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Disclaimer 
 

This report was prepared by Biorecro AB on behalf of the Global CCS Institute. The 
information contained in this report is provided as guidance only and while every 

reasonable care has been taken to ensure the accuracy of its contents, neither 
Biorecro AB nor The Global CCS Institute can accept any responsibility for any 

action taken, or not taken, on the basis of this information. Biorecro AB, the Global 
CCS Institute, and their employees, make no warranty, expressed or implied, nor 

assume any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information disclosed. 
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Preface 
 
In November 2010 the Global CCS Institute commissioned Biorecro AB to compile a report on the 
global status of Bio-Energy with Carbon Capture and Storage (BECCS) projects. The report provides 
an overview of the current status of BECCS projects worldwide.  
 
The report was authored by Henrik Karlsson and Lennart Byström, Biorecro AB. It was first published 
in March 2011.  
 
 
Project manager at the Global CCS Institute has been Bob Pegler. Support with the preparation of the 
report was provided by: Lena Danell, Elisabeth Ten Brink and Josef Wiklund, Biorecro AB as well as 
Anna Krohwinkel Karlsson, Visiting Scholar SCANCOR, Stanford University. The report has been 
reviewed by Prof. Dr. Lars Kristoferson, former Professor of Energy Systems at Stockholm University 
and former Secretary General of WWF Sweden, and Dr. Kenneth Möllersten, researcher at 
Mälardalen University. 
 
 
We want to extend our gratitude to everyone who contributed to the preparation of this report. 
 
 
 

Contact 
For further information, please contact: 
 
Global CCS Institute  
GPO Box 828  
Canberra ACT 2601, Australia 
 
Phone: +61 2 6175 5300  

www.globalccsinstitute.com   
 
or  
 
Biorecro AB  
Box 3699  
SE-103 59 Stockholm, Sweden 
 
Phone: +46 8 678 75 01 
www.biorecro.com  
 
  

http://www.globalccsinstitute.com/
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Executive Summary 
 
BECCS is the combination of biomass processing or combustion with CCS (Bio-Energy with Carbon 
Capture and Storage). It involves applying CCS technology to biomass carbon dioxide (CO2) point 
emission sources and uses technologies for transportation and storage of CO2 that are to a large 
extent identical to those applied to CCS involving fossil fuels.  
 
BECCS achieves a permanent net removal of CO2 from the atmosphere, or negative CO2 emissions in 
scientific terminology. This aspect sets the technology apart from most other mitigation alternatives, 
which can only create temporary sinks or decrease the amount of emissions to the atmosphere.  
 
BECCS could be applied to a wide range of biomass related technologies, such as power plants (both 
dedicated biomass plants and plants which co-fire biomass and fossil fuels), combined heat and 
power plants, a range of flue gas streams from the pulp industry such as from recovery boilers and 
lime kilns, fermentation in ethanol production, and 
biogas refining processes, as well as novel 
technologies such as gasification of biomass. The 
typical scale of these biogenic CO2 point sources 
varies considerably. Whereas a biogas facility can 
emit as little as a few hundred tonnes of CO2 per 
year, the largest pulp plants emit millions of tonnes 
annually.  
 
The main concern with BECCS relates to the 
underlying biomass sourcing, as is the case for all 
biomass energy systems. Biomass is often produced 
unsustainably and may contribute negatively in a 
number of different ways, including carbon 
emissions, water depletion and loss of biodiversity. If 
the demand for biomass increases rapidly due to a push to produce BECCS systems, and if these 
factors are not accounted for, the negative effects may outweigh the benefits of negative CO2 

emissions. On the other hand, there is already widespread use of sustainable biomass production in 
many countries. There are also considerable opportunities to produce biomass sustainably in the 
future at a large scale.  
 
The negative CO2 emissions that result from BECCS operations have four main implications:  
 

1) BECCS can mitigate emissions from any CO2 emission source. This means that BECCS can be 
used to abate the emissions that are the most difficult and expensive to cut back on, such as 
CO2 from air transportation or small scale emissions.  
 

2) BECCS can mitigate emissions which have already occurred. This is accounted for in a number 
of long-term climate scenarios.  

 

Figure 1. Carbon flow with BECCS.  



  Global Status of BECCS Projects 2010  
 

 
 

Page 5 (45) 

 

3) BECCS may be considered as a climate mitigation risk management tool, which may be 
needed due to the uncertainties of climate scenario modelling as well as uncertainties 
related to the long-term efficiency of greenhouse gas (GHG) mitigation policies.  
 

4) BECCS can be added as a supplement to other measures, on top of bio-energy use. The 
application of BECCS would make it possible to reach agreed climate targets at lower costs, 
and also involves opportunities to raise the ambitions for emission reductions and the pace 
of climate mitigation work. 

 
In published results from climate scenario modelling, there are a number of projections that regard 
the magnitude of BECCS implementation in the future, which give BECCS a substantial role. BECCS 
stands out as a viable, cost effective method to significantly reduce atmospheric CO2 concentrations. 
Other mitigation methods alone are said to be insufficient or too expensive to reach stringent climate 
mitigation targets, such as 450 ppm. With BECCS, it is possible to reach below 350 ppm. 
 
This report depicts the 16 first projects worldwide aiming to install a BECCS process. Four of these 
have been attempts that for various reasons never left the drawing table. Seven have reached 
different maturity phases of investigation and planning. Three of the installations are under 
construction, and operations are scheduled to start in 2011. One is in operation and one research 
pilot project has already been completed. The listed projects are mostly located in Europe and North 
America, but the majority of future BECCS systems are expected to be found in South America, Asia 
and Africa.  
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1 Introduction  
1.1 Climate change  

Addressing the climate change challenge is of utmost importance. The atmospheric CO2 
concentration is today above 390 parts per million (ppm). This is almost 50 % more than the pre-
industrial levels. The level is currently increasing by 2 ppm per year. During the history of the earth, 
the increase in CO2 levels been has never been as rapid. 
This is believed to make it difficult for the ecosystems and 
living species to adapt or migrate, in order to cope with 
the increase in temperature that we can foresee. The 
higher levels of CO2 also change the acidity of the oceans, 
threatening vital components within marine life. This 
means that we put biodiversity at risk in the coming 
decades, if we do not take action. 

 
The costs of not taking action are high, both from an 
environmental point of view, and also in economic terms. 
The financial costs for combating the threat of climate 
change are considerable.1  Therefore, accurate priorities 
have to be set and economic efficiency must be sought. 
With large parts of thŜ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ ƭƛǾƛƴƎ ŀǘ ƻǊ 
below the poverty line, this is an important factor to 
consider. 

 
In order to meet both environmental and economic 
constraints, there must be a comprehensive mitigation 
portfolio that includes multiple options. This would for 
example mean measures that improve efficiency, favour 
energy conservation, renewable energy and enhancement 
of carbon sinks, as well as CCS (Carbon Capture and Storage).  
 
This report describes a new opportunity which is showing a great potential for CO2 abatement: 
geologic storage of CO2 from biomass, or BECCS (Bio-Energy with Carbon Capture and Storage). 

 

1.2 The role of BECCS 

So-called biogenic CO2 is part of the renewable carbon cycle. CO2 is extracted from the atmosphere 
into trees and crops as they grow, and is released when they are combusted or decompose. 
Therefore, biogenic CO2 does not contribute to the increase of greenhouse gases in the atmosphere. 
On the contrary, these emissions may become part of the solution to the climate problem.  

 
When CO2 that has been captured from the atmosphere by biomass is stored geologically, a flow of 
carbon from the atmosphere into the underground is created, i.e. a permanent CO2 sink. In scientific 
terms, this is called negative CO2 emissions. With increasing emission levels and the burden of 

                                                           
1
 Stern, 2006 

Figure 2. Emissions. 
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historic emissions in the order of one trillion (1 000 000 000 000) tonnes of CO2, negative emissions 
may be necessary if we are to achieve climate targets such as 350, 400 or 450 ppm.  
 
The public debate around CCS shows that the technique is both questioned and little known at the 
same time. The arguments against CCS cover the range of classical NIMBY-opinions (Not In My Back 
Yard) to opposition against the mining and combustion of coal. The concept of BECCS gives new 
dimensions to this debate, as it is a technique for permanent removal of CO2 from the atmosphere, 
as well as based on a renewable energy source.  
 
BECCS operations are not expected to be able to mitigate global warming on their own, but the 
technology has become more and more important through the modelling of climate change 
mitigation, primarily because of the potential for negative emissions. In combination with the 
complete range of possible mitigation options, the introduction of BECCS technology is creating the 
possibility of actually decreasing the absolute level of CO2 in the atmosphere. This will enable us to 
move to lower CO2 concentration levels and allow us to reach the 350 ppm level.  
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2 Scientific Background for BECCS  
2.1 What is BECCS? 

BECCS (Bio-Energy with Carbon Capture and Storage) is a technology that integrates biomass systems 
with geological carbon storage.2 During combustion, fermentation, putrefaction, biodegradation and 
other biological processes, large amounts of CO2 are emitted from trees, plants and agricultural 
crops. These processes are for example found in biomass fuelled power plants, pulp and paper 
industries, ethanol plants and biogas plants. 
 
As biomass grows, CO2 is absorbed from the 
atmosphere. Through the photosynthesis, 
carbon is incorporated into plant fibres, while 
oxygen from the decomposed CO2 molecule is 
set free. The energy for the process comes 
from the sun that induces the photosynthesis.  
 
When biomass is broken down through 
combustion or any other natural process, the 
carbon atoms that the plant was composed of 
are released. Together with the oxygen in the 
air, they form CO2. In this way, large amounts 
of biogenic CO2, obtained though natural 
biodegradation processes, are released back 
into the atmosphere. The CO2 molecules are 
then split again through the growth of new 
biomass, which is captured in the next 
generation of plants. When applying BECCS, 
the CO2 previously tied up in biomass is 
captured from the atmosphere, and the gas 
flow is diverted to the bedrock for permanent 
storage.3 In this way, BECCS systems create a 
flow of CO2 from the atmosphere into the 
underground (see Figures 3 and 4). 
 
The BECCS technology was first mentioned in 
scientific publications in the 1990s.4,5 Since 
then, the BECCS technology has been 
discussed as a variant of the CCS technology 
that is applied to fossil sources. Most interest 
has been directed towards the fact that BECCS 
provides an opportunity to create permanent 
negative carbon emissions, i.e. the removal of 

                                                           
2
 Fisher et al., 2007 (IPCC 4th Assessment Report) 

3
 Obersteiner et al., 2001 

4
 Williams, 1996  

5
 Herzog et al., 1996  

 

Figure 3. Bio-energy carbon flow. 

Figure 4. Bio-Energy with CCS (BECCS) carbon flow 
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CO2 from the atmosphere. Since BECCS is a new and complex technology, it has come to be known by 
different names depending on the author and context. The IPCC uses the acronym "BECCS" to 
describe the technology in its fourth assessment report from 2007.6 Other authors use the 
abbreviations "BECS",7 "biomass-based CCS",8 "BCCS",9 and "biotic CCS".10 This report uses the 
acronym BECCS, as applied by the IPCC, throughout. 
 

2.2 Negative emissions with BECCS 

There are many techniques, established ones as well as those under development, which have the 
potential of radically reducing CO2 emissions. Examples include solar, wind, bio and geothermal 
energy; decarbonisation of the transport sector; increased energy efficiency and also the application 
of CCS technology on fossil fuels in power production and in industries. What sets BECCS apart as a 
climate mitigation measure, is that it may result in permanent net negative carbon emissions. This is 
achieved as CO2 from the atmosphere, which has been locked into biomass, is stored underground. 
BECCS combines the natural CO2 capture process in trees and plants, with the benefits of geological 
carbon storage, CCS. 
 
For an overview of the main flows of carbon and CO2 in different energy systems, see Figure 5. Please 
note that in addition to these main system flows, we are also including the support systems for 
construction, fuel extraction and transportation. In other words, we need to consider the fact that all 
systems currently involve certain fossil emissions at some part of the production chain. Even the 
design and installation of wind turbines involves carbon emissions, though the quantities are 
relatively small. 

 
 
Figure 5. General comparison of carbon flows in different systems.  
 
The radical difference between negative carbon emissions and other energy systems becomes 
evident when looking at Figure 5. Fossil fuels increase the amount of CO2 in the atmosphere in 
absolute terms. As fossil coal and oil, which are not part of the natural carbon cycle, are extracted 

                                                           
6
 Fisher et al., 2007 (IPCC 4th Assessment Report) 

7
 Royal Society, 2009; Azar et al., 2006; Metz et al., 2005 

8
 Metz et al., 2005 (IPCC Special Report on CCS) 

9
 Bonijoly et al., 2009  

10
 Grönkvist et al., 2006b 

Fossil fuels Fossil fuels 
with CCS 

Wind, solar, 
geothermal, 

nuclear, hydro 
 

Bio-energy Bio-energy 
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and combusted, CO2 is added to the atmosphere. Fossil fuels with CCS also increase the amount of 
CO2, but not as much as without CCS. Renewable energy generated by wind, solar, geothermic and 
hydroelectric power plants affects the carbon cycle to a very limited extent, once in operation. Bio-
energy emits as much carbon as the biomass previously captured. BECCS however only emits parts of 
the previously captured CO2, and the rest is permanently removed from the atmosphere. 
 
In contrast to other types of carbon sinks such as oceans and forests, geological storage is not 
affected by temperature increases, tree logging or other changes that might jeopardize these other 
forms of carbon sequestration. Other sinks involve the risk of negative feedback loops at increased 
temperatures, potentially leading to significant releases of stored CO2. For instance, the oceans 
absorb and store large amounts of CO2. This contributes to reducing the rate at which the amount of 
CO2 is added to the atmosphere. However, this ability is strongly dependent on temperature and 
decreases with increasing temperatures. In addition, the oceans have already stored such large 
amounts of CO2 that the ability to absorb additional amounts is declining; in other words, the oceans 
begin to reach saturation. This implies that our continued emissions will have a greater impact on 
atmospheric CO2 levels than they have had until now.11 
 
By contrast, research on natural geological occurrences of CO2 and experiences from ongoing carbon 
storage projects are showing that the expected duration of storage in geological formations will be 
very long, probably millions of years.12 For details on retention times and storage security, see 
further section 3.4.  
 
In summary, the ability of BECCS to create permanent negative CO2 emissions has four important 
ramifications: 
 

1. BECCS can be applied to offset greenhouse gases emitted by other sources. In this regard, 
BECCS can be compared with the capture of CO2 directly from the atmosphere, as biomass 
absorbs CO2 from the atmosphere regardless of where it has been emitted.13 This means that 
BECCS could be used as a tool to restore the greenhouse gas emissions that are the most 
difficult and expensive to reduce, for example CO2 emissions from gasoline powered cars and 
air traffic. As the costs of emission mitigation are rising and the most cost-effective 
alternatives have been exhausted, the importance as well as the economic benefits of 
applying BECCS will increase. 
  

2. BECCS is a mitigation tool that can be added as a supplement to other measures, on top of 
bio-energy use. The application of BECCS would make it possible to reach agreed climate 
targets at lower costs, and also involves considerable opportunities to raise the ambitions for 
the level of emission reductions and the pace of climate mitigation work. With ambitious 
BECCS implementation schemes, countries such as Brazil and Sweden could reach zero net 
emissions of greenhouse gases already by 2030, and thereafter provide negative carbon 
emissions, a product ǘƘŀǘ Ŏŀƴ ōŜ ΨŜȄǇƻǊǘŜŘΩ to other countries.   
 

3. BECCS can mitigate carbon emissions that have already taken place. In other words, BECCS 
can restore the atmosphere from emissions that occurred previously. This has been 
explained in a number of long-term climate scenarios in which emissions not only reach a 
peak and then turn downward, but where the absolute levels of CO2 in the atmosphere also 

                                                           
11

 Rockström et al., 2009  
12

 Stenhouse, 2009  
13

 Keith, 2005  
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decrease.14 In some of these scenarios, such a peak is followed by a stabilization level more 
than one hundred ppm lower than the peak. The difference between peak and stabilized 
level is the result of using BECCS for a period stretching over several decades in order to 
remove CO2 from the atmosphere.  

 
4. The possibility to restore the atmosphere turns the BECCS-technology into a risk 

management tool in the long-term climate mitigation action.15 Regarding the two-degree 
target, i.e. the earth's average temperature is to be increased by a maximum of two degrees 
Celsius above the pre-industrial level as a result of human emissions, one cannot know with 
certainty what level of GHG in the atmosphere this corresponds to. This depends on the 
complex climate system and a number of dynamic factors with complex linkages between 
GHG levels and the resulting atmospheric temperatures. We cannot accurately predict what 
CO2 concentrations will result from different levels of emissions, given the unpredictability of 
the buffering systems in the oceans and on land. Therefore, it is important that a long-term 
global perspective includes BECCS as a technology that can be used to compensate for 
inaccurate forecasts, as well as delayed political decisions on carbon mitigation policies.16 
Otherwise we may not be able to meet the targets that have been agreed upon related to 
increases in temperature and negative impacts of global climatic change.17, 18 

 

2.3 The sustainable potential for BECCS 

In a number of different scenarios, the long-term sustainable capacity of BECCS is assessed to be 
large in a global perspective.19 In the modelling of climate scenarios, a number of forecasts for the 
potential magnitude of BECCS assume that the potential to create negative emissions is 5 to 20 
billion tonnes of CO2 per year.20 In a forthcoming report by Ecofys in cooperation with the IEA GHG 
R&D Programme, using novel biomass combustion and conversion technologies, 5-10 billion tonnes 
of CO2 from biomass could be removed from the atmosphere with BECCS annually in 2050. This value 
can be compared with the annual greenhouse gas emissions in the world today, which are roughly at 
30 billion tonnes CO2e. It can also be compared to the emission levels if we were to reach an 80 % cut 
in global emissions until 2050, which by then would be only 6 billion tonnes annually. Thus, BECCS 
could in that case outweigh the total emissions from other sectors, and create a system of global net 
negative emissions.  
 
Some authors have argued that a massive application of BECCS would be sufficient to within 50 to 60 
years21 counteract and compensate for all anthropogenic emissions of greenhouse gases that ever 
occurred and will occur, see Figure 6. The sustainability of producing biomass at the scale proposed 
here has however been questioned.22 At the same time, it is widely accepted that BECCS systems can 
compensate for anthropogenic emissions over long periods of time, 100 years and more.23  
 

                                                           
14

 e.g. Fisher et al., 2007 
15

 Obersteiner et al., 2001  
16

 Krey, 2009 
17

 Hare and Meinshausen, 2006 
18

 Kypreos, 2008  
19

 Fisher et al., 2007 
20

 Azar et al., 2006  
21

 Read et al., 2005 
22

 Rhodes et al., 2008  
23

 Royal Society, 2009; Azar et al., 2006; Metz et al., 2005 
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The sustainability issue of BECCS is complex in detail, as it involves both biomass as well as CCS 
systems, both of which involve many sub-systems. Issues span from biomass availability and geologic 
storage capacities to water use, competition for land and risk of storage leakage.  

 

 
 
Figure 6. Levels of CO2 in the atmosphere in different climate mitigation scenarios, adapted from P. 
wŜŀŘ ŀƴŘ WΦ [ŜǊƳƛǘΣ έ9ƴŜǊƎȅέΣ нллрΦ 
 
 
Still, the most important aspect of BECCS in a life cycle perspective could be considered to be the 
underlying use of biomass. All energy systems that are dependent on biomass are facing the same 
situation. Biomass can be grown in unsustainable manners which may involve negative contributions 
in several ways, for example in the emission of CO2 from cultivation and transport, unsustainable 
water use and monoculture dependent biodiversity loss. If the demand for biomass would increase 
too quickly as a result of the development of BECCS systems, and these potential negative effects are 
not adequately countered, they could counter the benefits of negative carbon emissions.24 On the 
other hand, there is already an extensive production of biomass that is sustainable, from a carbon 
viewpoint. An example is the Swedish forestry sector, which renders a net uptake of CO2 (that is, 
higher growth than harvesting) equal to 20 ҈ ƻŦ {ǿŜŘŜƴΩǎ ŜƳƛǎǎƛƻƴǎΦ25 There are also good 
opportunities to produce sustainable biomass at a global scale.26 
 

In the scientific literature, BECCS is sometimes described as a system in which biomass is grown 
primarily in order to achieve negative emissions. However, BECCS systems can be created in easier 
and cheaper ways by combining existing biomass plants with carbon capture and storage. By 
introducing CCS to established biomass plants, application of the technology can be initiated in the 
near future, and to a lower cost than in systems where the biomass is grown only for the sake of the 
negative emissions. In addition, these add-on systems would not claim any new land or cultivation 
resources.  

                                                           
24

 Rhodes et al., 2008 
25

 Naturvårdsverket (Swedish Environmental Protection Agency), 2010 
26

 Kraxner et al., 2003  
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Another option to consider is co-firing of biomass with fossil fuels. If coal and biomass are co-fired 
and CCS is applied, large scale negative emissions may be difficult to achieve, though it is fully 
feasible to have a small negative emission impact or at least a zero or very low emission profile, 
including emissions arising throughout the life cycle of fuel production, extraction and transport. The 
combination of biomass and CCS could in this way provide an interesting strategic alternative for 
reaching zero or negative CO2 emissions also for predominantly coal fired power plants. This is not 
possible to achieve with CCS alone or even with a total switch to biomass firing, as the emissions 
from mining, cultivation and transportation are not possible to capture or in most present day cases 
replace or avoid. 
 

2.4 The economic potential for BECCS  

According to climate change mitigation scenario modelling, BECCS is a cost-effective technology for 
reducing the concentration of CO2 in the atmosphere and for meeting ambitious climate targets. For 
ambitious CO2 levels such as 350 ppm and below, alternative options are to be considered 
inadequate or too expensive.27,28,29,30 It may be necessary to reach these levels in order to avoid 
severe climate change.31  
 
It is worth noting that according to the scientific studies referenced above, the BECCS technology 
also reduces the cost of less ambitious climate targets, if included in the total portfolio for climate 
mitigation measures, see Figure 7. With delayed policy decisions for climate change mitigation, 
BECCS may be needed to reach higher stabilization levels such as 400 and 450 ppm in an 
economically attainable way.  
 

 
 
Figure 7. Cost of reaching various CO2 concentration targets depending on mitigation portfolio. 32 
 

                                                           
27

 Azar et al., 2006 
28

 Kypreos, 2008  
29

 Krey et al, 2009  
30

 Azar et al., 2010 
31

 Hare och Meinshausen, 2006 
32

 Azar et al., 2006 
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The International Energy Agency has published a report on the role of CCS and BECCS in the global 
energy portfolio, using their BLUE map scenario.33 The report shows that BECCS has a very important 
role to play, if we want to meet the 450 ppm emission target. Using technical, physical and economic 
constraints in the optimization model, BECCS is shown to have a profound overall impact. It was 
found that CCS applied to biomass has more potential than all other industrial applications 
combined. Of the total CCS deployment called for in the scenario, BECCS accounted for a quarter of 
the CO2 stored, see Figure 8.  

 
 
Figure 8. Global deployment of CCS needs to be 10 billion tonnes in 2050 in order to meet the BLUE 
map climate mitigation scenario. Of this, BECCS represents a fourth of the potential at 2.4 billion 
tonnes.   
 

2.5 BECCS and traditional CCS 

While BECCS is not as known a technology, conventional CCS (Carbon Capture and Storage) has been 
increasingly discussed in recent years, and proposed as a key technology to mitigate CO2 emissions. 
In most contexts, CCS technology is commonly associated with large coal-fired power plants, but it 
can also be used to reduce emissions from, for example, gas power plants, steel mills and cement 
manufacturing plants. 
 
CCS applied to fossil sources cannot generate negative emissions, but it reduces the amount of CO2 
emissions. One option available is to co-fire fossil fuels and biomass. Overall, such a combination 
could either lead to lower, zero or negative emissions, depending on the share of biomass and the 
efficiency of the CCS system. It should be added that in the same way as biomass can produce 
emissions during production, the extraction of fossil fuels also involves emissions, for example during 
mining and transportation. Therefore, thorough life cycle analyses are needed in order to determine 
the total impact of the systems, in terms of CO2 emissions.  

  

                                                           
33

 IEA, 2009 
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3 Capture, transport and storage of CO2 in 
BECCS systems 

 
CO2 is not only a greenhouse gas, but is also used in many industrial applications. Best known to the 
layman is perhaps the CO2 used for forming bubbles in soft drinks, but CO2 is also used in fire 
extinguishers, as a refrigerant in the food industry, and in the production of artificial fertilizers and 
other chemicals. Due to the wide range of applications for CO2, extensive knowledge of how to store, 
handle and transport CO2 has been acquired in the industrial world.  
 
BECCS shares to a large extent technological components with fossil fuel CCS, but has different 
compositions of CO2 and other gases in flue streams as well as a smaller scale of operations. This 
creates a set of demands that are unique to BECCS, both in relation to fossil fuel CCS and industrial 
applications.  
 

3.1 Scale considerations 

In order to be cost effective, a facility for capture, transport and storage of CO2 has to be of a certain 
size. The exact size depends on local and technical conditions, and of course more importantly, on 
the valuation of the emissions saved, or in the case of BECCS, the value of the negative emissions 
achieved. Due to the large amount of biomass that is processed in the pulp and bio-fuel industries, as 
well as the use of biomass for electricity and heat production, there are several medium to large 
point sources of biogenic CO2 emissions in the world. At many of these locations, BECCS systems 
could be realiseŘ ŦƻǊ Ŏƻǎǘǎ ōŜƭƻǿ ϵмллκtonne, and in some cases for considerably lower costs due to 
pure CO2 emission streams, short transportation distances and inexpensive storage conditions.34  
 
The industry which presently has the largest emissions of CO2 per facility is the chemical pulp 
production industry. These facilities typically emit 750 000 tonnes per plant annually, with some 
emitting as much as to 2 000 000 tonnes per year.  

 
Figure 9.  M-RealΩǎ facility in Husum, Sweden. Photo courtesy of M-Real image bank. 
 

                                                           
34 Karlsson et al, 2010 
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The ethanol industry is seen as another promising source for BECCS. The emissions in ethanol plants 
arise from fermentation of biomass such as sugar cane or corn. Fermentation results in a pure stream 
of CO2, which significantly reduces the cost for applying CCS. Plants are typically emitting 50 000 to 
300 000 tonnes annually, with a few emitting more than 1 000 000 tonnes per year.  
 
BECCS could also be applied to biomass fuelled power plants, combined heat and power plants, as 
well as to emerging biomass technologies such as gasification. These applications are today carried 
out at fairly small plants which are not as suitable for BECCS. There are however a few notable 
exceptions, where combined heat and power plants emit almost one million tonnes of biogenic CO2 
per year.35 
 
Still, the largest biomass combustion and processing plants are typically only one tenth as large as 
the larger coal power plants being considered for CCS, which emit more than ten million tonnes of 
CO2 every year.  
 

3.2 Separation techniques 

During the combustion of coal, oil, gas and biomass, the fuel reacts with oxygen in the air and forms 
CO2. In the ambient air, oxygen is mixed with other gases, meaning that waste gases also will become 
mixed with nitrogen and other gases, from the air as well as from the fuel.  The concentration of CO2 
in flue gases from natural gas combustion amounts to 3-4 %, from coal 13-15 %, and from biomass 
14-17 %.36 The compression and geological storage of CO2 requires it to be separated into a pure 
stream. As biomass has such a high density of CO2 in its flue gas, it is easier to capture the CO2 in the 
flue stream. This fact partly offsets the smaller scale of the biomass facilities.  
 
There are essentially three techniques for removing CO2 from combustion gases. CO2 can either be 
separated prior to combustion, so-called pre-combustion, or after, post-combustion. The third 
technique is to burn fuel with pure oxygen, known as oxy-fuel, whereby pure CO2 is formed, see 
Figure 10.  
 
There are different technology variants to each method. For the post-combustion techniques, amines 
may be used, or chilled ammonia. The Norwegian company Sargas has developed a method based on 
pressurized combustion and post-combustion separation, so called PFBC technology (Pressurized 
Fluidized Bed Combustion). Typically, 85-90 % of the CO2 can be separated, but with some methods 
such as oxy-fuel or PFBC technology, a separation of more than 95 % is achieved. 
 
In the pulp and paper industry, calcium hydroxide is being used for the cleansing of exhaust gases to 
form PCC (Precipitated Calcium Carbonate). During that process CO2 is removed. For example, 40 - 50 
000 tonnes of CO2 per plant, most of which is of biotic origin, is separated and bound in this way at 
two Swedish pulp plants. PCC is used as a component in the production of paint, glue, sealants, 
plastics, rubber and pharmaceuticals. When these products decompose through degradation or 
combustion, the previously bound CO2 returns to the atmosphere whithin months or a few years, 
and is not permanently sequestered as it would have been with geologic storage. For this reason, the 
process does not provide any long term climate benefit.37 
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37
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Figure 10. The four main technology concepts for CO2 capture.  
 
 
Apart from combustion, there are processes that create relatively pure streams of CO2 at levels of 95-
99 % concentration. One example is the fermentation of ethanol; another is the upgrading process 
for biogas, where biogas is refined to transport fuel quality. Yet another process that provides pure 
streams of biogenic CO2 is black liquor gasification, a process in which a by-product from pulp mills is 
converted into automotive fuel. In all three cases, the cost of setting up a carbon storage system can 
be greatly reduced, as CO2 is already separated as part of the underlying processes. 

3.3 Transportation 

3.3.1 Pipeline 
For the transportation over short distances or for large amounts of CO2, pipeline is the preferred 
alternative. The CO2 is compressed to a pressure above 74 atmospheres in order to make it easier to 
handle. At this pressure CO2 diverts from the gas phase to a so-called supercritical phase, which 
means that it behaves like something between a gas and a liquid. The density at this pressure is 
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greater than 700 kg/m3, which is close to the density of ordinary water.38 The compression is done 
with off-the-shelf technology and requires 100-150 kWh/tonne CO2 of energy.  
 
There are currently more than 5 000 km of pipelines in the U.S. for the transport of CO2 for the oil 
ƛƴŘǳǎǘǊȅΩǎ 9ƴƘŀƴŎŜŘ hƛƭ wŜŎƻǾŜǊȅ ό9hwύ ǇǳǊǇƻǎŜǎ,39 with a total capacity of around 50 million tonnes 
annually. The largest of these pipelines is the Cortez pipeline, which crosses three states and 
transports 20 million tonnes of CO2 per year through a pipeline with an internal diameter of 76 cm.40 
The experience in the area of pipeline transport is therefore extensive and contains few 
uncertainties.  
 

3.3.2 Ship 
For transport over long distances and over water, transport by ship is an alternative. Today, there are 
ships carrying CO2 for industrial use, with a capacity of 1 250 ς 1 500 tonnes. To render the CO2 
manageable, it is cooled down to below -25 ° C and pressurized to 14-17 atmospheres. This makes 
the CO2 liquid and transportable in large tanks. Currently there exists multi-purpose ships which carry 
ethylene, but which could transport 10-12 000 tonnes of CO2 per shipload. In order to carry large 
volumes, such as several million tonnes per year, vessels with a capacity of 20 000 tonnes or more 
are proposed, but such ships do not exist today.  
 
 

 
 
Picture 11. Ship for transport of liquid CO2. Photo:  Yara International. 
 

3.3.3 Train and Truck 
Neither trains nor trucks are suitable for transportation of large amounts of CO2. However, trucks are 
often used when smaller quantities of CO2 are needed for example in industrial processes, or in pilot 
projects for carbon capture and storage. 
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3.4 Storage 

CO2 can be stored in several different types of geological formations, such as exhausted oil and gas 
fields, saline aquifers, basalts, and similar porous formations. The largest storage capacity is found in 
saline aquifers.8 A saline aquifer is a porous sandstone with salt water that is isolated from ground 
water and sea water. Of particular interest are formations of more than 800 meters depth, which are 
located under impermeable layers of cap rock. Under these conditions, CO2 is trapped in high density 
form. Just as oil and gas have remained for millions of years in porous formations due to such layers 
of rock, permanent storage of liquid CO2 can be sustained in the pores of the sandstone. 

3.4.1 Previous experiences and ongoing storage projects 
CO2 ƻŎŎǳǊǎ ƛƴ ŀ ŎƻƴŎŜƴǘǊŀǘŜŘ ŦƻǊƳ ƛƴ ƴŀǘǳǊŀƭ ǊŜǎŜǊǾƻƛǊǎ ƛƴ ǘƘŜ ŜŀǊǘƘΩǎ ŎǊǳǎǘΦ 9ȄŀƳǇƭŜǎ ƻŦ ǎǳŎƘ 
instances are the McElmo Dome in Colorado and the Bravo Dome in New Mexico. At these sites, CO2 
has been stored for millions of years, similar to oil and gas deposits underground.41  
 
Since the 1970s, CO2 has been used to increase 
the extraction from the oil fields in West Texas. 
The CO2 is pumped down in order to raise the 
pressure within the oil wells, and this allows for 
more oil to be extracted. This is called EOR, 
Enhanced Oil Recovery. The CO2 used for EOR is 
obtained mainly from natural underground CO2 
deposits, meaning that there are currently no 
climate benefits stemming from these actions. It 
is for the purpose of EOR that the major pipelines 
to the oil fields in West Texas have been built, 
including the previously mentioned Cortez 
pipeline.  
  
In the 1990s, the first CCS project with the explicit 
purpose of reducing CO2 emissions was initiated 
by the Norwegian oil company Statoil. 
 
At their North Sea platform Sleipner, natural gas 
is extracted by Statoil. The gas is initially mixed 
with CO2, but in order to augment the value of 
the gas, some of the CO2 is later removed. This 
ǇǊƻŎŜǎǎ ƛǎ ǘƘŜ ǎƻ ŎŀƭƭŜŘ άƴŀǘǳǊŀƭ Ǝŀǎ ǎǿŜŜǘŜƴƛƴƎέΦ 
Since 1996 Statoil has injected 1 000 000 tonnes 
of CO2 each year into the formation named Utsira 
at a depth of 800 m, below the ocean floor. This 
exempts Statoil from carbon tax, as they would otherwise have had to pay taxes for every tonne of 
CO2 ǘƘŜȅ ŜƳƛǘΦ LŦ ǘƘŜ //{ ƻǇŜǊŀǘƛƻƴ ŘƛŘƴΩǘ ǘŀƪŜ ǇƭŀŎŜΣ this would be among the ten largest emission 
points in Norway. So far, more than ten million tonnes have been injected through the same 
injection well with very good results.42  
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Figure 12. Drilling of storage well in North 
Dakota, US. Photo courtesy of Wes Peck at 
EERC/Univ. North Dakota. 
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Picture 13Φ {ǘŀǘƻƛƭΩǎ ǇƭŀǘŦƻǊƳ {ƭŜƛǇƴŜǊ !Φ Photo: Øyvind Hagen, Statoil.  
 
 
Presently, there are more than 155 integrated CCS projects in operation, under construction or in 
various stages of planning. These projects represent 176 million tonnes of annually stored CO2.

43 In 
order to meet the emission targets set up by the IEA within the next decades, there is a need for 
thousands of plants, storing billion of tonnes annually.44 As shown in the projects section of this 
report, at this point very few of these initiatives and efforts are BECCS related, but are rather 
focusing on fossil fuels. 

3.4.2 Storage security 
During the nearly 40 years that CO2 has been stored in order to increase oil production through EOR, 
extensive experience with the technology has been gained. It can no longer be described as neither 
unproven nor unsafe, although the reasons for injecting CO2 have been to extract more fossil fuels, 
rather than to achieve climate benefits. Moreover, CO2 should not be compared with environmental 
wastes and toxins; it is not a toxic gas in lower concentrations and does not bring about permanent 
damage, even in cases of leakage or emissions. It is a naturally occurring gas that is deadly only in 
very high concentrations. Still, storage security is important both for local safety as well as for long-
term climate change related reasons. 
 
In the saline aquifer the lock-in of CO2 involves four successive processes. At first, injected CO2 is in a 
liquid phase. It is lighter than salt water and striving upwards in the storage formation. It is prevented 
to penetrate to the surface by a non-porous rock cover, the so called cap rock.  
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When CO2 disperses into the sandstone, it is also trapped in the stone's pores, where it is prevented 
from migrating further. After ten years, more than a quarter of the liquid has become trapped in the 
pores in this manner. The third phase is slower and is composed of reactions in the saltwater, where 
CO2 is dissolved, making it heavier than water so that it begins striving downwards. After 100 years, 
about a quarter of the liquid CO2 is converted into a liquid that no longer strives upwards. The last 
phase is the slowest one and involves a reaction in which CO2 is converted into a so-called carbonate, 
a mineral that becomes part of the rock, and that will remain in this form for millions of years. As the 
process continues, there is a gradual decline in the proportion of CO2 that is locked in due to any of 
the first three mechanisms. The result 
is a mineralization of larger and larger 
amounts of CO2 that had hitherto 
been bound in any of the three 
preceding ways. Overall, these 
processes imply that storage security 
is increasing year by year.45 
 
Seismic monitoring showing the 
diffusion of the injected quantity of 
CO2, its distribution and movement 
gives direct and clear indications of 
whether a suitable formation has 
been found. This means that 
injections into inappropriate 
formations can be cancelled at an 
early stage, and a number of 
measures can be taken upon 
indication of risk for leakage. 
 
The Intergovernmental Panel on 
Climate Change (IPCC) has prepared a 
comprehensive report on carbon 
capture and storage.4 This report 
argues that it is "... likely that more than 99 % of stored CO2 stays in well-selected formations for 
more than 1000 years." It is assumed that storage will persist during tens of millions of years, while 
probability statements beyond a thousand-year horizon are avoided.46  

 

3.4.3 Storage potential 
The global capacity for storing CO2 is very large. According to IPCC estimates, there are storage 
facilities that can accommodate several trillion tonnes of CO2, see Table 1. For comparison, the 
annual global greenhouse gas emissions currently amount to some 30 billion tonnes of carbon 
dioxide. 
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Figure 14. CO2 trapping in a saline aquifer. Diagram from 
the Special Report on Carbon Capture and Storage by the 
IPCC. 


