transported by ship, the CO2 is compressed to 14-17 

atm and cooled to -25˚C (Biorecro AB, 2010a). 
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3.7 Storage 

Science and experiences from ongoing projects show that the expected storage time in geological 

formations will be very long, probably millions of years (Biorecro AB, 2010a).  

Long-term storage of CO2 can be done in several ways, for example by injection into depleted oil 

reservoirs and natural gas fields, unmineable coal beds and deep saline aquifers. These storage sites have 

an estimated worldwide storage capacity of 1 000-10 000 GtCO2 and with current annual emissions of 27 

GtCO2 CCS could play an important role in reducing emissions (Global CCS Institute, 2013c). 

The largest potential geological storage volumes are provided by deep saline formations. These formations 

are found around the world but their quality and storage capacity varies depending on their geological 

characteristics. The main advantages of these formations are their potentially huge storage capacities and 

widespread nature. In order to be suitable for storage, saline formations must be sufficiently porous and 

permeable. This allows for the CO2 to be injected in a supercritical state. Furthermore, the saline 

formations must be overlain by an impermeable cap rock to prevent the CO2 from migrating to overlying 

layers such as freshwater aquifers or as far as the atmosphere (CO2CRC, 2013e). 

The storage capacity of depleted oil and gas fields is much smaller than the potential capacity of deep 

saline aquifers. However the depleted fields have similar properties to saline formation with a permeable 

rock formation and an impermeable cap rock. As the fields have held oil and gas for millions of years, 

there is high assurance of the storage capability. However, a key problem with these reservoirs is that they 

have over time been penetrated by many wells, which could be potential leakage paths for the stored CO2 

(Global CCS Institute, 2013c).  

Depleted oil and gas fields are cheaper than saline aquifers especially if there are reusable wells, also 

onshore fields tend to be cheaper than offshore (IEAGHG/ZEP, 2011b). Largest cost element is the 

drilling of the injectors but although an onshore depleted oil or gas reservoir with reusable wells would be 

the cheapest and preferable alternative, however these have limited capacity. Future projects will therefore 

necessarily, due to the larger capacity, use saline aquifers irrespective of the higher cost (IEAGHG/ZEP, 

2011b). 

Coal beds below a certain depth, around 600 m, are considered unmineable as it is not economically 

viable. These unmineable coal beds could be used to store injected CO2 as long as the coal is not mined or 

disturbed in the future. Coal beds deeper than 1000 m have decreased permeability and are not considered 

to be viable for injection (Global CCS Institute, 2013c). 

There are other options for geological storage of CO2, for example injection into basalt, oil shale, salt 

caverns and geothermal reservoirs. These options are however in early stages of development and 

probably have limited storage capacities (Global CCS Institute, 2013c). 

When CO2 reacts with naturally occurring minerals they form mineral carbonates. This is nature’s own 

way of storing CO2 geologically. Carbonates are very stable and when CO2 is stored this way it is 

permanently removed from the atmosphere. However, this type of storage would require very large 

masses of mineral and is therefore considerably more expensive than others (Global CCS Institute, 

2013c). 
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3.8 Comparison of BECCS to Conventional CCS 

The capture technologies used in BECCS are basically the same as with conventional CCS; post-

combustion, pre-combustion and oxyfuel combustion. Also, there are industrial processes that deliver a 

relatively pure stream of CO2 with a content of 95-99 %, for example bioethanol and biodiesel production 

and biogas upgrading.  

The main difference between BECCS and conventional CCS is that CCS cannot create negative emissions, 

only reduce emissions. A way to combine the two technologies is co-firing of fossil fuels and biomass; the 

combination would then result in either a reduction, net-zero or negative emissions depending on the ratio 

of biomass that is co-fired and the efficiency of the CCS-system. 

CCS is criticized for strengthening the dependency of fossil fuels such as coal. This concern does not exist 

with BECCS as the technology relies on biomass, which is considered to be a renewable source. However, 

the possibility of increased use of biofuels is an important consideration when implementing BECCS. The 

issue of biomass production and its sustainability as discussed earlier has led to scenarios where BECCS 

deployment has been criticized for the substantial reliance on increased usage of biomass. There is 

however a substantial production of biomass today that is sustainable, for example the Swedish forest 

industry (Biorecro AB, 2010a). An improvement of waste management also adds plenty of potential to 

BECCS.  
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4 Storage of Carbon Dioxide 

As mentioned earlier, storage sites for CO2 can be deep saline aquifers, depleted hydrocarbon fields and 

unmineable coalfields. The quality and storage capacity varies depending on their geological 

characteristics, meaning that the geological capacity can be very different around the world. 

4.1 Global Geological Capacity 

Figure 19 shows prospective areas in sedimentary basins where saline formation, oil and gas fields or coal 

beds may be found. This map was elaborated in 2005 by the IPCC and the sedimentary basins are ranked 

in three steps; highly prospective, prospective and non-prospective (IEAGHG, 2011c). The non-

prospective areas can include metamorphic and igneous rock as well as regions where data quality and 

availability is lacking. Detailed information on regional storage capacity is available in Appendix A. 

 

Figure 19 Prospective areas in sedimentary basins (IEAGHG, 2011c) 

4.2 European Geological Capacity 

According to the EU GeoCapacity study from 2009 there is an estimated storage capacity of 117 GtCO2 

in European onshore and offshore aquifers and hydrocarbon fields. This capacity translates into more 

than 60 years of storage from Europe’s large point emitters of CO2 (EU Geocapacity, 2009). Detailed 

information on geological capacity in some European countries is available in Appendix B. 

There are very limited geological storage possibilities in Sweden due to its geological characteristics. The 

only possible locations for CO2 storage are in the south of the Baltic Sea, in southwest Scania and in the 

south of Kattegat where there are deep saline aquifers. 
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4.3 Carbon Dioxide Injection Projects 

Investing in BECCS requires large capital and as previously stated it is most beneficial at large scales. This 

however creates difficulties to introduce the technology. Typical biomass combustion and processing 

plants have a size one tenth of a larger coal fired power plants considered for CCS deployment. BECCS 

facilities typically produce 50 000-1 000 000 tonnes CO2 annually (Biorecro AB, 2010b).  

To be able to employ BECCS the construction of a biomass, as well as carbon dioxide infrastructure 

system is vital.  Pipeline networks for carbon dioxide would let small emission sources add their share of 

CO2 and could make it economically viable to do so (IPCC, 2005).  

In the EU there have been several ventures of billions of Euros to implement CCS to coal power plants, 

but only one so far that applies the technology to biomass (Biorecro AB, 2010b). Even in countries with 

high carbon taxes, negative emissions are not incentivized as there are no taxable fossil emissions in the 

first place. Thus, for BECCS to break through there is a huge need for pilot-scale projects that introduce 

the technology as a viable greenhouse mitigation technology, but these still need to be economically 

feasible. 

There are a number of CCS- and BECCS-projects in their planning and characterization phases, which 

have not yet commenced operations. Also, there are several projects which are completed or have been 

cancelled for various reasons. 

4.3.1 Citronelle Dome 

The Southeast Regional Carbon Sequestration Partnership (SECARB) is a program managed by the 

Southern States Energy Board (SSEB) working for clean coal in a carbon-constrained world. SECARB is 

currently deploying a large-volume CO2 geologic storage project in the Citronelle Dome, Alabama, USA, 

(Figure 20) (MIT Energy Initiative, 2013). SECARB has a class five Underground Injection Control (UIC) 

permit for experimental technology issued by the state of Alabama. They are authorized to monitor during 

injection, perform periodic mechanical integrity tests of the well and post-injection monitoring (Hill, 

2013).  

 

Figure 20 Citronelle Dome in Alabama, USA (Google Maps, 2013) 

The Paluxy formation in the Citronelle Dome geologic structure is the location of the CO2 storage site, 

located approximately 15 km west of Plant Barry.  The Paluxy formation is a major reservoir containing 

saline water, i.e. water that is too salty and deep to serve as a drinking water supply, occurring at a depth of 

3000-3400 m and overlain by multiple geologic confining units which will prevent the CO2 from leaking. 

In order to link the CO2 capture system with the Paluxy formation a pipeline was constructed in 2011. 

Injection wells were drilled in 2011 and 2012. To ensure public safety and monitor injection operations, 
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the project is also utilizing several existing inactive oilfield wells surrounding the storage site (SECARB, 

2012). 

The CO2 source for the project is a newly constructed CO2 capture facility, located at Alabama Power’s 

existing 2.657 MW Plant Barry. The plant is a coal- and natural gas-fired electrical generation facility 

(SECARB, 2012). The carbon dioxide is captured by diverting a small amount of flue gas from the plant, 

using a capture process developed by Mitsubishi Heavy Industries (MHI) to produce highly pure CO2. 

The CO2 is then compressed to 103 bar. The advanced capture unit from MHI is a 25 MW post-

combustion slip-stream which started operating in June 2011 (Hill, 2011).  

Approximately 100 000 tonnes of CO2 have since 2012 been captured annually from Plant Barry and then 

transported to the storage site for injection. The injection will continue until 2014 and with three years of 

planned post-injection monitoring, the site is expected to close in 2017. The wells will then either be 

plugged or re-permitted for EOR in a deeper mineral formation. The total cost of the project is over $111 

million, with the U.S. Department of Energy (DOE) contributing with approximately 70 % (SECARB, 

2012). 

4.3.2 Compostilla 

The Compostilla project, also known as OXYCFB300, is located in El Bierzo in northwestern Spain 

(Figure 21). The region has a history related to energy production, especially through mining and the use 

of coal (The Compostilla Project, 2013c). 

 

Figure 21 Compostilla project in Spain (Google Maps, 2013) 

The carbon dioxide will be stored at a depth of 1500 m, in a deep saline located in Hontomin, Spain. 

Approximately 100 000 tonnes of CO2 will be sequestered during a 5-year period (The Compostilla 

Project, 2013b). 

During phase 1 a brand new 30 MW oxyfuel combustion plant using a circulating fluidized bed is used. It 

has the potential to use a wide range of fuel types with high combustion efficiency but will mainly be 

fueled by coal. The captured CO2 will in phase 1 be transported to the storage reservoir by road tanks 

(The Compostilla Project, 2013a). 

Phase 2, which is a two year phase starting 2013, will scale up to a 323 MW demonstration plant. The 

captured CO2 will in this phase be transported to the storage reservoir by pipelines (The Compostilla 

Project, 2013a). 
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4.3.3 Decatur 

The Illinois Basin-Decatur Project is a demonstration-scale CCS-project using CO2 from an industrial 

source. The CO2 is captured from the fermentation process at the ethanol plant in Decatur, Illinois, 

operated by Archer Daniels Midland Company (Figure 22).  

 

Figure 22 Decatur project in Illinois, USA (Google Maps, 2013) 

The vented carbon dioxide stream from the fermentation process is typically more than 99 % pure at 

atmospheric pressure and 27°C but saturated with water vapor. After dehydration and compression to 

about 100 bar, the carbon dioxide is in supercritical state and transported by pipelines 1585 m and injected 

into the Mount Simon Sandstone saline formation to a depth of 2130 m (NETL, 2010).  

The injection, which started in 2011, is halfway through the planned injection of 1 million tonnes of CO2 

over a three-year period. After the injection a three-year post injection-monitoring period is scheduled 

(NETL, 2012).  

There are no possibilities for additional carbon dioxide injection at Decatur by outside parties. The project 

is only permitted to inject the specific volume of one million tonnes of CO2 and this cannot be exceeded. 

The research plan also includes a three-year post injection-monitoring phase, which initiates once planned 

injection is complete (Greenberg, 2013). 

4.3.4 FutureGen 

FutureGen is a clean-coal technology program managed by the U.S. DOE and the FutureGen Industrial 

Alliance. The FutureGen project is still in its early development stage. The project partners will upgrade a 

200 MW coal-fueled power plant located in Meredosia, Illinois (Figure 23), with oxyfuel combustion 

technology to capture more than 90 % of the plant’s carbon emissions (Folger, 2013). Approximately 1.3 

million tonnes of CO2 will be captured each year. The CO2 will be transported 51.5 km via an 

underground pipeline to a nearby storage site, deep saline aquifers in Morgan County, Illinois. Developers 

began drilling a test well in 2011 with a depth of 1500 m, with plans to begin injection in 2016 (McDonald, 

2011). The CO2 stream to be injected will have at least 97 % purity, the other 3 % are safe inerts such as 

argon and oxygen (FutureGen Alliance, 2011). 

The estimated cost of the project has increased from $1.3 billion to $1.65 billion since 2010. Current 

projections for the project predict that the construction of the power plant, pipeline and storage facility 

will be concluded by 2017 (Folger, 2013). The capture facility is provided by Ameren Energy Resources 

teamed with B&W and Air Liquide (McDonald, 2011). 
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Regarding external CO2 sources, the project’s primary focus is on the CO2 from Meredosia. The legal 

agreement between the FutureGen Industrial Alliance and the U.S. DOE is to store at least 1.3 million 

tonnes of CO2 annually for 30 years. Any further expansion depends on landowner agreements and 

additional, extensive permitting (FutureGen Alliance, 2011). 

 

Figure 23 FutureGen project in Illinois, USA (Google Maps, 2013) 

4.3.5 Gorgon 

Gorgon is located on Barrow Island, Australia, the site of Australia’s largest oil field, which has produced 

oil since 1967 (Figure 24). The project is the world’s biggest CCS program with a future capacity of 3.4 

MtCO2 per year (Causebrook, 2010). All necessary permits and approvals have been attained and the 

construction started in November 2009 with injection expected to start in 2015. 

 

Figure 24 Gorgon on Barrow Island, Australia (Google Maps, 2013) 

The carbon dioxide will be separated from natural gas consisting of 14 % CO2. Both liquefied natural gas 

(LNG) and natural gas for domestic use will be produced (Chevron, 2013). The carbon dioxide will be 

transported through pipelines 8.4 km and injected through 8-9 injection wells into the Dupuy formation, 

an onshore sandstone reservoir located 2300 m beneath Barrow Island. The injection site was selected to 

maximize the carbon dioxide migration distance from major faults and limit environmental disturbance 

(Causebrook, 2010).  
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4.3.6 Ketzin 

Ketzin is a small town west of Berlin where the test site for the first European onshore CO2 storage 

project is located, a showcase project for European onshore carbon storage (Figure 25). The project began 

in 2004 and is led by German Research Centre for Geosciences (GFZ), and the injection started in 2008. 

There were initially three wells drilled in Ketzin, one serves as an injection and observation well whereas 

the other two are solely used for observation. In 2011 an additional well was drilled, a comparably shallow 

groundwater observation well. The motivation for the project is monitoring injected CO2 and feasibility of 

CCS, and also to provide information for future policy making in the EU (GFZ, 2012). 

 

Since the injection start, the average injection rate has been 1350 tonnes CO2 per month, i.e. 45 tonnes per 

day (The Ketzin Group, 2012), and as of 2011 the total amount of injected CO2 is about 57 000 tonnes. 

Mainly food-grade carbon dioxide with a purity of CO2 higher than 99.9 % is used with the exception of a 

project in 2011 where 1500 tonnes of CO2 from the Schwarze Pumpe pilot plant with a purity of >99.7 % 

was injected (GFZ, 2012). The Ketzin site is limited by legal regulations, a maximum amount of 100 000 

tonnes stored CO2 is allowed, injection is scheduled to last until 2013 (The Ketzin Group, 2012). 

 

 
 
Figure 25 Ketzin project in Germany (Google Maps, 2013) 

Liquid CO2 is delivered by road tankers to Ketzin and is injected into the porous sandstone of the 

Stuttgart Formation at a depth of approximately 630 m. The CO2 that is delivered to Ketzin has a 

temperature of about -20˚C. It is kept in two 50-tonne storage tanks, which are pressurized to about 18 

bar. When the CO2 is injected into the well or the storage layer, it is heated to about 35˚C and compressed 

to 60 bar (GFZ, 2013). 

Injection of external carbon dioxide would be possible at Ketzin (Martens, 2013). In that case, there will 

be specific requirements (e.g. on wellbore inspection and logging) from GFZ depending on the quality 

and quantity of the CO2. This will define the final costs that an external company would have to pay. Also, 

the external company would have to arrange and pay for truck transport to Ketzin. The injection facility is 

designed to allow for injection rates ranging between 0 and 78 tonnes per day. However, injection of 

carbon dioxide from an alternative source at Ketzin is only of interest if at least 500 tonnes of CO2 with a 

minimum injection rate of 20 tonnes/day (approximately one truck per day) is used (Martens, 2013). 
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4.3.7 Kevin Dome 

The Big Sky Carbon Sequestration Partnership (BSCSP) is managing the Kevin Dome project, which 

shows that a geologic structure in Montana, USA, is a safe and viable place to store CO2 (Figure 26). The 

CO2 is produced from a natural source within the dome and is then transported via pipeline to the 

injection site located on the edge of the Kevin Dome (MIT Energy Initiative, 2013).  

 

Figure 26 Kevin Dome project in Montana, USA (Google Maps, 2013) 

Kevin Dome is geologic structure, which covers approximately 1800 km2 and contains naturally occurring 

CO2, which has been trapped for millions of years. This project allows scientists to study rocks that have 

been exposed to CO2 for a long time compared to rocks that have not had previous exposure to CO2. The 

suitable geology and the availability of CO2 is the main reason why Kevin Dome was chosen for this 

project, it has great potential to be a large-scale carbon storage site. A characterization study from 2012 

announced that Kevin Dome has the potential to safely store millions of tonnes of CO2 (MIT Energy 

Initiative, 2013). 

There is a long history of oil and gas development in the area, meaning that there is well data from over 

8000 wells that have been drilled near the site. The BSCSP will for this project drill five CO2 production 

wells into the dome, four monitoring wells and one injection well to take CO2 from the dome and inject it 

into a rock layer not previously containing any CO2. A 10.7 km long pipeline will be built for 

transportation of the CO2 (Big Sky Carbon Sequestration Partnership, 2013).  

The project takes place between 2011 and 2019 and is currently in the site characterization and permitting 

phase. The injection is planned to take place 2013-2017 with a rate of 125 000 tonnes of CO2 per year, 

followed by two years of post-injection monitoring (MIT Energy Initiative, 2013). The total cost of the 

project is $85 million where the U.S. DOE has contributed with approximately 80 % (Big Sky Carbon 

Sequestration Partnership, 2013). 

There is currently no active permit and the specific requirements for the input gas are yet to be decided 

(Spangler, 2013). This also means that the compressor stage is not yet designed, as the gas composition is 

not known. However, there are a few general guidelines for the injected gas. The CO2 has to be dry and 

have no free water, but a few percent relative humidity can probably be tolerated. A few percent N2 can 

probably be tolerated, but H2 and S should be very low, less than 100 ppm (Spangler, 2013). 

There are some specific requirements for the injection site from existing well data; injection will be at 

approximately 1.24 km depth where the temperature is about 35˚C and the pressure is around 100 bar, 

injection pressure will have to exceed this (Spangler, 2013).  
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If external CO2 is to be injected at Kevin Dome, the costs highly depend on the quantity, gas 

composition, water content and impurities present. Also, if the gas is at atmospheric pressure, 

compression and compression infrastructure costs could be very high as multiple stages of compression 

are required (Spangler, 2013).  

4.3.8 Lacq 

The CCS project at Lacq, France, was Europe’s first test facility containing all parts of the CCS chain 

including carbon capture, transportation and storage (Figure 27). 

 

Figure 27 Lacq project in France (Google Maps, 2013) 

One out of five of the existing conventional 30 MW industrial boilers at Lacq has been converted to 

oxyfuel combustion to show a new potential for global short-term reductions of carbon dioxide emissions 

(Total S.A., 2007). The boiler uses primarily oil as fuel but tests are also done on other types of fuels 

including biomass. Together with oxyfuel combustion a cryogenic unit, which will produce the oxygen 

needed, has been installed. Modifications have also been done to the chamber to allow for some of the 

captured carbon dioxide to be recirculated to control the temperature in the combustion chamber.  

The combustion in pure oxygen results in fumes consisting of more than 90 % CO2. The fumes are 

cooled to 50°C, compressed to 27 bar and dehydrated before being fed into the pipelines for 

transportation. The carbon dioxide is transported 30 km to Rousse where the gas is injected into the 

onshore depleted natural gas field 4.5 km underground (Total S.A., 2007). During the first two years 

approximately 150 000 tonnes of CO2 have been captured at a rate of 200 tonnes per day (Total S.A., 

2013). 

4.3.9 Otway 

The Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) Otway Project was 

Australia’s first demonstration of geological carbon storage. At the start of the project no regulations for 

storage of carbon dioxide existed in Australia. The stored carbon dioxide comes from gas processing of a 

CO2 rich methane gas. The gas consists of 80 % carbon dioxide and 20 % methane. The carbon dioxide is 

separated and transported in a 2.25 km long pipeline to the injection well (CO2CRC, 2013b). 
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The facility is located in Southwestern Victoria, Australia (Figure 28). The geology, which comprises of 

series of thick layers of porous sandstones (Figure 29), is perfectly suitable for the storage of carbon 

dioxide. It is overlain by cap rock of mudstone that prevents the leakage of the carbon dioxide to the layer 

above it (CO2CRC, 2013b). 

 

Figure 28 Otway Project in Australia (Google Maps, 2013) 

The purpose of the project is to demonstrate that carbon capture and storage is both technically and 

environmentally safe. Since the start of the project in 2008, 65 000 tonnes of CO2 have successfully been 

injected (CO2CRC, 2013b).  

 

Figure 29 Schematic illustration of carbon capture and storage at Otway (CO2CRC, 2013b) 
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During phase 1 of the project, 145 tonnes of CO2 per day was injected into a depleted gas field at a depth 

of 2050 m. This phase successfully showed no leakage of CO2 into the groundwater or atmosphere 

(CO2CRC, 2013b).  

During phase 2, injection into saline aquifers, 1400 m underground, will be tested since this is where the 

largest global potential for carbon dioxide storage is. The first experiment of the second stage is designed 

to test residual gas trapping, where CO2 is stored in tiny cavities of the porous rock (CO2CRC, 2013b). 

At the Otway injection site every injection requires individual approvals, operation plans, environment 

impact plans and monitoring plans. Under CO2CRCs permit every injection needs a specific monitoring 

regime over a four-year period post injection (Raab, 2013).  

4.3.10 Polk 

The Polk CCS project is apart from being Florida’s first CCS project also investigating how sequestered 

CO2 would behave with water (Figure 30). Carbon dioxide will be injected for 18 months starting late 

2013, followed by wastewater injection. According to models made, wastewater follow up dramatically 

increases the rate of dissolution into brine and mineral reactions. The model also suggests complete 

permanent trapping in less than five years (Hornick & Gardner, 2011).  

 

Figure 30 Polk project in Florida, USA (Google Maps, 2013) 

Up to 300 000 tonnes of CO2 per year will be stored in the Lawson formation, a saline aquifer below the 

power station. The CO2 is derived from syngas cleanup by conventional post combustion capture using 

amines.  The syngas is produced from coal and approximately 30 % of the total carbon dioxide produced 

will be captured (Hornick & Gardner, 2011). 
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4.3.11 Quest 

Near Fort Saskatchewan, Alberta, Canada, the Scotford upgrader has been producing hydrogen for more 

than 30 years (Figure 31). The Quest project intends to capture 35 percent of the emitted carbon dioxide 

from the hydrogen production using amine solvents. 

 

Figure 31 Quest project in Alberta, Canada (Google Maps, 2013) 

A permit for injection is granted and a contractor was signed in April 2013 to start the construction of the 

capture facility as well as the pipe system and injection wells. Injection is planned to start in 2015, injecting 

1.2 MtCO2 per year (Cooper, 2013).  

The gas stream of 99 % CO2 concentration will be transported by pipelines 80 km north of the facility and 

stored in saline aquifers more than 2 km underground in the formation known as Basal Cambrian Sands. 

Multiple impermeable shale and salt sealing rocks above the storage space ensures the injected CO2 

remains trapped underground (Shell, 2013). 

If external carbon dioxide sources where to be connected additional permits would be required. Sources 

would need a CO2 concentration of minimum 95 % (Lamb, 2013). 
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4.3.12 ROAD 

With the Rotterdam Capture and Storage Demonstration project (ROAD), a new 1 GW power plant will 

be opening during 2013 near Rotterdam, The Netherlands (Figure 32). The plant will mainly be fueled by 

coal but possibly also co-fired with biomass (ROAD, 2013). Until 2020 ROAD aims to capture 1.1 million 

tonnes of CO2 and after the initial 5-year storage period an optimization of the CCS chain will be done 

before further storage is done (ROAD, 2013). 

The plant will use post-combustion capture technology, starting to store carbon dioxide in 2015. The 

captured carbon dioxide will be transported via pipelines and stored in a depleted gas field 20 km offshore 

in the North Sea.  

 

Figure 32 ROAD project in The Netherlands (Google Maps, 2013) 

4.3.13 Sleipner 

The Sleipner CCS-project is located in the North Sea, 250 km outside the coast of Norway (Figure 33). 

The gas processing and capture unit was built in 1991, and in 1996 it became the world’s first commercial 

CO2 storage project focusing on storage in a saline formation (Figure 34). The investment costs for 

compression and injection with capture excluded amounted to $80 million in 1996 but venting carbon 

dioxide would have meant considerable carbon taxes (Statoil Hydro, 2009). 

 

Figure 33 Sleipner project in Norway (Google Maps, 2013) 
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About 1 million tonnes of CO2 is captured every year from natural gas processing using amine based 

separation technology. Natural gas with a carbon dioxide concentration of 9 % is together with alkanol 

amines put under a pressure of 100 bar and a temperature of 60-70°C so that the amines absorb the CO2. 

The amines are separated in the next phase and subsequently heated and depressurized to boil off the 

carbon dioxide creating a gas stream of 95 % concentrated CO2 (Statoil Hydro, 2009). 

The CO2 is pressurized up to 80 bar and stored in the Utsira formation, a deep saline reservoir 

approximately 800-1000 m below the seabed. With its area of 26 000 km2, it is estimated that the reservoir 

has a potential storage capacity of 600 billion tonnes of CO2. The Utsira formation is covered by a 200-

300 m thick cap rock of mudstones ensuring no leakage of CO2. By 2009 Sleipner had stored more than 

10 million tonnes of CO2 since injection began with no evidence of leakage (Statoil Hydro, 2009).  

 

Figure 34 Photo of Sleipner (Statoil Hydro, 2009) 
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4.3.14 Snøhvit 

The Snøhvit field provides gas for LNG production and has been capturing and storing carbon dioxide 

since 2008. The production area extends across the Snøhvit field as well as the nearby Albatross and 

Askeladden (Figure 35). 

 

Figure 35 The Snøhvit field in Norway (Google Maps, 2013) 

The extracted natural gas has a CO2 concentration of 5-8 %. Carbon dioxide has the undesirable property 

that it freezes at the temperature of LNG and is therefore necessary to reduce to less than 50 ppm prior to 

liquefaction of the natural gas (Statoil Hydro, 2009).  

Every year 700 000 tonnes of CO2 is captured onshore via a traditional amine process and then 

transported back 150 km to Snøhvit and injected into the Tubåen formation. The saline aquifer lies  

2500 m below the seabed, below the natural gas reservoir. 
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4.4 Planning Phase Projects 

Some projects are still in early stages of development but may be interesting in the future as potential sites 

to inject biomass-based CO2 (Figure 36). These types of projects can be rather uncertain to commit to, as 

the likelihood of cancellation is quite high when looking at previous project developments. Projects can be 

cancelled for various reasons such as lack of funding or permit, negativity from the public, feasibility not 

proven etc. The following projects are either pending investments or decisions regarding permits or 

construction. 

 

Figure 36 Potential injection sites (Google Maps, 2013) 

4.4.1 Callide-A Oxyfuel 

The project is a joint venture of several participants from both Australia and Japan. An existing coal fired 

120 MW plant in Biloela, Queensland, Australia has been retrofitted to use the oxyfuel combustion 

process. The plant consists of four 30 MW steam turbines, originally commissioned in 1969 (Spero, 

Callide Oxyfuel Project, Feasibility Study, 2007). After months of operation Callide has demonstrated that 

existing coal fired power stations do not have to be dismantled and rebuilt to reduce emissions. 

The project started capture carbon dioxide on December 15, 2012, and became the world’s first 

demonstration of oxyfuel combustion. The captured CO2 will be transported in trucks in liquid state at a 

temperature of -30°C. The final site has not been determined but there will be up to two trucks per day 

travelling along the Dawson Highway from the Callide A Power Station to the final geological site. Surat 

basin in southeast Queensland is currently analyzed for potential storage but no date for start of injection 

is yet set (Spero, 2013). 

4.4.2 Fort Nelson 

The Fort Nelson gas plant in British Columbia, Canada is planning to start injection of CO2 in 2016. The 

injection will continue throughout the lifetime of the plant, estimated to more than 25 years.  

The plant is the largest of its kind in North America and up to 2.2 MtCO2 per year may be stored in deep 

saline aquifers 2200 m underground. The CO2 will be captured using an amine based gas processing unit. 
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4.4.3 Getica 

Getica is a Romanian full CCS chain demonstration project. The project is still in planning phase but 

scheduled to start operation in December 2015 (Sava, 2013). The 330 MW Turcani power plant will be 

retrofitted to capture CO2 by using a chilled ammonia post combustion process. The CO2 purity will be 

about 99.7 % with water content of less than 50 ppmv (ISPE, 2011).  

The carbon dioxide will be transported and stored in an onshore saline aquifer approximately 50 km from 

the plant. The CO2 injected will be compressed to 120 bar at a temperature between 30-40°C (ISPE, 

2011). 

4.4.4 Killingholme 

A 470 GW power plant is planned in North Lincolnshire, UK. The Killingholme project will operate 

either as a Combined Cycle Gas Turbine (CCGT) or an Integrated Gasification Combined Cycle (IGCC) 

plant. (C.Gen, 2011) 

Mainly coal, petcoke and syngas will be used as fuel, but also biomass at a maximum co-combustion ratio 

of 30 %. Every year 2.5 MtCO2 will be stored in offshore saline aquifers. Transportation is expected by 

using pipelines being built by the National Grid. The project is still in early stages and due to planning and 

financing expected to become commercial in 2016-2017 (C.Gen, 2011). 

4.4.5 Peterhead 

The Peterhead CCS-project in Scotland was recently chosen as one of two CCS projects that the UK 

government will invest in. In early 2015 a decision on whether to go through and start construction of the 

capture facility will be made (Shell U.K. Limited, 2013). 

The existing 385 MW power plant is fueled by natural gas and will be capturing the carbon dioxide using 

post-combustion capture technology. About 90 % of the CO2 produced by the power station will be 

captured, approximately 1 million tonnes of CO2 per year. The carbon dioxide will be transported from 

Peterhead to the Goldeneye depleted gas field in the North Sea via pipeline (Shell U.K. Limited, 2013). 

4.4.6 White Rose 

The other of the two government-invested projects in the UK is White Rose.  White Rose involves 

capturing 90 % of the carbon dioxide from a brand new efficient coal-fired with power station in North 

Yorkshire. The 426 MWe plant will use oxyfuel combustion technology with the possibility to co-fire with 

biomass (White Rose CCS, 2013).  

The 2 million annually captured tonnes of carbon dioxide will be transported and stored in saline aquifers 

beneath the southern North Sea, by the proposed pipelines built by the National Grid, (White Rose CCS, 

2013). 
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4.5 Down-Scaling of BECCS 

To achieve more efficient and lower cost carbon capture, technological progress in gas separation is 

essential. High selectivity, separation rate and capacity usually result in high energy inputs. Small units lack 

any economies of scale, which is essential to bringing down costs for commercial CCS and the reason 

industry is striving to scale up the technology.  

When it comes to small-scale power generation, there is a concept called distributed generation. It consists 

of on-site power production. The power is produced next to the final user, which could be a single house 

or a small or mid-sized factory. Distributed generation could be especially beneficial when using locally 

produced biomass. Studies have even showed it beneficial to the electrical efficiency due to reduction of 

losses related to the transmission and distribution processes (Carrara, 2010), on the other hand with fuel- 

investment- and operation and maintenance costs all being way higher for small-scale distributed 

generation compared to large-scale centralized generation. 

Compared to conventional small-scale power generation, the simultaneous use of BECCS adds to the 

complexity and also to the benefits of large-scale facilities. Apart from the capture process itself 

transportation and storage is severely limited by the scale giving a higher price per tonne CO2.  

Pipelines are usually the preferable transporting method but if an existing pipeline network can not be 

used, the carbon dioxide from small-scale sources needs to be transported by trucks to the injection site. 

The injection-site for a small scale project needs to be an existing site currently in use and one that accepts 

external sources of carbon dioxide. 

With all that being said a micro-scale BECCS plant at this stage is not about making profit but to 

demonstrate the technology. With a variety of methods available there is a question which of the 

processes that would be most easily scaled down. 

4.5.1 Small-Scale Combustion 

Combustion is an old and well-established technique with a great variety of different commercial 

technologies tailored to the biomass characteristics. This is especially beneficial to the scaling of the plant. 

For small-scale combustion a fixed grate is most commonly used. Together with a traditional steam cycle 

this could be a cheap and reliable way to produce power although there are other technologies with higher 

efficiency. This option is the most elementary way of power production from biomass and would thus be 

interesting to retrofit with post-combustion capture technology.  

Although post-combustion capture systems require a lot of additional equipment and the cost is relatively 

high, retrofitting it to existing power plants is easy and little modification is required to the generation 

equipment. 

The major problem in post combustion CO2 capture is parasitic energy consumption. A small sized unit 

may lead to ambient heat loss becoming overwhelming and thus leading to disastrous efficiency (Shaw, 

2013).  

Similar methods have been used when Canadian company Cansolv Technologies in 2007 built a mobile 

CO2 capture unit into a transport container. The unit costed a total of 1.5 million Canadian dollars and is 

today in use in Alabama for testing purposes at the National Carbon Capture Center (Shaw, 2013). 

4.5.2 Small-Scale Gasification 

Compared to combustion, gasification gives higher conversion efficiencies especially for small-scale 

applications, where simple gasification systems could be used together with gas engines (IEA Bioenergy, 

2009). Hundreds of biomass gasifiers in the 100-500 kW range are being deployed in China, India and 
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South East Asia for mainly heating purposes, this with viable paybacks that a combustion system could 

not give in a system of such a small scale (IEA Bioenergy, 2009). 

The general view of small-scale gasifier technology however, is it to be unreliable and expensive. Even 

though there are cases where gasifier plants performed well over a prolonged period they experienced 

many technical problems during the first one or two years, which lead to high costs for technical 

development, repair and maintenance making it unprofitable (Dimpl, 2011).  

While there certainly are small-scale gasifiers the problem during small-scale operation is all the extra 

equipment and protective systems needed for this high pressure and temperature process (Hooper, 2013). 

4.5.3 Small-Scale Oxyfuel Combustion 

For small-scale oxyfuel combustion there is the possibility to retrofit an existing combustion chamber to 

work with oxyfuel technology. The oxygen combustion will unfortunately need a substantial amount of 

energy for the production of pure oxygen. Apart from the production of oxygen there are also some other 

parts to consider when retrofitting from conventional combustion with air.  

Many of the modifications needed can be explained by differences in gas properties between carbon 

dioxide and nitrogen, the two diluting gases in oxyfuel and conventional combustion respectively. Higher 

density, heat capacity and radiative properties of CO2 compared to N2 affect the combustion 

environment.  

To minimize changes in the retrofitted combustion system, the oxygen concentration is regulated at the 

burner inlet by recycling flue gas back into the combustion chamber. The heat transfer produced is in that 

way matched to the one during air combustion. The main part of the heat transfer in the furnace is by 

radiation. This makes the emissivity of the gas of great importance.  

Due to higher levels of CO2, H2O and particulate matter the furnace gases of oxyfuel combustion have 

higher radiative heat transfer. In smaller scales the gas emissivity is comparably low to large scale (Wall, et 

al., 2009). This has to be compensated by an increase of the adiabatic flame temperature. A smaller sized 

unit is also sensitive to changes in gas composition and its effect on the emissivity (Wall, et al., 2009).  

Oxyfuel combustion actually improves combustion efficiency, which especially is an advantage when 

combusting biomass since biomass tends to reduce the efficiency due to much higher moisture 

content. Adding biomass to coal will also change the composition of the flue gas. Most noticeably the 

water content but also possibly the chlorine content although this depends on the type of biomass (Spero, 

2013).  

The combination of using biomass as a fuel and great possibilities for down-scaling, leads to a suggestion 

of using bubbling fluidized bed combustion (BFBC). Many other combustion technologies have a certain 

demand of construction length and height. This is caused by the residence time of the fuel in the 

combustor to achieve a sufficient burnout (Kather, 2013). 

Biomass is used in several BFBC plants giving enough experience with this combination of fuel and firing 

system. The problem to look out for is as previously mentioned to ensure an acceptable temperature level 

in the combustor. Hot spots in the bubbling bed have to be avoided by recycling cooled flue gas (Kather, 

2013).   

4.5.4 Small-Scale Bioethanol 

Out of the biofuels, bioethanol shows most potential for small-scale production. This is due to the high 

concentration of carbon dioxide produced during fermentation. Although there are even micro-scale 

bioethanol production units currently available, these tend to differ from the large-scale facilities. A 
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problem for CO2 capture from these micro-scale units is the continuous intake of air from the 

surroundings during fermentation. This leads to a lower concentration of carbon dioxide in the 

fermentation gas (Stenmark, 2013). In this case a second separation step for separating the carbon dioxide 

from the air would be required. This step would both add bulk, costs as well as consume energy and 

would thus reduce the benefits of bioethanol production as a carbon dioxide capture method. 
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5 Discussion and Conclusion 

As mentioned earlier, BECCS is a technology which has been difficult to introduce to the market. This is 

mainly because there is a general lack of awareness and the technology maturity is somewhat lacking. In 

order to introduce the technology, large capital is required as it is most beneficial at large scales, proving 

economic feasibility is of the essence. There are also some political issues hindering the implementation 

such as inadequate government funding, exclusion from climate policies, an often non-existing carbon 

taxes and a complete lack of incentivized negative emissions. Also, a big issue is whether or not the 

biomass feedstock will be able to be provided in a sustainable manner. 

The goal was to investigate the possibilities for micro- or small-scale BECCS-units. The deciding factor is 

the possibility to inject CO2 at an existing injection site, as it would be far too expensive otherwise. The 

injection site needs to be currently in use with an active permit and also one that accepts external sources 

of carbon dioxide. Also, there will preferably be an existing pipeline network to use. If not, the CO2 must 

be shipped or trucked which would require additional funding.  

At the contacted projects or injection sites, it seems to be generally difficult to inject CO2 from an external 

source. Even sites with active injection permits would require additional individual approvals, operation 

plans, environment impact plans, monitoring plans and funding plans for external injection. The injection 

site at Ketzin is positive to potentially including a BECCS-project to their site, however they require an 

injection rate substantially bigger than what can be defined as small-scale (20 tonnes/day). Some other 

injection sites, including Kevin Dome, did not completely deny the possibility of an external source but it 

is still very uncertain as they are still in their site characterization and permitting phase. The fact that this 

most probably is an unprecedented case for all the injection sites adds to the complexity of answering 

these types of questions as well as making a decision concerning the inquiry.  

Regarding the down-scaling of carbon capture technology, it is an unusual approach compared to the 

industry’s goal towards scaling up in order to take advantage of the accompanied economies of scale to be 

able to have any chances of the economy breaking even. Therefore, all research efforts are put on finding 

better solutions for larger scales. When contacting experts from the area this is usually their obvious 

opinion and a reason for the difficulties of receiving helpful answers to questions regarding down-scaling. 

Although the common view is that the technology for small-scale exists but the economic incentive does 

not.  

Most of the capture technologies are at first developed at a laboratory in micro-scale. Consequently the 

technologies are, although not proven commercially, known to work in small scale and all issues regarding 

small-scale application are known and there are identified ways to solve them. The problem is therefore 

not that of scaling down an existing large-scale industrial technology, but rather to redesign an existing 

experimental capture unit of roughly the same size with regards to good process reliability and low costs. 

When considering the different technologies brought up earlier in the report, four of them were chosen 

for further research regarding their possibility in a micro-scale capture unit. They all produce enough 

amount of catchable carbon dioxide per kilogram of biomass used to justify them being used in 

demonstration of the BECCS technology.  

Although energy demanding especially in smaller scales, post-combustion capture would most probably be 

the easiest way to build the micro-scale unit by using an existing micro-scale combustion chamber and 

retrofit with an amine-based capture process. According to Devin Shaw at Cansolv Technologies, this 

could probably be manufactured in China for less than $1 million. 

Gasification exists in a wide range of sizes down to even a few kW also commercially. As previously 

mentioned the reliability is questioned but favorable size and cost makes this an alternative. However, the 
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negative being all the extra equipment needed because of the high pressures and temperatures taking up 

plenty of space for a unit of small size. 

Oxyfuel combustion is the newest technology, however still not considered commercially proven on the 

market but showing plenty of potential regarding efficiency and scalability. The production of pure oxygen 

as a part of a small scale process is the main issue with the technology.  

Bioethanol was the only out of the biofuel production methods further researched due to the smaller 

amounts of carbon dioxide produced by the others. Bioethanol originally showed great potential due to 

the large amount of existing small-scale units and the (in theory) pure CO2 produced with no need for 

further separation.  

During the course of this project, there have been severe problems with getting in contact with the right 

person, and whether or not he or she was willing to help was the next difficulty. This time consuming part 

should have been initiated earlier in the project to reach a more complete result. Plenty of time has been 

spent on trying to get in contact with people without success, and even when having an ongoing 

conversation people tend to answer the easy questions and leave out the difficult ones, especially any 

questions requiring a decision. 

In the beginning of the project, literature with any connection to BECCS was studied. After a couple of 

weeks and still not being entirely confident of the BECCS knowledge, even more literature was studied. 

Finally, after a very long period of research the time left to do the most time consuming work was quite 

limited.   

To progress with this work a definitive decision is needed from one of the injection sites on whether or 

not an external source of CO2 could be injected. To simplify that decision a concrete proposal of a time 

frame and source of carbon dioxide would be very helpful.  

To get the required gas specifications for injection the contact with the injection site was done prior to the 

embodiment of a BECCS unit was decided. This resulted in a better knowledge of the entire process and 

requirements for injection but also in plenty of questions from the injection sites, which could not be 

answered and information was needed that could not be provided. The requirements for gas composition, 

pressures and temperatures are site-specific, though most contacts say that a minimum of 95 % CO2 

purity is required. 

In the next phase the impact on the choice of biomass feedstock should be included. The choice of 

biomass feedstock will affect the result of the different capture technologies, which also have different 

demands. The quality of the resulting carbon dioxide will depend on the choice of feedstock. 
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Appendix B: Onshore Geological Capacity Europe 

The following table shows the onshore geological capacity of some countries in Europe. 

Country 

Storage capacity in 

deep saline aquifers 

(MtCO2) 

Storage capacity in 

hydrocarbon fields 

(MtCO2) 

Storage capacity in 

coal fields (MtCO2) 

Albania 20 111 - 

Belgium 199 - - 

Bosnia-Herzegovina 197 - - 

Bulgaria 2100 3 17 

Croatia 2710 189 - 

Czech Republic 766 33 54 

Denmark 2553 203 - 

France 7922 770 - 

FYROM 390 - - 

Germany 14 900 2180 - 

Greece 184 70 - 

Hungary 140 389 87 

Italy 4669 1810 71 

Latvia 404 - - 

Lithuania 30 7 - 

The Netherlands 340 1700 300 

Norway 26 031 3157 - 

Poland 1761 764 415 

Romania 7500 1500 - 

Slovakia 1716 - - 

Slovenia 92 2 - 

Spain 14 000 34 145 

United Kingdom 7100 7300 - 

Total 95 724 20 222 1089 

 

Source: (EU Geocapacity, 2009) 


