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ABSTRACT
The topic of this thesis is carbon dioxide (CO2) capture and storage (CCS), which is a technology that is currently being promoted by industries, scientists and governments, among
others, in order to mitigate climate change despite a continued use of fossil fuels. Because of
the complex nature of CCS and the risks it entails, it is controversial. The aim of this thesis is
to analyse how the technology may be further developed in a responsible manner. In the first
part of the thesis different methods for capturing CO2 from industrial processes as well as
power plants are analysed. The aim is to identify early opportunities for CO2 capture, which
is considered important because of the urgency of the climate change problem. Three potential early opportunities are studied: i) capturing CO2 from calcining processes such as cement
industries by using the oxyfuel process, ii) capturing CO2 from pressurised flue gas, and iii)
capturing CO2 from hybrid combined cycles. Each opportunity has properties that may make
them competitive in comparison to the more common alternatives if CCS is realised. However, there are also drawbacks. For example, while capturing CO2 from pressurised flue gas
enables the use of more compact capture plant designs as well as less expensive and less
toxic absorbents, the concept is neither suitable for retrofitting nor has it been promoted by
the large and influential corporations. The second part of the thesis has a broader scope than
the first and is multidisciplinary in its nature with inspiration from the research field of Science and Technology Studies (STS). The approach is to critically analyse stakeholder perceptions regarding CCS, with a specific focus on the CCS experts. The thesis sheds new light on
the complexity and scientific uncertainty of CCS as well as on the optimism among many of
its proponents. Because of the uncertain development when it comes to climate change, fossil
fuel use and greenhouse gas emissions, the conclusion is that CCS has to be further developed and demonstrated. A responsible strategy for a future development of CCS would
benefit from: i) a search for win-win strategies, ii) increasing use of appropriate analytical
tools such as life-cycle analysis, iii) a consideration of fossil fuel scarcity and increasing price
volatility, iv) funding of unbiased research and v) increasing simultaneous investments in
long-term solutions such as renewable energy alternatives and efficiency improvements.
Language: English
Keywords: Acceptance, cement, CCS, CO2 capture and storage, early opportunities,
enhanced oil recovery, expert opinions, hybrid power cycles, optimism, oxyfuel combustion,
pressurised fluidised bed combustion, pilot plant, potassium carbonate, risk, Sargas, scenario
studies, scientific uncertainty, stakeholder perceptions
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SAMMANFATTNING
Denna avhandling handlar om avskiljning och lagring av koldioxid (CCS) som för närvarande lyfts fram av forskare, industrier och regeringar med flera som en lämplig åtgärd för
att komma till bukt med klimatproblematiken trots fortsatt eldning av fossila bränslen. På
grund av teknikens komplexitet och tillhörande risker så är den i högsta grad kontroversiell.
Syftet med denna avhandling är att analysera hur tekniken kan fortsätta att utvecklas på ett
ansvarsfullt sätt. I den första delen av avhandlingen analyseras metoder för avskiljning av
koldioxid i industriella processer samt kraftverk. Motivet är att hitta möjligheter där avskiljning kan appliceras i ett tidigt skede, vilket anses vara viktigt på grund av klimatfrågans
akuta natur. Tre potentiella applikationer studeras: i) avskiljning av koldioxid från kalcineringsprocesser genom användning av den så kallade oxyfueltekniken, ii) avskiljning av koldioxid från trycksatt rökgas och iii) avskiljning av koldioxid från hybridkraftverk. Var och en
av teknikerna har fördelar som skulle kunna göra dem konkurrenskraftiga i jämförelse med
andra tekniker men det finns också nackdelar. Metoder för avskiljning av koldioxid från
trycksatt rökgas möjliggör kompakta anläggningar samt användningen av billigare och
mindre skadliga absorbenter men nackdelarna är att den inte lämpar sig för efterinstallation
och att den ännu inte stöds av någon stor aktör på marknaden. Den andra delen av
avhandlingen har en bredare ansats och är tvärvetenskaplig i sin karaktär med inspiration
från forskningsfältet Science and Technology Studies (STS). Syftet är att kritiskt analysera
olika aktörers uppfattningar om CCS med specifikt fokus på experter och andra drivande
aktörer bakom utvecklingen av CCS. Avhandlingen belyser komplexiteten och de vetenskapliga osäkerheterna bakom CCS samt den optimism som omgärdar tekniken och dess
anhängare. På grund av den osäkra framtida utvecklingen inom områdena klimatförändring,
fossilbränsleanvändning och växthusgasgenerering, så är slutsatsen att CCS bör fortsätta att
utvecklas och demonstreras. En ansvarsfull strategi bör bygga på: i) identifiering av vinnavinna-strategier, ii) utökad användning av relevanta analysmetoder såsom livscykelanalys,
iii) förväntningar om att framtiden kan innebära högre volatilitet på fossilbränslemarknader,
iv) finansiering av oberoende forskning samt v) en utökad och samtidig satsning på förnybar
energi och energieffektivisering.
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1 Introduction

1 INTRODUCTION
This introduction serves as a brief background to the subject of carbon dioxide capture and storage
(CCS), which is the overall topic of this thesis. It also contains the aim and scope of the thesis as well
as a thesis outline.

1.1 The disposal of CO2 in geological formations

Carbon dioxide (CO2) capture and storage (CCS) is an approach intended to mitigate the
climate change3 effects related to anthropogenic emissions of CO2, which is one of several
greenhouse gases (GHG).4 Although extensive research and development work (R&D) is
being done in order to deploy CCS as soon as possible it is far from being commercial today.
In the future the intention is primarily to capture and store CO2 that has been produced by
combustion of fossil fuels in large stationary point sources such as power plants, steel and
cement manufacturing and other industries. The idea is, as illustrated below in Figure 1, to: i)
capture CO2 by means of different chemical and physical processes, ii) compress the CO2 and
transport it to a suitable storage site, either by ship or pipeline, and iii) inject the CO2 into a
suitable formation underground such as a saline aquifer, an abandoned oil and gas field or
directly in the ocean (IPCC, 2005). In doing so, the CO2 is kept away from the atmosphere
where it would otherwise trap heat and thereby affect the climate system.
The concept was introduced by Marchetti already in 1977 as a solution to the CO2 problem.
Back then he called it geoengineering and proposed collecting CO2 from suitable sources
around Europe to dispose of it in the deep ocean outside Gibraltar (Marchetti, 1977). It took
almost two decades before Marchetti‘s proposed technology was first tested and deployed,
although using another CO2 storage option, and yet another decade before it was seriously
considered on a large scale. Today, for example, the European Union (EU) sees it as a vital
technology not only in combating climate change but also as a technology that will contribute to the energy security of the Union by enabling a continued use of fossil fuels with lower
environmental impact. It is also seen as a potential contributor to the competitiveness of the
Union, which is a vital part of the Lisbon Strategy and the overall political ambitions in the
I will use the term ―climate change‖ instead of the commonly used ―global warming‖, since the
previous expression also conveys that factors other than temperature such as wind and precipitation
may be affected by emissions of greenhouse gases.
4 While anthropogenic climate change is a combination of many factors including for example the
release of particles, aerosols, land use change and emissions of several types of greenhouse gases, this
thesis focuses mainly on industrial emissions of CO2.
3
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Union, if CCS can be developed by European industries and then become an export success
(EU, 2009).
Off-shore gas- &
oilproduction with CO2
storage in geological
formations
Power production with CO2 capture
and compression

CO2 is transport by ship or
pipeline to oil/gas producing
platforms. CO2 can also be led
directly into the ocean.

Coal mining & tranportation
CO2 transport by pipeline

Enhanced Oil
Recovery (EOR)
using CO2

CO2 is pumped into
deep geological
formations
Aquifers

Lagring av koldioxid
direkt i havet eller i
akvifärer samt gasoch oljekällor under
havsbotten

Oil wells

Figure 1 – Illustration of carbon dioxide capture and storage (CCS)

CCS has rapidly emerged as a feasible mitigation option from having been largely unknown
even as late as in the 1990s. The development has been very interesting for me to follow.
During these years of working with the thesis I have for example witnessed the construction
of pilot plants, the birth of new scientific journals on the subject, the development of regulatory frameworks as well as legislative amendments. I think that CCS has a theoretical and
unquestionable climate change mitigation potential despite many uncertainties. One of CCS‘
qualities in that respect is the possibility for CCS to draw CO2 out of the atmosphere and
thereby reduce concentrations, either by capturing CO2 when burning biomass, a concept
called bio-energy with carbon storage (BECS), or by capturing CO2 directly from the air and
then burying it in geological formations.5 Such a strategy could become essential for the future well-being of society if anthropogenic climate change continues to bring surprising,
dangerous and irreversible consequences. CCS would thereby enable society to go for very
ambitious stabilization goals if it proves necessary. However, CCS has also become an excuse
for a continued use of coal, which is problematic since coal is destructive in many ways and
not only towards the climate (Greenpeace, 2008a). It is also in a sense ironic since coal and
other fossil fuels created the climate change problem in the first place and now the burning
of even more coal is supposed to prevent climate change (Hansson, 2008; WWF, 2009).
Furthermore, contrary to the high theoretical potential for mitigating climate change and the
high hopes, as e.g. illustrated above with the EU example, there are many technical and societal difficulties that have to be solved before CCS can become a reality. For example, capturing CO2 from power plants and industries, in the large quantities needed, is foreseen to be
technically challenging and CO2 capture is projected to become the most costly part of the
whole CCS system. Therefore it is crucial to develop efficient ways of capturing CO2. This is
one of many challenges and topics that, in combination with discussions on the traits and
flaws of CCS on a more general level, make up the content of this thesis.

1.2 Aim and scope of the thesis
The overall aim of the thesis is to, by taking the complexity of CCS into consideration, analyse how the technology may be developed further in a responsible manner. This has been
done in two parts:

For readers who wants to know more about BECS and air capture I recommend reading Obersteiner
et al. (2001) and Keith et al. (2005).
5
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First, different methods for capturing CO2 from industrial processes as well as power plants
have been analysed by using an engineering approach6. Four separate studies have been
conducted, for example, an evaluation of a pilot plant for CO2 capture from pressurised flue
gas that was performed in collaboration with industrial partners. The studies have resulted
in papers I through IV that are described and summarised in chapter 4. Guiding research
questions have been:
How may CO2 be captured from calcining processes and is there an advantage compared to capturing CO2 from power plants?
What are the benefits and drawbacks of capturing CO2 from pressurised flue gas?
What are the benefits and drawbacks of applying CCS to hybrid dual-fuel combined
cycles?7
Secondly, CCS has been evaluated with a broader scope and in collaboration with researchers from the social sciences. Inspiration has come from, for example, the research field called
Science and Technology Studies (STS), which steered me towards studying CCS through
interviews, questionnaires and literature studies. The outcome is papers V through VIII.
They are summarised in chapter 5. The common aim of the papers has been to critically
analyse the politics, science and stakeholders perceptions regarding CCS, with specific focus
on claims of CCS experts. The guiding research questions have all been broad and of a
qualitative nature. Examples are:
How is CCS promoted?
How is CCS‘ future potential scientifically assessed?
What is CCS‘ future role/function in the energy system?
Are there any scientific uncertainties or controversies regarding CCS?
Which are the biggest obstacles for realizing CCS?
Can CCS be deployed in a responsible manner?
Paper VIII is somewhat different from papers V through VII. It came about after my involvement in a project called STRACO2 – Support to Regulatory Activities for Carbon Capture and Storage. It was financed by the European Union‘s Seventh Framework Programme.
I was Work Package (WP) leader for a WP within the project that dealt with CCS as
industrial policy in the EU as well as with environmental impact assessment policies. The
aim of the paper was to, among other things, critically analyse discrepancies regarding how
obstacles and barriers to deploy demonstration plants are perceived.
Although the scope is broad in this thesis, I have intentionally left out certain issues. One
such example is the issue of incentive schemes such as CO2 taxation and emissions trading. I
have felt that a discussion about incentives is more relevant once CCS has been demonstrated. Today, the most pressing issues for CCS, which I focus on, are of a more fundamental character.

1.3 Thesis outline
After this introduction, which contains only a brief overview of CCS and the aim and scope
of the thesis, chapter 2 gives an extended background. It is a suitable chapter for the reader

By engineering, in this context, I mean using scientific principles and mathematics in order to design
and evaluate CO2 capture processes both technically and economically.
7 In this particular case the hybrid power cycle investigated consists of a coal-fired pressurised
fluidised bed combustion (PFBC) bottoming cycle and a gas turbine (GT) topping cycle.
6
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who is not familiar with the technology and wants to have a glimpse of the development of
CCS and the opportunities and uncertainties ahead.
Chapter 3 contains reflections on the underlying theories and fields of research that this
thesis builds on as well as the methodological choices made.
Chapters 4 and 5 summarise papers I through VIII, which are appended at the end of this
thesis.
Chapter 6 is a concluding discussion that includes prerequisites for a responsible implementation of CCS as well as recommendations for future work.
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2 Background

2 BACKGROUND
This chapter gives an extended background to the subject of CCS in addition to the one in the Introduction. The topics of climate change and energy security including their relationships to the proposed
mitigation technology CCS are in focus.

2.1 The climate change threat as motive for CCS deployment
Today climate change is seen not only as a serious environmental problem, but is often also
depicted as the overall most threatening problem facing humanity (Speth, 2008, p. 21). It is
one of several driving forces behind the development of CCS. A reason may be CCS‘ potential to reduce emissions effectively by being applicable to the largest point sources of CO2. A
single coal-fired power plant may, for example, emit 10 million tonnes annually and applying CCS to such plants may therefore, in one stroke, prevent large quantities of CO2 from
reaching the atmosphere without having to shut the entire power plant down.
In one respect CCS is very different from the other major mitigation options, because without
anthropogenic climate change CCS would be pointless and a major waste of resources. Thus,
without climate change there would, for example, be no reason for me to study CCS. On the
contrary, renewable energy and efficiency improvements must be studied and pursued regardless of climate change as fossil fuels dwindle and energy prices soar. This has made it
important for me to study and continuously keep track of the developments within climate
science, including the controversies, debates and claims of the climate sceptics and deniers.
Although many questions remain unanswered when it comes to the complex issues of, for
example, the global carbon cycle, the impact of CO2 in the atmosphere, feedbacks in the climate system, a founding assumption in this thesis is that CO2 emissions must be reduced
drastically. As Schneider and Kuntz-Duriseti (2002, p. 55) point out, the uncertainties related
to climate change, and global environmental change in general, are daunting. Because of the
complexity it will be virtually impossible for science to overcome uncertainty. Even if it
could be done, chances are it would take too much time. Therefore, instead of waiting for
science to provide answers, policy makers need to integrate the uncertainty into policy and
decision making (Schneider and Kuntz-Duriseti, 2002). Mitigating climate change may, for
example, be seen as an insurance policy against the possibly dramatic and dangerous effects
of climate change. The cost of the insurance has been shown to be low, especially when
measured in loss of Gross Domestic Product (GDP), and therefore it is likely that a future
climate regime, including drastic CO2 emission reductions, will be politically and socially
acceptable (Azar and Schneider, 2002).
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It seems that the above idea of acting on anthropogenic climate change, despite the many
uncertainties, is becoming increasingly politically accepted. Several governments, large parts
of the scientific community as well as non-governmental organisations, now hope that this
―insurance policy‖ will come to life in a new global climate treaty intended to replace the
Kyoto Protocol that will be decided on at the 15th conference of the parties to the Kyoto Protocol (COP-15) in Copenhagen in December of 2009. Although it is not certain whether it will
be possible to come to total agreement because of the many controversial issues, among them
the burden sharing between developing and industrialised countries, the new Obama administration in the United States (US) is one of the factors that has improved the possibilities
for a positive outcome. New scientific findings that point towards drastic action when it
comes to atmospheric levels of CO2 is another factor. Hansen et al. (2008) have e.g. pointed
out that ―CO2 will need to be reduced from its current 385 parts per million (ppm) to at most
350 ppm‖ if humanity wishes the planet to remain similar to what life on Earth, including all
of civilisation, is adapted to.
The reports from the Intergovernmental Panel on Climate Change (IPCC) represent the consensual scientific knowledge on climate change. IPCC noted in its Fourth Assessment Report
(AR4) that eleven of the last twelve years were among the twelve warmest since 1850, which
is one of the most important observations that point towards anthropogenic climate change
(IPCC, 2007). The possible consequences of this global warming and changing climate system
on Earth‘s biosphere as well as humanity are multifold. In a recent paper there is an update
of the 5 ―reasons for concern‖ (in italics below) that were presented in IPCC‘s Third Assessment Report (TAR). The 15 climate experts behind the paper see that climate change-related
risks have increased since the TAR and AR4 (Smith et al., 2009). Based on the expertise and
judgement of the authors it is concluded that:
i.

ii.
iii.

iv.

v.

There is now stronger evidence that climate change will have an impact on unique and
threatened systems even at moderate global mean temperature increases, which means
an increasing risk of e.g. species extinction and coral reef damage.
Risks of extreme weather events have increased.
Evidence has increased regarding the distribution of impacts across the globe and it
points towards risks becoming more evenly distributed than previously thought,
even though lower latitudes generally face greater risk.
When it comes to the aggregate impact of climate change, the experts judge that it is
likely that the damages for larger magnitudes of increased global mean temperatures
(GMT) will increase and that the net costs of global warming impacts will increase
over time. This judgement is based on e.g. recent estimates of potential damages from
increased extreme weather events.
Last, but not least, experts see an increasing risk of large-scale discontinuities, e.g. when
it comes to sea level rise where new studies have shown that thermal expansion combined with the melting of the Greenland and Antarctic ice sheets may lead to a rise of
several meters on century time scales.
(Smith et al., 2009).

Solomon et al. (2009) have shown, regarding the effects on the ocean, that the thermal
expansion alone can lead to a sea level rise of 0.4-1.0 meters if CO2 concentrations this
century exceed 600 ppm. Melting glaciers and ice sheets will add to that, but the extent of
such contributions is more uncertain. A term that has become more frequently used in
climate science is ―tipping point‖. It is used to denote situations when change no longer
occurs linearly and smoothly as society often expects change to occur, but instead reaches a
-6-
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critical point and then occurs rapidly and unexpectedly (Lenton et al., 2008). The collapse of
the Arctic Sea ice is one such potential tipping element.
Irreversibilities may have significant impact on human well-being. For example, water
supplies in some of the most populated areas in Asia are threatened when Himalayan
glaciers melt (Kehrwald et al., 2008). Calcification processes in the ocean are negatively affected by higher temperatures and increasing acidity, which threaten coral reefs and subsequently biodiversity, ecosystems and livelihoods of millions of people currently depending
on them (Hughes et al., 2003). This effect adds to the negative impact humans already pose
by fishing (Speth, 2008, p. 34). While most mitigation and adaptation measures are only in a
formative stage, climate change has already begun to affect society. Climate change-forced
migration is an example that may have begun already and Bogardi and Warner (2009) call
for immediate action and concerted efforts to analyse and find strategies for handling risks of
climate change related mass migration. The inhabitants of the Maldives, for example, have
started to save money to buy land in response to the threat posed by higher sea levels. The
Maldives cannot wait for or count on a climate deal to save them as the rising sea level of the
Indian Ocean threatens to drown their whole archipelago (Bogardi & Warner, 2009).
It is not evident why CCS has to be developed in order to tackle climate change. There are
other already existing, more mature and often less expensive mitigation technologies as well.
However, because of the seriousness and urgency of the problem, proponents of CCS often
claim that all solutions are needed, and therefore CCS has to be pursued (Hansson and
Bryngelsson, 2009). CCS also has the potential to reduce concentrations of CO2 in the atmosphere, which may become necessary in order to avoid dangerous climate change. One of the
most common claims, however, is that fossil fuels will be used for decades to come, and CCS
is the only solution that can mitigate the effects from the combustion of fossil fuels. Today
such claims are difficult to overlook.

2.2 The increasing use of coal
When looking at trends when it comes to fossil fuel use it is likely, as stated in the previous
paragraph, that fossil fuels will be used for some time to come. Today fossil fuels supply
around 80% of global primary energy and consumption is continuously increasing. The underlying driving forces behind the trend are the exponential growth in global population and
economic activity. The trend is seen in particular in rapidly developing countries such as
India and China. However, the already developed countries have the largest historic responsibility, because the climate change problem humanity faces right now is not only related to
our current emissions, but stems from the fact that about 1100 billion tonnes of CO2 from
fossil fuels, which is about 40 times the current annual emissions, have been released to the
atmosphere since the mid-19th century. Large amounts were emitted during times of ignorance, when the scope and scale of the problem were not yet understood. However, even
more is currently being emitted despite the broad knowledge about the dangers of humanity‘s interference with the climate system.
Since 1970 CO2 emissions stemming from the combustion of fossil fuels have increased by 80
percent. In 2004 26.1 billion tonnes of fossil fuel-related CO2 were emitted to the atmosphere,
which makes up about 57 % of all GHG emissions (IPCC, 2007). The combustion of coal is the
main culprit. About 10 billion tonnes come from the largest source, which is coal-fired power
generation. Coal is the fastest growing fuel in the world for the sixth consecutive year and
the consumption is expected to increase in the coming decades leading to an unsustainable
growth in CO2 emissions of up to 1.6 % per year until 2030, unless new policies and incentives are introduced (BP, 2008; IEA, 2008a).
-7-
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In Figure 2 below the global increase in the use of coal illustrates the difficulty faced by the
global society. Not only is there a problem caused by historical emissions of greenhouse
gases, there are also increasing emissions and an accelerating use of coal that has taken off
after the year 2000. Also, while there are limited reserves of oil and gas, there seems to be
plenty of coal left in the ground. According to recent statistics coal reserves will last over a
century at current consumption rates (BP, 2008). As shown by Raupach et al. (2007), since
the year 2000 energy and carbon intensities have begun to increase after having decreased
for decades. This new trend has led to a CO2 emissions growth of 3 % per year between 2000
and 2004, which is higher than the most pessimistic and fossil fuel-intensive IPCC scenarios
(Raupach et al., 2007; IPCC, 2007). Between 1970 and 2000, lower carbon and energy intensities in the global economies were effectively counteracted by population and GDP growth,
resulting in a doubling of CO2 emissions. The climate change issue on the political agenda
today has to be seen and understood in this context of increasing emissions despite the much
needed emission reductions as well as a growing global population with an increasing hunger for energy in general and coal specifically. The often conflicting goals relate to energy
security, GDP growth, poverty reduction, environmental protection and emission reductions.
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Figure 2 - Total world coal consumption (BP, 2008)

It will be difficult to break current trends and stabilise the use of coal and subsequent emissions. It will be even more difficult to reverse the trend making it possible to reach the stabilisation goals that are discussed in the European Union and in conjunction with the United
Nations Framework Convention on Climate Change (UNFCCC) and alike. Whether it is the
goal of limiting global warming to 2°C above the 1900-level, as declared by the G8 leaders in
July of 2009, or the 350 ppm goal put forward by Hansen et al. (2008), the challenge is
daunting. And, while combating climate change without CCS would mean imposing substantial restrictions on using fossil fuels, which in turn would force a complete alteration of
the energy system and reversal of current trends, CCS is often seen as the realistic, politically
viable and perhaps ―easier‖ alternative.

-8-

2 Background

2.2.1 The lock-in dilemma
Even if the global community should decide to phase out fossil fuels, it could not be done
overnight. Society is in different respects locked into a fossil fuel dependency for some time
to come. The huge infrastructure built around fossil fuels is an important part of the lock-in,
and it would be both costly and time-consuming if it were to be replaced by a renewable one
in a very short period of time. Furthermore, the technical system is embedded in a ―social
context of public and private institutions‖ that reinforces the lock-in and blocks alternative
technologies from being deployed (Unruh, 2000; Hughes, 1983). Thus, CCS may be motivated as an interim solution while work is being done to break the carbon lock-in situation.
However, the dilemma is apparent. Investing in infrastructure intended for fossil fuels may
create an even deeper lock-in situation that may pose a huge problem the day fossil fuels run
scarce. This is acknowledged by the EU. In the CO2 storage directive it is stated that:
This technology should not serve as an incentive to increase the share of fossil fuel power
plants. Its development should not lead to a reduction of efforts to support energy saving
policies, renewable energies and other safe and sustainable low carbon technologies, both
in research and financial terms”
(EU, 2009).

2.3 Who promotes CCS and how is it done?
When Marchetti introduced the concept of CCS in the 70s, most parts of the technology already existed. CO2 capture was already at that time a known chemical process and it was
used in industry e.g. in conjunction with ammonia production. CO2 injection into geological
formations was also known since the early 1970s when CO2-enhanced oil recovery (EOR)
was first deployed in the United States. However, at that time neither the development of
CO2 capture nor storage technology was driven by climate change concerns. Today CCS has
gone from having been confined to foremost the scientific domains and also to a few niche
markets into becoming politics on the highest level and a highly interesting alternative for
industries and nations in order to tackle climate change. While some may go into CCS because of their concern for the well-being of the planet, other reasons may be that CCS is seen
as a strategy that makes business sense and enables growth.
Today, the power industry, which relies heavily on fossil fuels in most countries, is one of
the strongest forces behind CCS. The petroleum industry is another that, after having rejected the idea of anthropogenic climate change for a long time, has begun to work proactively with climate change (Kolk and Levy, 2001). In a database from Massachusetts Institute
of Technology (MIT) ongoing CCS projects are listed including their project leaders. It includes projects like: i) Schwarze Pumpe in Germany led by the Swedish utility Vattenfall, ii)
Lacq in France led by the French oil company Total, iii) Mongstad in Norway led by the
Norwegian oil company Statoil and iv) Meri Pori in Finland led by the Nordic utility Fortum
(MIT, 2009).
Many companies within those business sectors consider CCS as fundamental for their future
business. It is not strange considering that curbing climate change without the possibility of
using CCS would mean that much of their competence and technical skills would be worthless and that most of their infrastructure and assets would be left stranded. Vattenfall is one
such strong voice calling for CCS. The CEO of Vattenfall has said that ―a commercial breakthrough for this technology will make it possible to use fossil fuels‖, and that CCS is something they strive for (Vattenfall, 2009). In recent years they have invested heavily in German
and Polish lignite-fired power plants as well as in lignite reserves. In 2006 about 45 % of
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Vattenfall‘s electricity generation came from the coal-fired power plants in those countries
and the average CO2 emissions of the generation mix was about 450 g CO2/kWh, which resulted in 74 million tonnes of CO2 being emitted into the atmosphere (Vattenfall, 2008). This
risk exposure, comprising possible future emissions standards and GHG emission caps, has
led to CCS now being Vattenfall‘s largest research project. They have, among other things,
built a pilot plant for CO2 capture next to the Schwarze Pumpe power plant in Germany in
order to test the technology. The possibility of applying CCS to their power plants may become a key component for making the investments in Germany and Poland profitable in the
long term. However, as Hake et al. (2009) point out, regardless of CCS the future of coal in
Germany is still uncertain, partly because of the ambitious climate policies of the German
government and partly because of acceptance issues.
A few nations, especially those with large fossil fuel resources such as the United States, also
push for CCS since they see fossil fuels as a necessity for decades to come. Many of them
strive to take a leading position when it comes to CCS development. An important aspect of
that are the legal and regulatory frameworks being developed around the world, which will
remove an important barrier for going into CCS. The EU, for example, has established regulations for CCS through a CCS directive, which was approved by the Parliament in December of 2008 (EU, 2009). The CCS directive is part of a larger Climate Package in the EU, and it
also includes a proposal for CCS funding where the proceeds from the auctioning of emission reduction units (ERUs) from EU‘s emissions trading system are intended to be used to
finance the first large-scale CCS demonstration units. In Australia CCS is regulated since
2006. The United States and Japan are close behind.
The US, often called the Saudi Arabia of coal, has the largest coal reserves in the world. They
extracted 1100 million tonnes of coal in 2007 (BP, 2008). When combusted such an amount
releases about 3 billion tonnes of CO2 into the atmosphere or 10 percent of total global CO2
emissions. The coal is used to supply their coal-fired power plants, among other things,
which contribute about 46 percent of the nation‘s electric power (EIA, 2009). At the same
time the US State Department recently stated that the US is ―taking a leading role in addressing climate change‖ (US DoS, 2009). An important part of their climate strategy is CCS,
since there is no immediate plan to abandon the use of fossil fuels.
In Norway both the government and companies work hard to realise CCS. Statoil, among
others, continue to extract an increasing amount of fossil fuels despite awareness about climate change and Norway is currently among the top five exporting countries of both oil and
gas (IEA, 2008b). There are no plans to stop the extraction of oil and gas in the North Sea.
Rather, in order to increase the size of the reserves, while oil reserves in the North Sea are in
decline, Statoil recently decided to invest in something that Environmental Defence calls ―the
most destructive project on earth‖, namely Alberta‘s tar sands (Environmental Defence,
2008). Oil production from tar sands is not only greenhouse gas intensive, the concept is also
responsible for massive amounts of toxic waste and is therefore very destructive also for the
local environment in Alberta. At the same time the government of Norway has often seen the
country as a pioneer when it comes to working proactively with climate change and the environment. Prime minister Stoltenberg has, for example, declared that the ambition is for
Norway to become the first ―climate neutral‖ country and that it is to be achieved by 2030.
CCS is yet again an important part of that strategy, and prime minister Stoltenberg has called
Norway‘s quest for realising CCS and providing the world with a solution to global warming a ―Norwegian lunar landing‖ (VG, 2007). Since Norway holds some of the most promising storage options for CO2 in Europe, carbon dioxide is often claimed to be a future business
opportunity. The day oil and gas become scarce in the North Sea, Norway‘s oil and gas infra- 10 -
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structure as well as competence within petrochemistry, geology and exploration may prove
to be useful for CCS as well.
Governments of the promoting nations and multinational companies such as Vattenfall,
Statoil, BP, EON and Total come together in organisations such as the Carbon Sequestration
Leadership Forum (CSLF) and European Technology Platform for Zero Emission Fossil Fuel
Power Plants (ZEP) to promote CCS. Older existing forums such as the G8 have also been
used to push CCS. For example, a milestone in the development of CCS was the conclusions
from the G8 meeting in Gleneagles in 2005, which contained a statement about CCS that said:
―We will work to accelerate the development and commercialisation of Carbon Capture and
Storage technology‖ (G8, 2005).
2.3.1 The promotion of CCS exemplified
Public acceptance is seen as a critical component in the promotion of CCS. CCS-promoters
try to raise awareness and ―build‖ acceptance by, for example, creating communication
strategies that include public outreach and education programs. According to Logan et al.
(2007), however, most CCS-outreach programs to date include little public participation.
They are foremost intended to inform the public about the project. Furthermore, in a paper
by Reiner (2008), it is stated that: ―Given claims by government and industry that CCS can be
a major low-carbon energy source and that public acceptance is critical, the minimal allocation of resources to communications is striking‖. More focus on and funding for outreach
activities are called for in the future according to Logan et al. (2007) with an increasing level
of public empowerment and dialogue.
An effective way to promote CCS is, as stated above, to convincingly show that fossil fuels
will be used for a long time to come. If that is the case the world may have no option but to
use CCS. On top of that proponents often try to show that CCS will become a competitive
and cost-effective solution. This is done scientifically through the study of mitigation potentials. They are often expressed as fractions of the whole mitigation effort needed in order to
stabilize atmospheric CO2. This potential is often calculated by using energy and economic
computer models that come up with least-cost strategies or portfolios of mitigation options
to stabilise atmospheric CO2. The most important input for the models is an estimate of the
costs of the different mitigation alternatives. In IPCC‘s Special Report on CO2 capture and
Storage (SRCCS) from 2005, which contains a review of models and stabilisation scenarios,
the conclusion drawn is that: ―In most scenarios for stabilization of atmospheric greenhouse
gas concentrations between 450 and 750 ppmv CO2 and in a least-cost portfolio of mitigation
options, the economic potential of CCS would amount to 220-2,200 Gt CO2 cumulatively,
which would mean that CCS contributes with 15-55% to the cumulative mitigation effort
worldwide until 2100‖ (IPCC, 2005). However, the IPCC also acknowledges the limitations of
computer models when stating that: ―The actual use of CCS is likely to be lower than the
estimates of economic potential indicated by these energy and economic models. As noted
earlier, the results are typically based on an optimized least-cost analysis that does not adequately account for real-world barriers to technology development and deployment‖ (IPCC,
2005).
Pacala and Socolow (2004) have tried to show the potential of CCS and other mitigation options by creating a so-called stabilisation triangle, which consist of the difference between a
baseline (or ―business as usual‖ (BAU) scenario) and a stabilisation scenario. They divide the
triangle into equally large wedges that represent an emission reduction of 1 GtC in the year
2055, and present a set of options that have the potential to provide the seven stabilisation
wedges and thereby solve the problem. According to Pacala and Socolow CCS could provide
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a wedge, i.e. provide one seventh of the total mitigation effort, by e.g. being installed in 800
GW of baseload coal plants by 2054.
In Figure 3 below a stabilisation triangle is shown. However, it is only one of many possible
triangles. The inherent difficulty in predicting the future makes it possible to e.g. construct a
wide variety of baselines. An interesting thing to be noted is that the steeper the baseline, the
bigger the triangle, and the more difficult the challenge of curbing climate change. A tougher
challenge could be used to motivate drastic solutions. Therefore, for actors pushing for nuclear energy, CCS, geoengineering and other drastic measures to mitigate climate change,
there is a strong incentive to increase baseline emissions by e.g. exaggerating the likelihood
that humanity will burn all coal remaining. The contrary is true for other stakeholders that
push for efficiency improvements and renewable energy alternatives that according to them
are safer and have higher potentials and that will make it unattractive to use coal in the future. They may create baselines based on drastic reductions of energy demand and lower
emissions, a smaller and less challenging stabilization triangle with fewer wedges, thus a
reduction of the incentive to go for the most drastic and complex solutions like CCS
(Greenpeace, 2009).
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Figure 3 - A stabilisation triangle (based on Marland et al., 2009; IPCC, 2007)

Thus, the larger the triangle, the larger the mitigation efforts become, which in turn could
motivate the realisation of CCS.

2.4 Is CCS too good to be true?
We have seen that, in a context consisting of a baseline increasing at an alarming rate and the
need for drastically reduced emissions, carbon dioxide capture and storage (CCS) is often
portrayed as a future necessity. CCS may solve climate change while fossil fuels are still in
use, and it has thereby created something that would have been an oxymoron only a few
years ago, that is, a belief in the ―sustainable use of fossil fuels‖. By including CCS in the list
of possibilities for mitigating climate change8, the previous dilemma of solving climate
change while maintaining energy security and economic growth seems to have become a
Other mitigation options are often divided into four main categories: i) energy efficiency
improvement, ii) switching to low-carbon fuels, iii) replacement of fossil fuels with renewable and
nuclear energies, and iv) increasing the uptake of CO2 in the biosphere (often called sequestration).
8
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win-win situation (Jaccard, 2005). However, not everybody agrees. The technology is much
disputed. For stakeholders such as environmental non-governmental organisations (ENGOs)
CCS is seen as too risky, too costly, a solution that will not be realised in time to make a difference, and as a solution that stands in the way of the real long-term solutions (von Goerne
and Lundberg, 2008). Greenpeace is perhaps the most critical ENGO. In a report from 2008
they claim, among other things, that: i) CCS cannot deliver in time to avoid dangerous climate change, ii) it wastes energy, iii) it is risky, and iv) it is expensive (Greenpeace, 2008b).
World Wide Fund for Nature (WWF) are also among the sceptics and ―calls on governments
and industry to resolve key questions and concerns before giving the green light to that approach‖. In their position paper on CCS there are several suggestions that reflect their concern about CCS crowding out other mitigation strategies. A suggestion is to require all other
options to be assessed, including both renewable and conservation options, before considering new fossil fuel-powered stations (WWF, 2009).
The public does not seem to be impressed by the promises of CCS either. Local opposition
has often come up in conjunction with demonstrations or pilot tests of CO2 storage (Hansson,
2008). Opposition has also been identified in surveys. In a study by Reiner et al. (2006) respondents in the United States, United Kingdom, Sweden and Japan were asked: ―If you
were responsible for designing a plan to address global warming, which of the following
technologies would you use?‖ CCS was ranked as the least wanted option together with
nuclear energy. Most support was given to solar energy and efficiency improvements. However, the study also revealed a striking level of uncertainty, which may come from the fact
that most people do not know what CCS is. While industries as well as governments and
NGO‘s have worked with CCS for many years, people in general hardly know CCS at all,
which is problematic if it is to be deployed within a decade or two. Another example from a
recent study by Ha-Duong et al. (2009) revealed that about 30 % of French residents stated
that they had heard about CCS, but when asked to describe it a mere 6 % were able to do so
in satisfying way. There is little reason to believe that the level of awareness is much greater
elsewhere in the world.

2.5 Optimism despite uncertainty and a closing window of opportunity
Today CCS exists only in fragments compared to what is envisaged in scenarios and by proponents (IPCC, 2005). Still there is optimism. Much of the hope and optimism is nourished
by theory, speculation and results from modelling that show massive deployment of CCS.
However, forecasting and scenario construction in general have very poor reliability, and
attempts to improve models and forecasting have failed repeatedly. Smil (2003) has, for example, recommended that all detailed and quantitative forecasts should be abandoned because of this poor track record. Therefore, the future of CCS is highly uncertain and the blind
optimism unwarranted. CCS has everything left to prove. Optimism might, on the other
hand, be needed in the early development of any new technology in order to spur optimism
in the community. It may also lead to faster technological development and encourages policy makers to speed up the construction of legal and regulatory frameworks as well as incentive schemes to spur investment.
When looking at the number and types of CCS systems that are installed in the world today,
first of all they are very few, secondly most are associated with natural gas-producing facilities where the extracted gas streams contain natural CO2, which makes the gas impossible to
sell on the market. The CO2 is therefore separated from the natural gas, and, instead of releasing it into the atmosphere, it is compressed, liquefied and injected underground. This is
taking place, for example, in the North Sea outside Norway in conjunction with natural gas
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production at the Sleipner field. Almost one million tonnes of CO2 are stripped from the
produced natural gas each year and injected into a sand layer called the Utsira formation
beneath the sea floor (Torp and Gale, 2004). This was the first commercial application of CCS
where CO2 is injected into an aquifer. A similar project is taking place in In Salah, Algeria. In
total only a few million tonnes per year are being stored worldwide, which is very insignificant in comparison with the billions of tonnes that would be required for CCS to play a
meaningful role as a mitigation option.
CO2 capture is a well established industrial practice, which is used in, for example, ammonia
production. The Benfield process utilises potassium carbonate (K2CO3) to absorb CO2 in
hundreds of installations worldwide. However, the technologies used are neither intended
nor optimised for CO2 capture from power plant flue gas that contains fairly low concentrations of CO2 and other types of pollutants, which tend to complicate the removal.
Injection of CO2 has been practiced in the USA since the early 70s, not because of climate
concern, but primarily because of its ability to boost oil production in so-called EOR, which
is discussed further in chapter 4. Today the Weyburn project located in Saskatchewan, Canada, utilises this technique. The CO2 originates from the Great Plains Synfuels plant in North
Dakota. Since the year 2000 when CO2 injection operations began about 18 million tonnes of
CO2 have been injected, up until September of 2008, and 11 million tonnes remain stored
(White and Johnson, 2009). Even though projects such as this are valuable for gaining experience of CO2 storage, much work remains in order to find solutions and strategies that minimise the risks of leakage, including suitable remediation strategies if leakage were to occur.
Proponents of CCS are currently pushing demonstrations of different types of CCS, which
are needed in order to gain experience and learn more about CCS before a global rollout of
the technology is initiated (Gibbins and Chalmers, 2008). The realisation of these demonstration plants has, however, been problematic. Today no large scale coal-fired power plant is
equipped with CCS. Many projects have over the years been put on hold or cancelled. If it is
so hard to realise a single plant, it is even more difficult to imagine thousands of plants in a
decade or two.
The fate of CCS will probably be decided during the coming decade. On the one hand, considering the strong forces that promote CCS today, including the most powerful nations and
industries, it is reasonable to think that CCS, in one form or another will become a reality in
many countries in a decade or two. On the other hand, as de Coninck et al. (2009) write there
is currently a huge gap between the promises within science and the political discourse and
the technological learning that has to occur before CCS can become a competitive mitigation
option. Therefore, in order to stand a chance of ever being able to contribute with meaningful
emissions reductions, the technology has to be tested and within a few years. Demonstration
is vital in order to see if CCS lives up to the promises. After that a global roll-out of the technology would mean that massive amounts of infrastructure and CCS facilities would have to
be built, especially if it is to keep up with the intentions of the CCS proponents, i.e. to store
billions of tonnes of CO2 within short.
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3 THEORETICAL AND METHODOLOGICAL CONSIDERATIONS
The research methodologies used in this thesis range from engineering approaches such as engineering
thermodynamics, when evaluating different CO2 capture processes, to interviews, questionnaires and
literature studies with inspiration from research fields such as Science, Technology and Society (STS).
The latter have been parts of an attempt to stand back and take a look at the bigger picture including
many of the societal aspects of CCS development: the underlying science, the technological development as well as the current awareness of CCS, the debate and arguments of different stakeholders.

3.1 Research journey and motives for a multidisciplinary approach
The attractiveness of CCS as a climate change mitigation option may be assessed in many
ways. The engineering approach that often includes different forms of mathematical modelling, investment analyses, cost-benefit analyses and risk assessments are very common.
Other approaches based on interviews, surveys and stakeholder participation that draw on
expertise from e.g. the social sciences and legal expertise gain an increasing amount of attention. In this thesis, which is multidisciplinary in its form, several methods have been used
and this chapter outlines the motives for using them. While many engineering approaches
are suitable when looking at the technical aspects of CCS, there are severe limitations when it
comes to assessments of CCS as a whole, when environmental consideration has to balance
social and economic considerations as well. Also, since an engineering approach is often
quantitative in its nature, it will always be confined to answering questions that are quantifiable, and therefore unsuitable for evaluating e.g. the overall attractiveness of CCS as a climate change mitigation option, which is a question that does not have a straightforward
answer. Although calculations often serve specific purposes, Yankelovich (1972) has put the
practice of counting into perspective:
The first step is to measure what can be easily measured. This is okay as far as it goes. The
second step is to disregard that which cannot be measured, or give it an arbitrary quantitative value. This is artificial and misleading. The third step is to presume that what cannot be measured really is not very important. This is blindness. The fourth step is to say
that what cannot be measured does not really exist. This is suicide.
From the outset of my research journey, which takes us back to the year 2003, the main aim
of the doctoral studies was to investigate technical possibilities as well as the technical and
economical attractiveness of different CO2 capture schemes applied to different industries
and different types of fuels and flue gases. Studies were therefore initiated and planned with
the common aim of identifying and evaluateing, technically as well as economically, poten-
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tial early opportunities for CO2 capture. This focus was considered suitable since the division
I work at is a part of the Department of Chemical Engineering at KTH and since I myself am
a mechanical engineer. However, I soon realised the limitations of this approach. Engineering and calculations can never alone explain why some technologies become successful while
others fail. Therefore my initial focus on engineering has been forced to stand back for a perhaps more important one, which is to attempt or at least approach assessing CCS as a whole.
A motivation for this broadening of the scope has been to take advantage of my participation
in a multidisciplinary research school, the Energy Systems Programme. For example, the
research school put me in contact with researchers from different disciplines and together we
formulated, in my view, interesting research questions that would have been hard for me to
formulate by myself at my own department. The multidisciplinary collaboration gave me
insight into a whole new set of theories, fields of research and methodologies, which made it
possible for me to see CCS in new ways, different from those that dominates my own discipline. Furthermore, it has created an awareness of limitations and flaws of the methodologies
traditionally used in energy engineering. The field of research that has inspired me the most
is Science and Technology Studies (STS), which is discussed below.
As stated in the introduction, the thesis consists of two separate parts that are very different
from each other. However, while working with the papers and the thesis it has become evident for me that the broad and multidisciplinary approach used have led to both parts gaining and improving from each other. Personally, I have also gained much from this experience. For example, as an engineer it may sometimes be tempting to draw far-reaching conclusions based on calculations, exaggerate the importance of technical performance, or perhaps mistake computer models for reality. Such a risk decreases with insight into the literature of STS, which, for example, brings up historical examples to learn from. I think, failing
to learn from history brings what Smil calls ―excessive confidence in the potential of particular technical fixes that are seen to hold (often near-magical) solutions to our problems
and whose early commercialization is forecast to bring prosperous futures‖ (Smil, 2003, p.
123). Conversely, when studying the societal aspects of CCS, for example stakeholder opinions or acceptance, it has been valuable to have technical expertise since CCS after all is a
technical system. Such expertise has made it easier when, for example, interviewing experts
and critically analysing claims of facts and assumptions of experts. From a practical and
methodological point of view, and as Hansson (2008, p. 173) also points out, I think it has
been valuable to know the technical jargon when conducting interviews. It has been shown
to be crucial in order to gain trust of expert respondents or even obtain access to interviews
with experts (Undheim, 2003).
The drawbacks of the multidisciplinary approach used in this thesis are perhaps a lack of
detail as compared to what is found in theses confined to a single discipline. Thus, I have
opted for breadth over depth. The varied studies and the many topics brought up have also
made it hard to find common denominators and come to clear and concise conclusions,
which may make it hard for the reader to follow the thread. I can only hope that the positive
aspects outweigh the negative.
In the following sections I will go through the methodologies used in papers I through VIII
as well as underlying theories and fields of research where I have found inspiration.
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3.2 The engineering approach to CCS – theories and methods
The underlying theories behind papers I through IV are thermodynamics and also basic
chemistry and economics applied to CCS. I will not explain these theories here but refer instead to e.g. Göttlicher (2004) and IPCC (2005). Instead I go directly into the approaches used
for papers I through IV.
Two of the papers are so-called feasibility studies, where the first of the two (paper I) deals
with the technological and economical feasibility of capturing CO2 from flue gas stemming
from calcination processes. In that particular study we introduce a new parameter, the oxygen efficiency, that uses simple stochiometrics and mathematics to help show where to best
implement the oxyfuel technology. Today, the oxyfuel technology is mainly discussed in
relation to power production. It is shown, however, that the relative attractiveness of the
oxyfuel technology may increase when expanding the scope to include also cement production and other calcination processes. This point is amplified by the fact that cement industry
is responsible for about 5 % of total CO2 emissions.
The other feasibility study (paper II), that perhaps best exemplifies the difficulties and limitations of quantitative methods, deals with the capturing of CO2 from gas-fired power plants
and the subsequent use of CO2 for EOR. By ―difficulties and limitations of quantitative
methods‖ I mean the difficulty of drawing conclusion about CCS solely based on quantitative technical and economical calculations, which is a topic discussed in chapter 4. The main
method used is an investment analysis based on evaluations of the levelised cost of electricity as well as mitigation cost of different options. In the paper, a range of assumptions are
made, and several economical parameters are taken into account before the conclusion is
drawn that a natural gas-fired Sargas power plant including EOR may be economically feasible in Norway and may also be better than the competing combined cycle.
Paper III is a description of the equipment used and the test results from the CO2 capture
pilot test conducted at Fortum´s coal fired combined heat and power plant (CHP) in
Stockholm during 2007 and 2008. The pilot test was conducted in order to: i) demonstrate
high-grade CO2 capture, ii) demonstrate adequate pre-treatment of the flue gas, iii) gather
process experience and data to support final design and scale-up of the Sargas flue-gas
cleaning. While the actual experiments were performed by our industry partner Sargas, who
owns the technology, KTH was responsible for interpreting the results as well as relating
them to previous research. The most important results of this pilot test were that sufficient
pre-treatment was verified, the CO2 capture efficiency was high, no harmful components
were fed to the gas turbine and absorbent degradation was low. Overall, the pilot tests may
be described as a proof of concept, which is considered a crucial step before building largescale demonstrations and subsequent commercialisation.
Paper IV is based on a model of a power plant including CO2 capture that was built and
simulated in Gatecycle, which is a computerised tool used to evaluate the performance of
various power cycles and boilers (Enter Software, 2001). In this case, the tool was used to
calculate the efficiency of two types of pressurised dual-fuel hybrid combined cycles with
CO2 capture and storage, and to compare them to conventional plants where the different
fuels, coal and gas, are used in separate plants. A hybridisation advantage efficiency-wise is
identified. However, such an advantage means little if it is not reflected in economical
figures as well. Since Gatecycle is not capable of assessing the economy of the proposed
cycles, together with the fact that it has been virtually impossible to estimate investment and
operation costs lately due to price volatility, the economy is discussed in qualitative terms
only.
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3.3 Inspiration from STS, the systems approach and economics
As I have mentioned earlier, while many types of engineering approaches are crucial if CCS
is ever to become a technically functioning and economically sound abatement option, they
tend to reduce CCS to a mere technical and quantifiable problem and something that may be
understood by piecewise studies of the parts of the system. Also, engineering often incorporates a very simplistic form of economy where e.g. stand-alone costs are assessed and linear
developments into the future are assumed. In contrast to such a reductionist and mechanical
view of a technical system there are approaches that also take the wider socio-political contexts into consideration and that expand the notion of economy to also include ecology and
the notion of economic risk. Therefore, in the last four papers of the thesis, papers V-VIII, I
have tried to expand the system boundary of my thesis by looking into the societal and
political aspects of CCS. Inspiration has foremost come from the field of STS, systems theory
and economics (foremost ecological economics).
3.3.1 Inspiration from the social sciences
An implication of this expansion of the system boundary is an increasing ‗complexity‘, which
is used here to denote ―systems or situations for which there are inherently multiple legitimate descriptions‖ (Kasemir et al., 2003). I argue that CCS is a complex system that cannot be
explained or understood on the basis of a single description. Therefore I have found it interesting to critically analyse the central actors and documents surrounding the development of
CCS.
After having read Anshelm‘s study (2000), which mainly concerns the debate on nuclear
power in Sweden, I see it as evident that scientific claims as well as perceptions about technology change over time. This is a common topic in STS literature. For example, during the
1950s the utopian vision of nuclear electricity that was ―too cheap to be metered‖ dominated
the discourse and motivated huge investments in the technology. It was coupled to an
overwhelming optimism as well as a general vision of a society in abundance that had
nuclear technology as its main facilitator. An indication of this optimism was e.g. the belief in
the technical potential of radioactive isotopes and by-products from nuclear energy that were
thought to be of potential use for a wide variety of purposes. Anshelm‘s illustrative example
about a research manager who, in the beginning of the 1950s, started questioning how
society could ever produce enough fissile material to cover society‘s needs seems almost
amusing today. However, as the 1960s came to an end, the utopian era was long gone, and
instead there was massive critique against nuclear power. Not least against the proliferation,
nuclear waste and accident risks. Visions of a totally different ―low-energy society‖ also
appeared where, for example, decentralisation was preferred to centralisation, and public
participation in decision making was proposed in contrast to the previous reliance on
experts. Since that time the debate on nuclear power has changed yet again, perhaps
essentially because of global warming, which has added yet another aspect and trade-off for
people to take into consideration when thinking about energy futures (Bickerstaff et al.,
2008). Bickerstaff et al. introduce the concept of ―reluctant acceptance‖ pointing at the fact
that acceptance of nuclear power often increases when it is aligned with climate change, and
when coming to the conclusion that nuclear power is the lesser of the two evils. In that
respect, there is a clear parallel between CCS and nuclear power. Both are claimed to be
necessary in order to avoid climate change by different proponents. A frustration is created
by the belief that there is no way of avoiding continued dependence on either CCS or nuclear
energy, which in turn creates a reluctant acceptance. Another parallel between the two
technologies is the optimism. Although some criticism have surfaced regarding CCS
recently, much of the optimism that characterized nuclear power in the 1950s is to be found
in the current debate on CCS. Whether or not CCS will experience the same backlash as
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nuclear energy did in the 1970s remains to be seen. Alvin M. Weinberg, who is known to
many as the father of the light-water reactor and a promoter of nuclear energy, has written
the following on CCS together with colleagues Daniel Spreng and Gregg Marland:
The enthusiasm with which it [CCS] is received resembles the optimism that accompanied
the introduction of nuclear power for commercial power generation. And it bears some
technological resemblance to nuclear power, the generation of a waste that needs to be
managed for a very long time.
(Spreng et al., 2007)
Another source of inspiration from the STS area is Latour (1987) and his approach of studying science ―in the making‖, which according to him is important in order to understand and
deconstruct scientific discoveries as well as scientific facts and statements. His first rule of
method is to ―enter facts and machines while they are in the making‖ and, among other
things, watch the closure of ―black boxes‖. He uses the term ―black box‖ to denote a complex
process that, instead of repeating the complex process over and over again, is made to run
automatically and when provided with an ‗input‘ gives an ‗output‘. In our research on CCS
we have stumbled upon many of these ―black boxes‖ regarding CCS and have attempted to
deconstruct them (see papers V, VI and VII). One example is to be found in paper VII where
we take a closer look at scenarios, which are fundamental for the often claimed enormous
mitigation potential of CCS, and critically analyse assumptions and uncertainties related to
modelling and scenario construction.
Relativism is another area where I have found inspiration from Latour, among others. By
relativism I simply mean that nothing seems absolute when it comes to claims and facts
stemming from science, especially for the complex systems and processes involved in CCS.
Latour uses the two faced Janus to illustrate relativism and the two opposite forms of science, one where nature is absolute and the ―referee‖ that settles scientific controversies, as
opposed to the other side where nature is the consequence of the settlements (Latour, 1987,
p. 99).
Hughes (1983) has also been an important background figure in our research. Several of the
terms that he has employed to, among other things, describe the evolution of the electrical
system in the United States around the turn of the century have been useful also in our research on CCS. Technological momentum is but one example. CCS today is currently gaining
momentum as more powerful actors are lining up to endorse it, and as activities such as research and higher education focus more and more on CCS (see also Unruh, 2000). Another
term that has come to use in paper V is ―reverse salients‖, which are parts of the system that
hold back any further expansions. For example, climate change is a potential reverse salient
for fossil fuels. However, the possibility of using CCS may help fossil fuels overcome the
otherwise critical problem, which enables further expansion.
Funtowicz and Ravetz (1993) have been a source of inspiration when it comes to the importance of public participation in science. In their dichotomy between normal science and postnormal science, post-normal science is science where ―facts are uncertain, values in dispute,
stakes high and decisions urgent‖. Under such circumstances they see it as important that a
dialogue between a broad range of stakeholders takes place; scientific expertise together with
those having local and environmental concerns sit together at a table to find creative solutions. Otherwise, there is a risk they all lose out on account of ―crude commercial pressures,
inept bureaucratic regulations, or counterproductive protests‖ (Funtowicz and Ravetz, 1993).
As Frame and Brown (2008) put it:
- 19 -

Opportunities and uncertainties in the early stages of development of CO2 capture and storage

The exponents of post-normal science show why stakeholder engagement in sustainability
(and other scientific) issues is critical for the legitimacy and quality of decisions and the
admission of complexity in decision-making and accountability processes.
3.3.2 Inspiration from the systems approach
I mentioned relativism in the previous section and for me it is closely related to the ―systems
approach‖ as proposed by Churchman. According to him the systems approach begins when
―first you see the world through the eyes of another‖ (Churchman, 1967). In paper V, which
was the first paper by Hansson and me, as we set out to interview the CCS stakeholders
Churchman‘s motto was our motto. Early on we understood that there is no single clear-cut
description or function of CCS. Rather, depending on stakeholders‘ values and world views,
CCS may be interpreted in different and sometimes totally contradictory ways.
Churchman (1967) has also explained that when solving problems using a systems approach,
it becomes evident that problems are connected and intertwined, which brings complexity.
Therefore, when looking at CCS it has been important for me not only to look at CCS as an
option to curb climate change, but also to take into account its effect on the energy security
problem and the carbon lock-in problem (Unruh, 2000), among other things. CCS may be
looked upon as a technical problem only but by seeing the interactions between the many
components of the system it grows into a more complex socio-technical problem. von Foerster (1984) has written the following, which I agree with: ―The hard sciences are successful
because they deal with the soft problems; the soft sciences are struggling because they deal
with the hard problems‖. CCS is a hard problem.
A very concrete problem that I have come across when it comes to systems is setting the
system boundary. Depending on system boundaries the results may differ. An energy and
CO2-related example comes from from Grönkvist and Sjödin (2003). For example, depending
on where the system boundary is set when evaluating CCS with EOR, results change substantially. This is discussed further in chapter 5.
Last but not least, when performing systems research, it is of vital importance to consider
borrowing methods and theories from other fields of research. An example discussed below
is the borrowing of tools from finance in order to analyse the costs and risks of energy and
electricity generating portfolios employed in tackling climate change (Bazilian and Roques,
2008).
3.3.3 Inspiration from economics
Even though I have only practiced something that you might call engineering economics
myself, which has consisted of e.g. an investment analysis for a power plant, I have also
come across a multitude of ways of economic reasoning regarding CCS when reviewing
literature and interviewing experts. With time this has made me realise that there are severe
limitations when it comes to applying economics to CCS specifically and to sustainability
sciences in general. The first limitation I come to think of has to do with neoclassical assumptions that are often used. In our studying of scenarios in paper VII, for example, it became evident early on that the so-called least-cost models that are often used in scenario
making and where the models always choose the least expensive energy alternative make
use of the neoclassical belief in rational preferences. First of all it seems obvious that society
does not choose energy futures solely based on costs. Furthermore, for energy use and coal
in particular the private cost is only a small share of the total social cost (Sovacool and Watts,
2009).
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Another clash between the economic sphere and the environment is exemplified by discounting, which is also a common practice in the above-mentioned models and calculations.
There is no correct discount rate and therefore the choice is a mere reflection of values and
world views. Recently the issue was lifted by Solmon et al. (2009) in conjunction with discussions on irreversible climate change, e.g. sea level rise: ―Discount rates used in some estimates of economic trade-offs assume that more efficient climate mitigation can occur in a
future richer world, but neglect the irreversibility shown here.‖ In other words, because of
the irreversibilities and threshold effects of climate change it is impossible to know the value
of mitigating 1 kg of CO2 today compared to mitigating the same amount next year, especially if that kg has been responsible for pushing the system beyond a tipping point.
Kenneth Boulding has been an inspiration on ecological economics, especially for raising
awareness of the limitation of thinking in linear terms when it comes to growth. One text in
particular is Boulding‘s ―The Economics of the Coming Spaceship Earth‖ from 1966 (Boulding, 1966). Boulding allegorically describes how we may be forced to go from a ―cowboy
economy‖ where there is possibility for ―reckless, exploitative, romantic and violent behaviour‖ to a ―spaceman economy‖ where the earth may be seen as a single spaceship ―without
unlimited reservoirs of anything, either for extraction or for pollution, and in which, therefore, man must find his place in a cyclical ecological system‖. With those ideas Boulding was
one of the first to raise the issue of the limits to growth. For CCS the spaceman economy may
become a reality if or when earth runs out of suitable storage sites for CO2 or when the world
runs out of coal. The important lesson for my part has been that when thinking about economy one should always think of it as a sub-system of the environmental and societal systems
as depicted in Figure 4. Daly (1997) puts it well when stating that the environment is not a
minor factor of production but rather is ―an envelope containing, provisioning, and
sustaining the entire economy‖. See also Hawken et al. (1999, p. 9).
Environment

Society

Economy

Figure 4 - The economy as a subsystem of the environment

After having gone through inspirational thoughts on a general level, the following is a concrete example of a tool that may help overcome some of the difficulties of using economics in
the environmental sphere and for CCS specifically. Assessing the economy of an integrated
CCS system usually begins with separate estimates of the costs of capture, transport and
storage of CO2. The combined costs are then turned into a mitigation cost where the cost of
avoided CO2 is calculated by comparing the CCS operations to a reference case, which normally is the non-CCS power plant option that would have been built without any carbon
constraint. Avoided CO2 is somewhat different from captured CO2 since the energy penalty
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of any CCS operations has the inescapable consequence that the amount of captured CO2 is
always greater than the amount of atmospheric CO2 avoided (IPCC, 2005, pp. 148 and 347).
According to a recent report by McKinsey (2008) the mitigation cost for future commercial
power plants with CCS is expected to come down to € 30-50 per tonne of CO2. The first
problem with these types of estimates is that they are snapshots and do not consider cost
fluctuations of e.g. commodities and fuels. And even though some studies like the McKinsey
study entail sensitivity analyses, they do not generally reflect the cost risk associated with
fossil fuels. In that respect I have been inspired by a book by Bazilian and Roques (2008) that
was written as a tribute to the late Shimon Awerbuch to commemorate his work on developing analytical methods for energy diversity and security.9 According to this book the concept of stand-alone cost, which is often used when assessing electricity generation cost, is
flawed. Instead one should look at entire energy portfolios. The implication is that a risk efficient-portfolio of mitigation options may be substantially different from the least expected
cost option. By incorporating concepts borrowed from finance into cost analysis, the cost
fluctuations of different energy alternatives may be taken into account. Renewable options
gain on fossil alternatives because of the very low and stable operating costs of wind, hydro
and solar power. Options that are subject to large cost fluctuations, on the other hand, an
example within the CCS area could be the steel-intensive Integrated Gasification Combined
Cycle (IGCC), score badly. These new methods for taking ‗cost risk‘ into consideration when
assessing electricity generation costs have gained in popularity in recent years, essentially
because of the extreme price hikes on gas, coal, oil and steel; commodities that are critical for
the power generation methods using fossil fuels, including CCS.
3.3.4 Methods
The three main methodologies used for papers V through VIII are literature studies, interviews and a questionnaire. Except for the questionnaire, CCS has been studied qualitatively.
This approach is considered suitable for CCS, since CCS and the underlying issue of climate
change are associated with many uncertainties and are affected by stakeholders‘ values and
world views. Papers V and VI are, for example, based on over 20 in-depth interviews with
decision-makers, scientists and engineers within academia and industry as well as NGOs.10
When sampling, the main requirement was that the respondents should be familiar with the
technology. The CCS experts from industry and academia were hand-picked and when it
comes to interviews with representatives from government and political parties we chose to
interview people responsible for environment or energy. In order to improve the sample we
used a technique called snowball sampling, which in this case meant that we asked each and
every one of the respondents if they could recommend other people that, in their view,
would be valuable and interesting for us to contact and interview as well (Goodman, 1961).
This process made the sample grow somewhat. Although the initial sample plays an important role for what comes out of a snowball process, the feeling was that the sample was substantially improved. In the final sample, expertise from all major areas of CCS was to be
found.
The interviews were exploratory in their nature with a low level of structure and standardisation (Andersen, 1994). Open-ended questions were preferred and probing follow-up questions such as ―How?‖, ―Why?‖, ―Can you elaborate on that?‖, were used in order for the
interviews to lead to in-depth discussions.
These analytical tools are not discussed or used in any of the papers.
For a detailed description of the interviews, although in Swedish, I refer to the doctoral thesis of
Anders Hansson who conducted the interviews together with me (Hansson, 2008, pp. 168-174).
9

10
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The presentation of the empirics and the analysis of the material were carried out by combining analysis with many quotes. The practice of revealing empirics by quoting has proven
to give the reader a sense of reliability and it also provides the author with a good point of
departure for analysis (Nylén, 2005). The material was sorted into different recurring themes
brought up during the interviews.
In retrospect, after having done all the studies, it may be concluded that many different
choices could have been made when it comes to the planning and execution of the studies as
well as writing of the different papers. Such reflections and ideas are to some extent
presented in the concluding discussion.
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4 EARLY OPPORTUNITIES FOR CO2 CAPTURE

Four of the appended papers of this thesis (papers I-IV) deal with CO2 capture, where the engineering
approach as described in the previous section is applied. The ambition when writing this chapter has
been to put the results into a systems perspective where important parameters and trade-offs of CO2
capture in general are discussed, in addition to the specific results of the papers. The importance of
early opportunities is stressed throughout the chapter since it is imperative that CCS, if decided to be
implemented, gets off the ground soon. Otherwise, we may lock ourselves into a future with massive
amounts of unabated emissions and a major drawback consisting of very expensive retrofitting costs.

4.1 Background – CO2 capture

CO2 capture is often expressed as being the most expensive part of the whole CCS chain and
therefore much effort is currently put into finding inexpensive, efficient and robust CO2
capture solutions that may be integrated with CO2 emitting industries. Two of the most important considerations are finding emission sources that: i) have a high CO2 content and ii)
are large enough to provide decent economy of scale. The power sector and some industrial
sectors are thought to be suitable, especially the coal power industry, which accounts for
about 38 % of the total electricity generation and is responsible for about 60 % of CO2 from
large stationary sources (IPCC, 2005, p. 81).
Different technologies are in different stages of development. Among the commercial CO2
capture systems that may be found on the market, most are so-called post combustion systems based on amines or carbonates, such as the Benfield and Catcarb systems described
below. There are also more futuristic systems such as the chemical looping combustion
(CLC) system and different membrane-based systems (Wolf, 2004). In this thesis, however,
the urgency of climate change is stressed and therefore also the importance of finding mitigation alternatives that will work in the near future (Pacala & Socolow, 2004). In the following sections a few investigations into early CO2 capture opportunities are presented.
The different capture technologies are often divided into three main categories: pre combustion, post combustion and oxyfuel combustion. The main difference between them is the location of the actual separation.
-

-

For post combustion capture, the CO2 separation system, often based on sorbents, is
fed with flue gas. The system separates the CO2 from the other compounds of the flue
gas, mainly nitrogen (N2). The CO2 is then dehydrated and compressed.
Pre combustion systems often involve capturing the CO2 from a synthesis gas consisting of mainly CO2 and hydrogen (H2), which has gone through a gasification and
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shift process. The remaining H2 is used directly as an energy carrier or combusted to
produce electricity.
In the oxyfuel process, air goes through an air separation unit (ASU) where O2 and N2
are separated. The fuel reacts with pure oxygen (O2) to form CO2, which after removal of any impurities and water, is ready to be injected into a suitable storage formation.

See illustrations of the different options in Figure 5.

Figure 5 - Overview of CO2 capture processes and systems (IPCC, 2005)

The different types of processes available are at different stages of development, and while
some are commercially available under specific conditions (de Coninck et al., 2009), others
are being demonstrated, theoretically investigated or perhaps tested on a small scale. Among
the three options described above, the oxyfuel process is the least developed.
As stated before, cost is one of the main obstacles for the implementation of CCS. The things
that affect the cost of CO2 capture are mainly:
-

Investment cost of CO2 capture equipment
Efficiency penalty, which leads to a higher specific fuel consumption
CO2 capture-related operation and maintenance (O&M) costs, for example solvents
The effect of CO2 capture on availability, i.e. operating hours divided by the total
number of hours in a given year

In order for CCS to become a competitive mitigation option, research is conducted all around
the world in order to improve the factors described above. This thesis is one such example.
The following section deals with a study on capturing CO2 from relatively pure streams of
CO2 stemming from calcining processes.
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4.2 Excerpts from and reflections on paper I – utilising pure
streams of CO2

In IPCC‘s Special Report on CCS it is stated that the ―attractiveness of a particular CO2
source for capture depends on its volume, concentration and partial pressure, integrated
system aspects, and its proximity to a suitable storage site‖ (IPCC, 2005, p. 77). All four of
those requirements may be found, at least to some extent, in the cement industry. It is the
topic of paper I appended to this thesis. First of all, the total volumes of CO2 emissions from
the cement industry are large; about 1 billion tonnes of CO2 are emitted from large-scale cement plants annually. The concentration of CO2 in the flue gas is up to 30 % with an average
of 20 %, which is higher than flue gas from coal-fired power plants at around 15 %. Furthermore, cement plants are evenly distributed throughout the world, so it should be possible to
find several opportunities in the proximity of suitable storage sites. Most large plants also
have harbours for shipping purposes, which also enables CO2 transport by boat. Last but not
least, it is theoretically possible to integrate oxyfuel technology with cement production to
obtain an integrated and well-functioning CO2 capture system, which has been shown recently by e.g. the European Cement Research Academy (ECRA, 2007) and Zeman (2008).
The specific idea behind paper I, which is about CO2 capture from calcining processes in
general, with a focus on cement production, was to shed light on the fact that emissions from
industrial sources other than power production are often overlooked. Oxyfuel combustion
has e.g. foremost been proposed for power-producing units, despite the fact that the process
could work more effectively, from a climate change point of view, when coupled to calcining
processes. We introduce the so-called ―oxygen efficiency‖ (OE) in order to put focus on the
effective use of oxygen in oxyfuel systems, which is important since the oxygen production
makes up the greater part of the penalty and cost of CO2 capture. The OE of an oxyfuel system is defined as:

It is shown that the OE for a coal-fired power plant is 0.86 and 0.5 for a gas turbine. The same
figure for a cement kiln is 2.5. The reason behind this greater oxygen efficiency is the high
concentration of CO2 in the flue gas. First, there is CO2 from calcination, i.e. when limestone,
which consists of calcium carbonate (CaCO3) is heated and turned into calcium oxide (CaO,
lime/burned lime) and CO2:
CaCO3 + heat  CaO + CO2
There is also CO2 from the combustion of fuel, which is required in order to provide the heat
for the calcinations process described above. Those emissions depend on the heat content
and emission factor of the fuel.
Figure 6 below illustrates the strategic importance of managing CO2 emissions from cement
manufacturing. Not only do the emissions contribute a large share of the anthropogenic
emissions of greenhouse gases, they are also increasing rapidly.
The conclusion is that the oxygen consumption, which makes up the largest part of the energy penalty of an oxyfuel process, is three times lower per kg of CO2 captured for a cement
kiln than for a coal-fired power plant, and five times lower than for a gas turbine.
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Figure 6 - CO2 emissions from cement manufacturing (based on Boden and Marland, 2009)

This result serves as an illustrative example of potential benefits of utilising the purest CO2
streams, and it is likely that similar results may be obtained when looking at applying also
other CO2 capture processes to calcination processes. However, oxyfuel combustion seems
relatively favourable at least compared to different types of pre-combustion alternatives, a
technology that seems to cause many difficulties when coupled to cement production. Postcombustion capture, on the other hand, seems to be a good alternative for cement production, and one of its main advantages compared to oxyfuel is the retrofit possibility it entails
(ECRA, 2007).
A reason behind the focus on power production processes when it comes to CO2 capture is
that the power sector is less concerned with competitiveness than many other sectors. Power
is produced and sold locally and regionally, and increasing costs may often be transferred
directly to end consumers. For a trade-exposed industry such as the cement industry, on the
other hand, increasing costs could lead to lost market shares due to foreign competition. This
problem is called leakage and it is an unintended consequence of regional or unilateral
policies, which has the effect that emission reductions in one place are offset by increasing
emissions elsewhere (IEA, 2008c). The International Energy Agency (IEA) writes in a report
that there is a significant risk of leakage within the cement industry if e.g. Europe decides to
go for full auctioning of emission allowances in the future. In a recent survey by Point
Carbon (2009) 44 % of respondents replied that their companies within the cement/lime/
glass sectors had thought about moving production due to the carbon constraints within
EU‘s emissions trading system and about 5 % already had.
In order to overcome the problem with leakage, among other things, sectoral approaches to
greenhouse gas mitigation have been proposed (IEA, 2007). They are based on a bottom-up
approach where technologies and sectors in society are assessed, which then serves as a
foundation for policies and measures to reduce GHG emissions. They can be seen either as a
competing approach or a complement to top-down approaches such as the Kyoto Protocol,
where economy-wide emission reduction targets and timetables are set. The Cement Sus- 28 -
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tainability Initiative (CSI) is one such approach. It functions under the auspices of the World
Business Council on Sustainable Development (WBCSD). The initiative has according to the
WBCSD (2009) already contributed to substantial specific GHG reductions, and the aim is
furthermore to establish climate protection policies targeted towards the cement industry
together with international policy makers.
4.2.1 Future developments
Since a large share of the CO2 emissions from cement production and other calcinations
processes comes from the limestone itself, CO2 capture is sometimes claimed to be the only
solution if the industry wants to achieve large reductions. The emissions from the industry
are expected to grow by 50 % up until 2020 according to a new report (The Guardian, 2008).
Efficiency improvements and fuel switch cannot achieve the necessary reductions alone.
Furthermore, while electricity production based on fossil fuels has substitutes in renewable
options and nuclear power, it is not evident how society could substitute cement. However,
while portland cement, which is the dominating type today, emits massive amounts of CO2
during manufacturing there are other types of cements being developed. The British company Novacem has, for example, developed a cement based on magnesium silicates that, in
contrast to portland cement, requires much less heat when produced and absorbs more CO2
when it hardens. According to the company‘s own figures this new cement could save up to
1 tonne of CO2 per tonne of portland cement replaced. Whether or not this cement can ever
replace portland cement is very uncertain. The issue of availability of suitable magnesium
resources has been raised and it is still uncertain whether the cement is strong enough although spokesmen from Novacem are confident (The Guardian, 2008). For this study it is
important to note that new low-carbon cements such as Novacem could make CCS within
the cement industry significantly less attractive.
An interesting development comes from Sweden where two members of parliament have
proposed to use the island of Gotland as a national laboratory when it comes to CCS. The
idea is to capture CO2 from the local cement plant that emits around 1.6 million tonnes of
CO2 every year, which is roughly 70 % of the total emissions of Gotland and roughly 3 % of
Sweden‘s emissions. Furthermore, the island is located on a sedimentary layer that may be
suitable for CO2 storage (Åkesson & Pettersson, 2008).

4.3 Excerpts from and reflections on papers II, III and IV - process
integration
While finding relatively pure sources of CO2 for CO2 capture is important, the integration of
CCS with power plants that have less concentrated flue gas is a more challenging issue. Our
hypothesis has been that modification and adaptation of the power plant for CO2 removal
may allow a better efficiency and economy than a lower degree of integration. Coal and gasfired power plants are the two largest stationary point sources of CO2 today and are projected to continue to be that during the foreseeable future as well (IPCC, 2005, p. 81). This
thesis contains three papers that deal with integrating CO2 capture with power cycles. They
are all based on post-combustion technology, but a major difference between these studies
and many other studies is the power cycle the CO2 capture is integrated with. While most
proposed CO2 capture concepts are based on power plants with atmospheric combustion,
this concept is based on pressurised fluidised bed combustion (PFBC). It is a concept that has
been proposed by the Norwegian company Sargas AS. The essential reason and major
advantage is that PFBC enables CO2 capture from pressurised flue gas, which is an effective
way of capturing CO2. The three articles will be described in two parts; the first deals with
papers II and III, which describe the concept and general advantages and disadvantages as
well as results from a pilot study conducted in 2007 and 2008. The second part, which is
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described in paper IV, deals with a modified concept where a topping cycle is added to the
PFBC cycle, and the result is a dual-fuel hybrid cycle.
Sargas is a company based in Oslo, Norway, that develops power generation concepts with
low emissions of CO2. Their patented technology is based on the idea that capturing CO2
from pressurised flue gas enables the use of low-cost chemicals and involves low penalties
because of the high level of process integration (Hetland and Christensen, 2008). The ABB
Carbon P200 PFBC power cycle is the basis of the technology; it has been verified in different
parts of the world since it was first installed in Stockholm, Sweden in 1991. Sargas and KTH,
the Royal Institute of Technology, have cooperated concerning process evaluation and process design of the Sargas technology.
4.3.1 Capturing CO2 from pressurised flue gas
The PFBC cycle gives some interesting opportunities for process integration when incorporating CO2 capture. The idea behind the Sargas technology is to integrate the capturing part
of the system with the PFBC after the pressurised boiler but before expansion in the power
turbine in order to take advantage of the high partial pressure of CO2 and thereby enabling
the use of low-cost chemicals for flue gas cleaning (see Figure 7 below).

Figure 7 - Outline of the Sargas technology - PFBC cycle integrated with CO2 capture (Hetland and
Christensen, 2007)

The high partial pressure of CO2 in the flue gas makes it is possible to use a proven and
commercial type of CO2 capture equipment based on the so-called Benfield technology,
which makes use of a potassium carbonate (K2CO3) based solvent for CO2 absorption. The
Benfield process was originally developed by US Beureau of Mines but is now owned and
exploited by UPO. It is used in several hundreds of installations for treating e.g. natural gas
or for removing CO2 in ammonia production (UOP, 2009; Kohl, 1985).
In paper II, which builds on Sargas‘ own simulations and economic figures, a natural gasfired power plant based on the Sargas technology is compared to a natural gas-fired combined cycle (NGCC). The conclusion is that the cost of electricity of the Sargas power plant is
lower than for the competing NGCC. However, the assumptions that this conclusion build
on are questionable, as in many studies. Several factors are uncertain, e.g. the discount rates,
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the capital expenditure, operation and maintenance costs, efficiency and availability. The
sensitivity analysis performed focuses on natural gas price only. Recent trends in different
markets have proven that it is vital to perform thorough sensitivity analyses of many of the
factors included in an investment analyses. For example, steel prices have been very volatile
in recent years, and since steel price is a decisive factor for investment costs in CO2 capture
equipment, it has to be taken into account. This brings us to the difficulty of calculating the
stand-alone cost of electricity in general and the cost risk associated with them. It is not only
a criticism of the methods used in paper II, but criticism of the whole scientific community
engaged in engineering cost estimates, and it is brought up further in chapters 5 and 6.
Although the economic figures, such as the cost of electricity for the Sargas technology in
paper II, may not hold as they are affected by price variations and such, which have not been
taken into consideration, general traits and benefits of the Sargas‘ technology as discussed in
paper II remain valid. For example, capturing CO2 from pressurised flue gas enables the use
of compact CO2 capture equipment, which decreases capital cost. Furthermore, the absorbent
K2CO3 costs only a fraction of monoethanolamine (MEA), which is the most commonly proposed absorbent. Absorbent cost is an important factor since makeup flows of sorbent contribute to higher O&M costs (Abanades et al, 2004).
In paper III, the CO2 capture pilot test that was conducted at the Värtan combined heat and
power plant in Stockholm during 2007 and 2008 is evaluated. Sargas together with Fortum,
one of the bigger utilities in the Nordic region, wanted to test the Sargas technology in order
to:
Demonstrate high-grade CO2 capture from an operational coal-fired power plant by
treatment of a real flue-gas stream from a pressurised boiler
Demonstrate adequate pre-cleaning of the flue gas to avoid settlement of particles in
the flue gas stream and possible damage to the gas turbine or other rotary equipment
for the clean flue gas
Gather process experience and data to support final detailed design and scale-up of
the Sargas flue gas-cleaning and CO2 capture for a coal-fired Sargas power plant
process
The results from the tests were mostly positive and confirmed that: i) the pretreatment of the
flue gas is adequate for protecting the absorbent from degradation, ii) the CO2 capture efficiency is high (> 98 %), iii) no harmful components are fed to the gas turbine, and iv) absorbent degradation is low (0.85 mole percent/month). Thus, the tests have worked as a successful proof of concept installation that verifies many of the merits of the proposed CO2
capture concept. The Institute for Energy Technology based in Norway, was called in to verify the test results and they stated that: ―the pilot plant is able to remove between 98 and 99
% (by volume) of the initial CO2 present in the flue gas‖. They also confirmed low levels of
impurities in the process gas.
One of the things that were not tested in the Värtan pilot test was the regeneration heat requirement, which is crucial for the economy of any CO2 capture facility. First of all, the absorber and stripper were not designed with the intention to minimise the energy requirement, and they were also considered too small to provide scale. Furthermore, regeneration
heat is considered relatively easy to estimate from full-scale commercial experience of using
the Benfield process and alike or by applying rules of thumb.
In addition to confirming the successful test results, paper III adds to the discussion about
the general traits of the Sargas process initiated in paper II.
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4.3.2 Hybrid cycles with CO2 capture from pressurised flue gas
Paper IV is based on a computer model of a hybrid combined cycle with CO2 capture from
pressurised flue gas. The idea behind studying this cycle was to try to improve the fuel efficiency of the Sargas technology by incorporating a topping gas turbine cycle. Petrov (2003)
has previously shown that hybrid configurations generally improve fuel efficiencies, and
those results led us to believe that this cycle was worth looking into as a candidate for CCS
cycles with high efficiency.

Figure 8 - The PFBCindustrial dual-fuel hybrid combined cycle with CO2 capture

Two different cycles were modelled, the PFBCindsutrial and the PFBCaero, the difference being
the gas turbine used and the possibility for heat recovery and steam generation. The result
for the PFBCindustrial case, shown in Figure 8 above, which builds on a large industrial gas
turbine (Siemens V84.3A), was 43.9 % efficiency (LHV) including CO2 capture and compression. It is 8 percentage points lower than for the same cycle without CO2 capture. More
than half of the penalty lies in the so-called volume penalty that comes from the fact that CO2
is separated from the flue gas stream prior to expansion so that the mass flow decreases
between the outlet of the boiler [4] and the expander inlet [7]. This leads to lower power
production in the expander and also in the steam turbine since there is less energy
transferable from the flue gas to the steam cycle.
In order to illustrate the hybridisation advantage with these hybrid configurations the efficiencies of the PFBCaero and PFBCindustrial were plotted against the fuel split ratio. Reference
cases were then created by using efficiencies from literature; they are made up of lines that
connect single fuel reference plants that run on either coal or natural gas. The idea is to show
how much more electricity that can be produced from a given amount of coal and gas when
feeding it to a dual-fuel hybrid cycle rather than feeding it to two separate single-fuel plants,
e.g. an NGCC and a PC plant. Below in Figure 9 a slightly modified diagram from paper IV
is shown including the most probable reference and the PFBCindustrial cases only. It reveals a
clear hybridisation advantage of about 5 percentage points. It is also evident that the
hybridisation advantage increases with CO2 capture, which is an indication of an efficient
CO2 capture process.
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Figure 9 – Efficiencies of the PFBCindustrial with and without CO2 capture including the most probable reference
case

The higher system efficiencies that are made possible by using hybrid cycles may currently
be counteracted by other factors such as complexity and cost. However efficiencies are very
important both from an emissions point of view and when considering resource depletion, as
well as the upstream and downstream effects of fossil fuel use. Also, a price increase of fossil
fuels and coal in particular, which is expected in the long term, could act as a driving force
for hybrid cycles. It could even become a priority in policy making. In China it already is,
and that is a reason behind their increasing interest in e.g. polygeneration schemes via coal
gasification (Hetland et al., 2009). Whether or not the presented hybrid option may be
interesting for China as well, because of their focus on energy efficiency, remains to be seen.

4.4 Reflections on using captured CO2 for EOR as proposed in
paper II
An early opportunity for CCS that has been proposed is to use CO2 for enhanced oil recovery
(EOR). It is an important feature of paper II and is a strategy that has been used for decades
in the oil industry to maximise extraction from ageing oil fields. It was first used in Scurry
County, Texas in 1972 and has since then grown into a major industry in the United States
with over 70 active projects (US DoE, 2006). For Norway and the North Sea, however, it is
untested. Also, CO2-EOR has never been tested off-shore.
CO2-EOR is only one of many types of EOR, but because of the unique properties of CO2 it is
sometimes the preferable option to use.11 Under supercritical conditions, CO2 disolves in the
crude oil and decreases the viscosity of the oil. The reduced viscosity, as well as the repressurisation of the formation, makes the oil flow more easily towards the producing wells (Jensen et al., 2000; Aycaguer et al., 2001). From having been a practice without any relation to
Other methods include hydrocarbon injection and nitrogen injection. All methods have their own
unique properties, but since CO2-EOR is the only interesting method from a climate change mitigation
point of view, it is the only EOR method brought up in this thesis.
11
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global warming concerns, and with CO2 coming mainly from natural sources, EOR is now
seen by its proponents as a climate change mitigation alternative. By using CO2 from industrial sources for EOR activities and by creating CO2 sinks out of old oil wells, CO2 is prevented from reaching the atmosphere.
Paper II not only proposes a novel concept for CO2 capture as discussed in section 3.3. It also
discusses the driving forces for CCS in Norway. In 2004 when the paper was written, there
was focus on EOR in the North Sea and actors pushed for taking the opportunity to use EOR
to boost the declining oil production using CO2 from industrial sources. There was also
much talk about a window of opportunity, which would only exist as long as the operations
in the North Sea were profitable, and during that time EOR had to commence according to
EOR proponents. CO2-EOR was a critical and urgent issue for Norway. I myself stood behind this seeming need for CO2-EOR in the paper by proclaiming that ―the most appealing
thing about CO2-EOR is that it gives an opportunity to increase oil production while mitigating the effects of climate change, creating a win-win situation‖, which is something I regret today. Below I would like to give a more nuanced view of CO2-EOR and the situation in
the North Sea.
The conclusion of paper II is that the high oil price, the declining oil production and need for
EOR in the North Sea could favour the development of the Sargas technology and other CCS
initiatives. The oil price is a decisive factor for CO2-EOR since it determines how much oil
companies are willing to pay for CO2 delivered to the oil field. Thus, the economy of the
power plant proposed to be built by Sargas in Hammerfest would profit from the possibility
to sell the CO2 to the oil industry. At that time it seemed reasonable to believe that CO2-EOR
would become a reality. The basis for that conclusion was, among other things, the oil price
at the time, which was $50 per barrel, and it was considered enough to motivate CO2-EOR in
the North Sea (Hustad and Austell, 2004).
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Today CO2-EOR in the North Sea is no closer to reality than it was five years ago when paper
II was written, and that is true despite the still high oil price as well as the fact that the North
Sea oil production is now in rapid decline. See Figure 10 below for an updated version of
figure 1 in paper II. The new figure reveals that the North Sea is well beyond peak oil.

Year

Figure 10 – The declining North Sea oil production (BP, 2008)

There are many reasons why CO2-EOR has not been implemented in the North Sea, and why
the discussions of EOR in paper II and other papers from back then now seem very naive.
My updated analysis of the situation is that CO2-EOR in general is a technically complex
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system, especially off-shore, that has uncertain environmental benefits/consequences, and
that it comes at an uncertain cost. More specifically:
-

EOR in the North Sea may not give enough additional oil;
Achieving EOR in the North Sea is an extraordinary technical and organisational
challenge;
The potential social values of CCS, e.g. the job opportunities that could be created in
Norway because of EOR, do not work as an EOR incentive for the private sphere;
The climate and environmental benefits of CO2-EOR are very uncertain since the
additional oil may offset the effect of CO2 storage.

The first of the barriers identified above became apparent after the announcement that the
Halten project in Norway had been cancelled, which was in June of 2007. The Halten project
was a collaboration between Statoil and Shell and the project had been announced only a
year previously in March of 2006. They had intentions to boost oil production from the
Draugen reservoir by injecting 2.5 million tonnes of CO2 per year from an 860 MW gas-fired
power plant in Tjeldbergodden, Norway, and they wanted to start CO2 injection already in
2011. After a comprehensive feasibility study the project was cancelled and deemed ―not
commercially viable‖ (MIT, 2009). Furthermore, they stated that the volumes of additional oil
that the operator (Shell) thought were recoverable were too low to justify an investment. It
shows that the attractiveness of CO2-EOR is very site specific and is often in reverse proportion to the success of the primary and secondary recoveries.
The second obstacle for CO2-EOR, the technical and organisational challenge, became clear to
me after an interview, held in preparation of paper VI, with a Norwegian professor who has
worked with CCS since 1989. He said, among other things, that while the CO2 supply for
EOR purposes needs to be dynamic, including large quantities during short periods of time,
CO2 from point sources such as a power plant comes in a constant stream during long periods of time. Therefore, it is difficult and costly to arrange for source and sink matching.
Sometimes intermediate aquifer storage would be required. He also said that CCS with EOR
is an organisational challenge in that the actors who have to come together to solve these
issues are not used to working together.
The third barrier that has to do with the discrepancy between the social values of CO2-EOR
and private sector values may also be illustrated by the cancellation of the Halten project.
Torvanger (2007) makes a case for public subsidies for projects such as the Halten project in
Norway by referring to learning-by-doing effects and the potential technology spillover effect that could come from such a project. It could bring benefits to others than the project
owners, e.g. the CCS and EOR communities and even Norway as a whole in the form of, for
example, future job opportunities. The EOR dimension of the project is a key, and unique
property, since CO2-EOR offshore has not been implemented elsewhere. The Halten case
illustrates the difficulty of incorporating such social values.
EOR is sometimes stated to be a win-win solution since it extends the lifetime and exploitation potential of existing oil infrastructure, while making it possible to develop CCS technology that may contribute to climate change mitigation (Hustad and Austell, 2004). OPEC representatives have even claimed that technologies that allow the continued use of oil are critical and that CCS with EOR is one such technology. The reason why EOR could help boost
CCS is because the sales of additional oil, oil that would otherwise be unrecoverable, could
help offset the otherwise high cost of CCS.
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Depending on how the project boundary is set for CCS projects with EOR, different results
are achieved when it comes to calculations on emission reductions. This issue has e.g. been
discussed within the UNFCCC setting where CCS projects with EOR have been proposed as
Clean Development Mechanism projects (CDM). Michaelowa and Hayashi (2006), among
others, reacted when additional oil was proposed as being outside the project boundary.
They commented on the consideration of CO2-EOR as a CDM project activity by claiming
that ―increased production of fossil fuel that would have remained in the reservoir under
business as usual has to be treated as leakage‖. I tend to agree with Michaelowa and
Hayashi. CO2-EOR should only be considered a win-win opportunity in the sense that it may
help offset the development costs of CCS when other incentives are not enough. CO2-EOR
will never be a win for the climate. Carbon is best stored as coal, oil and gas underground,
and therefore extraction should be avoided in the first place. You could argue that oil from
EOR replaces more carbon-intensive fuels such as coal to liquids fuels (CTL) on the margin
and thereby reduces emissions; however, that remains to be proven.

4.5 Scientific contribution and closing remarks - papers I-IV
After having presented the concepts for CO2 capture that I call early opportunities my closing remarks as well as scientific contributions are four-fold.
i)

ii)

iii)
iv)

There seems to be little focus among CCS proponents on utilising the pure
streams of CO2 that are available in e.g. the cement industry. One reason may be
the leakage problem. However, when considering the benefit, which is shown by
the oxygen efficiency, more efforts to look into such possibilities are warranted.
By enhancing the integration of CO2 capture into power processes it is possible to
reduce energy consumption, make use of better solvents and reduce investment
costs. The Sargas technology is one attempt to achieve this. However, trade-offs
are common when trying to find such integration possibilities. For Sargas the
most obvious trade-off is that Sargas has chosen a technology, the PFBC, which
makes retrofits practically impossible.
Hybrid cycles increase the efficiency, compared to the reference case. A negative
aspect is the increasing complexity.
CO2-EOR is made difficult because of the volatile oil price, the organisational
difficulty and the unclear environmental benefit. For the North Sea the window of
opportunity may have passed.

Some of these issues will be further discussed in the concluding chapter. However, an important thing to point out already is that CCS does not depend solely on CO2 capture even
though it is often depicted as the most expensive part of CCS. Stangeland (2007), for example, assumes that all CO2 captured may also be stored, which is an oversimplification. I think
that storage is perhaps more challenging than CO2 capture, which brings us to the next
chapter where the system boundary is expanded to also include CO2 storage as well as the
political and societal aspects of CCS.
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5 THE SOCIO-POLITICAL DIMENSIONS OF CCS
Despite huge technical and economical challenges and uncertainties related to the development of
CCS, there is a widespread optimism among its proponents. People in general, however, have a fairly
negative perception of the technology. Surveys have shown that it is one of the least wanted mitigation
options. Although CCS proponents think that acceptance will come with education and successful
demonstration, the future for the technology is highly uncertain. In this chapter the debate surrounding CCS is in focus and specifically the case for CCS that the experts put forward. Facts, values and
assumptions are analysed and discussed in relation to CCS’ future potential and current deployment
obstacles as well as the underlying scientific uncertainties and controversies that are associated with
CCS.

5.1 Excerpts from and reflections on paper V - The polarized debate
In paper V, which is based on an interview study, twelve Swedish representatives from industry, parliament, ministries and NGOs were interviewed. The primary objective was to
gain insight into and distinguish how different actors in Sweden relate to CCS. The respondents were handpicked people who should be knowledgeable within the area and likely to
participate in a future debate on CCS. The public was intentionally left out of the sample
since previous so-called ―acceptance studies‖ had shown that the public at that time knew
very little about CCS (Palmgren et al., 2004; Itaoka et al., 2004). We thereby avoided a methodological difficulty consisting of having to educate our respondents about CCS first. Such
an approach has proven to be very problematic since there is a risk that the answers only
reflect the inherently subjective educational material presented. The risk is considered high
today when most of the information about CCS comes from sources that in one way or another are connected to industry or other stakeholders that have a vested interest in CCS becoming a reality.
The interviews were semi-structured and the interviewers‘ roles were intentionally very passive. Broad and open questions were preferred to leading ones. See chapter 3 for more information about the interviews.
5.1.1 The interviews and ideal types
The transcribed content was first broken down and sorted, and then we constructed three
ideal types: A, B and C. Broadly speaking, Ideal type A has a positive attitude towards CCS,
B is ambivalent, and C has a negative attitude.
Typical answers from ideal type A ―the CCS supporter‖ were that coal is inexpensibe, clean
and secure and also that renewable energies face insurmountable challenges, which means
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that they will never become competitive. Since renewable energies cannot compete with fossil fuels, the only alternative to CCS is emitting the CO2 into the atmosphere. Also, ideal type
A thinks CCS is a proven technology, and a great opportunity to get CCS up and running is
apply it close to the North Sea so that it can be used for EOR. Increasing oil production while
mitigating climate change is like killing two birds with one stone. Regarding public acceptance and public resistance ideal type A thinks such resistance has no legitimacy. The resistance is usually based on ignorance.
Ideal type B ―the CCS pragmatic‖, on the other hand, was more ambivalent. CCS should
only be developed and used if it works and is economic. Today that is unclear. The market
itself is best suited to choose the technologies we need for the future, and any barrier that
could prevent CCS from coming to the market must therefore be removed. Ideal type B is
worried about CCS blocking investments into renewable alternatives; however, CCS may
prove to work as a bridging technology that keeps energy costs down while a renewable
energy system slowly evolves. Ideal type B does not consider CO2 disposal a moral issue.
Ideal type C ―the CCS opponent‖ thinks developing large-scale CCS is neither economically
nor technologically rational. It stands in the way of the real long-term solutions. Also, CCS
does not solve problems related to the entire life-cycle of coal such as coal mining or pollutants other than CO212. When it comes to risk, ideal type C considers it too risky to assume
that CO2 will remain in the underground forever. If CO2 were to leak, you would not only be
back on square one, you would also have lost valuable time and money that could have been
put into developing other solutions. CCS, according to ideal type C, is definitely a moral issue since industrial waste is left for future generations to worry about and/or take care of.
5.1.2 Controversies and uncertainties in scientific literature
Article V also gives a brief outline of scientific literature on CCS, and by doing that, makes it
clear that science does not provide any clear-cut answers when it comes to CCS. Thus, science does not prove either of the ideal types right or wrong. Today, five years after having
conducted the study, it would have been even easier to prove this point. As literature on the
subject has accumulated, scientific uncertainties are easier to find. For example, when it
comes to CO2 leakage the scientific controversy seem to have escalated. van der Zwaan and
Gerlagh (2009) claimed in a recent issue of Climatic Change that CCS is a valuable mitigation
option even with CO2 leakage rates of a few percent per year. Ha-Duong and Loisel (2009)
said the opposite in an editorial comment in the same issue, that zero is the only acceptable
leakage rate. Disagreement also came about after leakage from the Utsira aquifer in the
North Sea in 2008. It began when StatoilHydro unsuccessfully injected water into the Tordis
field. After that Professor Peter Haugan wrote an article in a Norwegian evening tabloid
trying to put some facts/myths and figures about Utsira into perspective (Haugan, 2008;
Haugan, 2009). He claimed that Norway tries to market the North Sea as the possible storage
site for large parts of Europe‘s CO2 on false grounds. Haugan says that there are no methods
to verify that injected CO2 stays underground and there are also large risks involved during
injection, which the leakage incident at Tordis proved. By claiming such a thing he goes
against previous studies that claim that 3D seismic surveying may be used to monitor the
CO2 injected into the Utsira formation (Torp and Gale, 2004). On top of that Haugan also
says that the storage sites in the North Sea have a lower capacity than anticipated and it may
become very expensive to deploy CO2 storage in many of the specific sites.

12

Sulphur and nitrogen oxides (SOx och NOx)
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5.1.3 The outcome of the study
One component of the seemingly polarised debate on CCS is the different systems perspectives of the different ideal types. While ideal type A tends to refer only to fossil fuels and
nuclear energy when discussing energy systems, everything else is considered negligible,
ideal type C seems to have a broader systems perspective that incorporates other energy
sources as well. Also, while ideal type A tends to simplify and reduce the problem into a
technical and economical problem, ideal type C incorporates other dimensions such as moral
ones and stresses the complexity of matters. A way to illustrate this divide is to use the characterisation of problems used by Adler and Kranowitz (2005). According to them it is possible to identify three distinct categories of problems defined along two dimensions: a) the
degree to which there seems to be a common and accepted definition of a problem and b) the
degree to which there is agreement on possible solutions. This is described below in Table 1.
Table 1 – Problem typing (Adler and Kranowitz, 2005)

Agreement on problem
definition
Agreement on possible
solutions

Type 1
(―Technical/Convergent‖)

Type 2
(―Value/Divergent‖)

Type 3
(―Wicked/Intractable‖)

Yes

Yes

No

Yes

No

No

According to my analysis the problems surrounding CCS today are close to being type 3
problems, i.e. wicked and intractable problems. When looking at the answers of the respondents it is evident that they first of all do not agree on possible solutions, neither when it
comes to solutions to the climate change problem, nor to problems associated with CCS.
While ideal type A thinks CCS solves many problems, e.g. problems with security of supply
and climate change, type C thinks CCS creates more problems than it solves. Also, when it
comes to problem definition, there is disagreement. While ideal type A thinks climate change
is the only problem with using fossil fuels, ideal type C connects a whole range of problems
to the use of primarily coal. Mining is one such problem that e.g. Greenpeace often refers to
(Greenpeace, 2008a; Greenpeace, 2008b). One respondent, a representative of an ENGO, illustrates this disagreement between A and C:
I think it is yet another end-of-pipe technology that stands in the way of the real solutions. It doesn’t solve the problem of fossil fuels use and all the other things that are connected with the use of fossil fuels. And it siphons a lot of money away from energy efficiency and renewables - what we think are the real solutions. You get a long way from
energy efficiency and renewables, because you are putting a lot of money into the red herrings. How much money have they put on nuclear fusion? - and now this is the new wet
dream of the fossil interest group.
Another outcome of the study was that we often found CCS to be reduced to a technical
problem. While disagreement about CCS, according to us, reflects differing values and world
views, some think public education about e.g. CCS and relative costs of different mitigation
options would solve the problem. This reductionist view of how to increase awareness and
acceptance may be a successful strategy according to some, and it has been in other circumstances (Zimbardo and Leippe, 1991), but I argue otherwise. Because of the complex and
interdisciplinary nature of CCS, value-based statements should perhaps be regarded as just
as legitimate as techno-economic ones. Also, as is shown in the paper, in some instances
there is no clear distinction between the two.
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5.2 Excerpts from and reflections on paper VI - The expert opinions
After conducting the interviews for paper V, which was based on a broad and diverse sample of respondents, a decision was made to emphasise the expert‘s role in the development of
CCS. In this early stage of development, with no large-scale installations coupled to power
plants (as of May 2009), CCS‘ main existence is in the minds of these experts and they will
most probably constitute one of most outspoken and influential groups in future debates,
campaigns as well as political decisions on CCS. At the same time the awareness is low
among certain stakeholders, mainly the public but also within decision making as was
shown in paper V. Therefore, more interviews were conducted with experts, which later led
to the writing of paper VI. The specific aim of paper VI is to analyse experts‘ framings of CCS
with a focus on: i) the function and potential of CCS, and ii) uncertainties.
When sorting the transcribed material one of the most interesting things to note was the apparent conflict between the experts‘ optimism regarding CCS found in literature they write
themselves and the technical difficulties and scientific uncertainties they talk about during
interviews. The experts were much more open about the limitations of science and technology than commonly seen in scientific literature. This discrepancy is to some extent in line
with previous research that shows that written sources reflect a greater degree of consensus
than interviews (Morgan and Keith, 1995). One respondent commented on the scenarios of
his own department:
Most of the scenarios are, including the ones we put out, very difficult to reach. Many
scenarios show hundreds of CCS plants by mid century. I say, how can we have hundreds
of CCS plants by mid century?
Another respondent commented on the often assumed technological learning, a topic also
brought up in section 5.4 below, that proponents hope will help CCS become a competitive
mitigation option:
I am pretty sure we will face negative learning concerning the development of CCS. The
costs will rise above the levels we believe are achievable today. We are far too optimistic
regarding the costs.
While it is difficult to explain the discrepancy regarding the degree of uncertainty and optimism between what experts say and write, the conclusion points at the importance of highlighting this finding for decision makers and policy makers. A good start would be to emphasise critical assumptions and uncertainties in abstracts and summaries for policy makers.
In that respect our conclusion is in line with e.g. Haugan (2009) who claims that ―uncertain
models tend to be trusted too much by policy makers‖.
5.2.1 The interpretative flexibility
Regarding the function of CCS we found that the interpretative flexibility13 of CCS may be
one of its most important features and a major reason for the optimism surrounding the
technology. The interpretations bring together people with different backgrounds, motives
and agendas in the common quest to realize CCS. The respondents assign numerous functions to CCS and depending on the relative strength of these individual interpretations as
well as the social aspects involved in the development and problem solving processes, design may follow. Pinch and Bijker (1984) used the concept of interpretative flexibility when
According to Pinch and Bijker (1984) interpretative flexibility means that there is flexibility in how
people think of, or interpret, artefacts, and also that that there is flexibility in how artefacts are
designed.
13
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analysing the development of the bicycle in the 19th century. In contrast to the idealised linear model of innovation, as depicted in Figure 11, Pinch and Bijker describe innovation as
―alteration of variation and selection‖, which results in a multi-directional innovation model.
In such a model there are often several different development possibilities, and the final outcome is often decided by different relevant social groups involved who argue about e.g. design and function of the artefact in relation to their specific requirements. The result: some
variants die while others survive.

Basic research

Applied
research

Technological
development

Production
development

Production

Usage

Figure 11 – An idealised linear model of innovation (Pinch and Bijker, 1984)

One variant of CCS that has almost been abandoned14 is direct ocean storage. It serves as an
example of multi-directional innovation Pinch and Bijker discuss where social groups are
involved in deciding the fate of a technology. One of the deciding factors behind this particular failure has been local opposition, e.g. in Hawaii, which has lead to problems in even
conducting experiments. A reason behind the opposition according to Haugan (2009) may be
the ―special and sacred status‖ of the ocean in many parts of the world.
It is inherently impossible to predict the future development of CCS. However, it is clear
that, since there is such a variety of technical options when it comes to CO2 capture (membranes, absorption, chemical looping), modes of transport (boat, pipeline) and different storage alternatives (saline aquifers, unmineable coal seams), the number of technical variants is
enormous. Currently, the technical system is far from being stable. It is also hard to predict
which will be the dominating sources of CO2. Today, many proponents would advocate developing CCS with capture from coal-fired power plants, but it is also possible that CCS develops into a system where CO2 is foremost captured in conjunction with combustion of biofuels or even directly from the air.
Some of the respondents in our sample would prefer the latter alternative, especially those
who were the most concerned about global warming and the need for drastic action. According to those respondents CCS must not become an excuse for burning more fossil fuels.
They prefer other solutions to CCS and often see that it is possible to manage climate change
without CCS (see e.g. Sovacool and Watts, 2009). However, they acknowledge that CCS
could become necessary, especially in conjunction with systems that reduce the CO2
concentrations in the atmosphere. If such views of CCS come to dominate the debate in the
future, CCS may develop in a direction where focus is on the environment and where CCS
stabilises around technical variants such as BECS and air capture. Also, CCS may become
more intimately coupled to the production of e.g. steel and cement, where there are currently
few technical alternatives, so that precious storage space is reserved for CO2 from those
sources. CCS coupled to electricity production from fossil fuels may conversely be seen as a
waste of precious storage space since electricity may be produced by using renewable energy
alternatives.

14

There is still some research activity on ocean storage in e.g. Japan (Haugan, 2009).
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Another group of respondents do not think that managing climate change is possible without CCS (see e.g. Cohen et al., 2009). CCS is the only solution that targets the actual problem,
the emissions from the combustion of fossil fuels (Riley, 2008). It is also seen as crucial for
security of supply. Some put industry in the first room and claim that it is the only solution
that large parts of industry are willing to work with. Other motives are: i) CCS is needed
since there is too little potential in renewable energies, ii) CCS may be able to sustain our
current way of living, iii) by using CCS we are able to use the fossil fuel infrastructure that
would otherwise be stranded assets, iv) CCS makes us less dependent on bio-fuels that may
be detrimental for the environment, and v) CCS is crucial for developing countries since it
enables the use of fossil fuels. If these interpretations prevail, CCS will mainly work to sustain fossil fuel use and expand the corresponding systems and infrastructure.
Thus, taking into account the interpretative flexibility of CCS, two broad development paths
may be distinguished15. One where the climate change problem dictates the development
towards BECS and air capture and another where energy security dictates the energy future,
which leads mainly to coal-fired power plants with CCS. Currently, it is hard to tell the relative importance of the diverse interpretations and problems related to CCS and also how
these different interpretations will spread among the relevant social groups in society. It is
therefore highly uncertain how closures will be reached within different areas of CCS and
how the technical design will evolve. This is elaborated further in the concluding chapter.
5.2.2 Uncertain environmental performance
In paper VI there is a large section on uncertainty and CCS, which builds on a literature
study. The following question was asked: ―Why this optimism concerning CCS when there
are so many uncertainties?‖ Without bringing up all aspects here, an elaboration of the one I
think is most important, i.e. the uncertain environmental performance of CCS, is given in the
following.
In order to see how CCS may come to affect the environment CCS may be studied from a
life-cycle perspective. The current low level of understanding of the life-cycle effects of CCS
is a reason for concern. First of all, a number of studies have now shown that the emission
reduction potential decreases substantially when looking at CCS‘ entire life-cycle. Bouvart
and Prieur (2009) e.g. look at different CCS technologies based on combustion of lignite, coal
and natural gas. They come to the conclusion that GHG reductions span from 70 % to 82 %
and state: ―CCS leads to a significant reduction of GHG emissions on the whole pathway‖.
Although the reduction is substantial compared to a baseline that consists of a conventional
power plant it does not live up to industry‘s promises of Zero Emission Fossil Fuel Power
Plants (ZEP, 2008). Nor does it deliver substantial emission reductions compared to renewable alternatives. The plants would still emit CO2 in the range of about 100 g
CO2eq/kWhelectricity (natural gas-fired plants) to about 250 g CO2eq/kWhelectricity. It is very questionable whether such emissions are tolerable, for example, in a future where society aims for
low and ambitious levels of atmospheric CO2, e.g. the 350 ppm goal that many people and
organisations support (350.org, 2009). Secondly, from an LCA perspective serious potential
environmental trade-offs have been identified. Koornneef et al. (2008), who have studied CO2
capture from coal-fired power plants by using MEA, have come to the conclusion that using
current MEA technology leads to negative environmental impacts in eight different categories, and that the acceptability of those environmental trade-offs of CCS needs to be debated
publicly. Although it is possible, it remains to be shown whether or not new CO2 capture
I am not saying that these are the only two development paths but perhaps two of the most
probable.
15
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concepts such as chilled ammonia and different types of membrane technologies may be able
to reduce the number and extent of such trade-offs.
The uncertain environmental performance is also connected to the storage issue, which is a
reason for concern technically, economically and socially. Although industry claims that
successful storage has been proven in In Salah, Sleipner and Snøhvit, there are those who say
that it is too early to claim that it is proven. Proving safe storage is often done by using computer models; however, such models are disputed since there has been little time for validation considering that the CO2 has to stay underground for thousands of years. Also, it seems
like CO2 leakage may occur without monitoring equipment being able to detect it (Haugan,
2008; Haugan, 2009). If it is impossible to prove that CO2 will not leak, the climate benefit
may always be questioned, which may affect acceptance negatively. As Ha-Duong and
Loisel (2009) have shown zero leakage may very well become the only acceptable leakage
rate.
Water consumption is another issue that could become a serious trade-off from using CCS. A
coal-fired power plant with CCS may consume twice as much fresh water as a regular power
plant (Vattenfall, 2006). Therefore it is questionable whether CCS is feasible in its current
form, especially in arid regions. Bates et al. (2009) write in IPCC‘s special report on Climate
Change and Water:
Mitigation measures can reduce the magnitude of impacts of global warming on water resources, in turn reducing adaptation needs. However, they can have considerable negative side effects, such as increased water requirements for afforestation/reforestation activities or bio-energy crops...
There is a risk that CCS evolves into a mitigation measure with considerable effects on fresh
water availability. In the US the issue is already up for political debate. Carl Bauer, who is a
director of the National Energy Technology Laboratory in the US, recently stated before the
US Senate that since the nation‘s thermoelectric power plants account for over 40 % of total
freshwater withdrawal and since CCS may increase water consumption it is of vital importance to integrate water management technology with the development of CCS (Bauer, 2009).
From a water perspective, Bauer said that Integrated Gasification Combined Cycle (IGCC)
with CCS is the technology to go for in the US since it may consume less water than a regular
pulverised coal (PC) power plant without CCS.
5.2.3 Conclusions
In this study, my co-author Anders Hansson and I conclude that the interpretative flexibility
of CCS unites different expert stakeholders and motives in an optimism regarding the future
of CCS. Although optimism is warranted when trying to develop a new technology since it
attracts the much needed financial resources (van Alphen et al., 2009), it also raises some
concern. Since CCS is a complex large-scale technology that involves scientific uncertainties,
large risks, large costs and intra-generational issues when it comes to CO2 disposal, it is important that closure not be reached prematurely and preferably only after public debate.
The optimism surrounding CCS has created a widely spread belief that CCS is humanity‘s
only hope. Technological forecasting and scenario making has added to this belief, despite
the many pitfalls and difficulties associated with that practice. Perhaps people are not familiar with the extremely poor track record associated with it, especially prescriptive scenarios?
One of the main recommendations of paper VI is that a wider range of exploratory scenarios
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be constructed, a range of plausible futures, including some that do not include CCS.16 Smil‘s
recommendation to abandon ―all detailed quantitative point forecasts‖ is perhaps warranted
(Smil, 2003, p. 121). One of the main benefits that may come from using exploratory scenarios
is that they could help society prepare for rare, unexpected and high-impact events and catastrophes. This is in line with the conclusions of Taleb, who in his famous book about ―black
swans‖ from 2007, propagates for increasing the resilience and robustness of society by
starting thinking about black swans and by realising their importance for the development of
society (Taleb, 2007). In the following section, 5.3, we take a closer look at scenarios and black
swans by summarising the findings from paper VII.

5.3 Excerpts from and reflections on paper VII - Technological forecasting and CCS
CCS optimism stems from, among other things, the field of scenario construction as was
shown in the previous section. Today scenarios are often used to promote and create acceptance for CCS, or any new technology, and as a foundation for policy making. Considering
the findings from paper VI, where some general drawbacks of quantitative forecasting were
identified, we chose to take a closer look at some specific scenarios that have been used as a
foundation for different CCS policies and initiatives. Many of the studied scenarios show
massive deployment of CCS during this century. The aim was to: i) analyse CCS scenarios, ii)
discuss their function, and iii) suggest improvements.
Scenarios are often a product of so-called energy-economic models. They ―seek the mathematical representation of key features of the energy system in order to represent the evolution of the system under alternative assumptions, such as population growth, economic development, technological change and environmental sensitivity‖ (IPCC, 2005, p. 348). Depending on inputs the resulting deployment of CCS will vary. In the SRCCS, IPCC have
listed five major drivers for CCS deployment as observed in energy-economic modelling:
1. The policy regime; low stabilisation targets for atmospheric CO2 generally lead to a
faster penetration as well as intensive use of CCS.
2. The reference case (baseline); a baseline scenario with high economic growth and an
increasing demographic trend will often lead to an intensive use of CCS.
3. The nature, abundance and carbon intensity of the energy resources / fuels; abundant and low-cost fossil fuels spur the future deployment of CCS.
4. The introduction of flexible mechanisms such as emissions trading; the use of emissions trading and alike keeps carbon permit prices low and therefore makes the use
of CCS less attractive.
5. The rate of technological change (induced through learning or other mechanisms); a
high learning rate for CCS increases its potential.
(Based on IPCC, 2005, p. 351)
These driving forces are important to keep in mind when analysing scenarios. Depending on
the purpose of the scenario, the person constructing it can affect the outcome by choosing
suitable inputs and manipulating the driving forces. As one respondent from paper VI said:

I try to distinguish between, on the one hand exploratory scenarios that takes the present as starting
point and looks into an uncertain future, and on the other backcasting scenarios where the aim is to
arrive at desirable future situations. This follows the scenario typology proposed by van Notten et al.
(2003).
16
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You can get any result you want. It all depends on the input assumptions which in part
depend on the values and ideology of the persons doing it and their particular biases. You
really have to scrutinize your assumptions.
For paper VII a sample of five scenarios was chosen, and the criterion was that the scenario
had been cited in either IPCC‘s Special Report on CCS (SRCCS), the European Commission‘s
proposal for a directive on geological storage of CO2, or in texts of the European Technology
Platform for Zero Emission Fossil Fuel Power Plants (ZEP).
When analysing the CCS scenarios we came across several interesting findings, especially
when looking at the assumptions they contain. In a study by Edmonds et al. (2000), for example, which is cited in the SRCCS, one of the least cost scenarios is called Oil and Gas Forever (OGF). OGF is based on the assumption that oil and gas resources are ―sufficiently
abundant to maintain oil and gas prices indefinitely‖. The scenario shows massive deployment of CCS up until the year 2095 regardless of ambitions when it comes to atmospheric
stabilisation of CO2. Apart from assuming low and stable fossil fuel prices the authors assume that CCS is cost competitive with other modes of power generation already in 2020.
The nature and abundance of fossil fuels as well as the rate of technological change are both
key drivers for deployment of CCS as also stated above (IPCC, 2005, p. 351). Therefore it is
not surprising that the OGF scenario shows massive deployment of CCS. However, recent
developments, with an extreme price hike on fossil fuels in 2008, have shown that assuming
low and stable oil and gas prices up until 2095 is questionable. So is the assumption that CCS
will be competitive in 2020.
One of the most important factors that will affect the competitiveness of CCS in the long run
is the cost. Many experts propose ―learning curves‖ that takes a steep cost decrease of CCS
with cumulative deployment for granted. Today, however, there seem to be a large gap between the political ambitions of realising large-scale CCS before 2020 and the high current
costs and therefore rapid learning is not only warranted but also promoted (de Coninck et
al., 2009). This cost decrease many proponents of CCS hope for is often referred to as technological learning or learning rate (LR) and it is measured in percent cost decrease for every
doubling of cumulative installed capacity. Riahi et al. (2000), who are also cited in the
SRCCS, assume a LR of 12 % in their scenario, which according to them ―lie well within the
ranges reported in the literature for the diffusion of other successful technologies‖. This figure has managed to survive a long time without much reflection and is used e.g. in
McKinsey‘s study about the economics of CCS from 2008 (McKinsey, 2008). Without claiming that there will not be any learning for CCS I would like to point out that it is problematic
that learning curves are used uncritically (Jamasb and Köhler, 2007), and also illustrate a few
of the uncertainties that are embedded in LR‘s for CCS. First of all, the LR in recent years has
probably been negative on account of e.g. high steel and nickel prices, which increases the
cost of vital CCS equipment such as boilers, absorption columns and pipelines. Even though
the future is uncertain, price fluctuations may become more common if an increase in demand for CCS equipment leads to shortages or bottlenecks on resources markets. Both of
these concerns were expressed by expert stakeholders already in paper VI of this thesis, one
example comes from a university professor:
We have so many troubles building one now, and while trying to build so many over such
a short period of time you will run into all sorts of resource constraints which I don’t
think many of these models contain. So I think most of these models, including some here
at X University, are overly ambitious.
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The complexity of CCS may also affect the LR for CCS. This has been shown by e.g.
MacKerron (1992). While MacKerron wrote about the increasing costs of the nuclear power
industry in the 70s and 80s, there is a lesson to be learned also for CCS. While the nuclear
developers anticipated that they could control and reduce capital costs, other factors such as
regulatory stringency, more complex designs, rising capital costs, led to higher costs that
outweighed the lower costs that came from learning. Another issue that was recently lifted
by Ferioli et al. (2009) is that CCS consists of components that have already gone through
learning and have reached maturity. For example, several CO2 capture components closely
resemble those used in flue gas desulphurisation (FGD), which is a highly mature market. In
that respect it is very strange that some studies take the historical LR from FGD and apply to
CCS directly (Rubin et al., 2004).
Ferioli et al. write that it is very difficult to estimate a LR for CCS today. There will probably
be complex interactions between learning of different components of CCS that makes it hard
to predict learning for CCS as a whole. Even though I acknowledge that future learning for
CCS is possible, this small glimpse into the world of technology learning is intended to raise
awareness of limitations and uncertainties of learning. I think that, having seen what happened with nuclear power, negative learning should not be ruled out.
Another issue that we came across was that simplifications and assumptions are often neglected when the studies are cited in policy contexts or other circumstances. Stangeland
(2007), for example, calculates the ―full potential‖ of CCS by: i) ignoring economical and political barriers for CCS, ii) assuming that the storage capacity is practically infinite and iii) by
ignoring the life-cycle effects of CCS, among other things. His study is then cited in conjunction with ZEP, which is a collaboration between the European Commission, industry, academia and NGOs with an aim to ―enable European fossil fuel power plants to have zero CO2
emissions by 2020‖. They write: ―Indeed, if deployed to its full potential, CCS could reduce
CO2 emissions in the EU by over 50 % by 2050‖ (ZEP, 2008). Expressions like ―full potential‖
may be misleading, making lay people and decision-makers mistake it for something realizable or even desirable. Also, taken out of context, readers cannot see and consider the assumptions the claim builds on.
Life cycle emissions are often neglected, which means that the performance of CCS is exaggerated. Recent studies have shown that the effectiveness of CO2 removal in the actual power
plant is offset by increasing emissions of greenhouse gases upstream the power plant, which
increases the carbon footprint (Koornneef et al., 2008; Pehnt and Henkel, 2009). None of the
analysed studies reviewed in paper VII mentioned these life-cycle emissions, and this omission is partly responsible for sustaining the myth of CCS delivering zero emission electricity
from fossil fuels.
5.3.1 Conclusions from having studied scenarios and forecasts
Experience shows that forecasting when it comes to new and emerging technologies is a
highly uncertain endeavour and predictions have often been extremely poor when seen in
retrospect (Smil, 2003). Forecasts when it comes to the use of breeder reactors may serve as a
good example. Anshelm (2000, p. 97) shows how the optimism about breeders flourished in
the early 1970s in Sweden. Many experts thought that breeder reactors could provide enough
energy to supply the whole world for the foreseeable future. Smil (2003, p. 131) points at a
similar optimism in the US in the late 1960s, but the optimism faded as costs went through
the roof and projects were abandoned. Forecasting failures such as the example above makes
one wonder about the purpose of scenarios. If they cannot predict or at least illustrate the
future there must be other purposes. Armstrong (2001) divides scenarios into two broad
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categories. The purpose of the first category is to help decision makers confront unpleasant
and unexpected futures. When it comes to CCS, non-CCS scenarios could for example help
decision makers prepare for a case in which CCS is not feasible. Creating scenarios that belong to this category involves incorporating so-called low-probability input data. According
to Postma and Liebl (2005) this is often successful since low probability scenarios surprisingly often mirror the actual outcome.
The second category of scenarios Armstrong (2001) mentions is intended to create acceptance
for or promote a particular future. They help boost optimism in the technology and optimism in turn is necessary in order to gain financial, political and societal support.
The sample used in this paper is handpicked and not a review of the entire field and therefore it is hard to draw detailed conclusions about CCS scenarios in general. However, a hypothesis of ours is that the second category of scenarios is overrepresented when it comes to
CCS, i.e. they have a function of, intentionally or unintentionally, boosting optimism and
creating acceptance for a future with massive deployment of CCS. By choosing appropriate
inputs that drive CCS deployment, CCS is often stated to be one of the most important mitigation options despite the fact that it has not yet been proven and demonstrated in large
scale. Also, even though there are scenarios without CCS, they seem to have a harder time
making themselves seen and heard in policy and decision making contexts. Based on a
scenario study by Capros et al. (2007) the European Commission in their initial directive
proposal for geological storage of CO2 stated that:
Energy efficiency and renewables are in the long term the most sustainable solutions both
for security of supply and climate. However, we cannot reduce EU or world CO2 emissions by 50 % in 2050 if we do not also use the possibility to capture CO2 from industrial
installations and store it in geological formations.
(European Commission, 2008)
Ever since our study described in paper VII was conducted, other studies have been published that oppose a large-scale deployment of CCS (Sovacool and Watts, 2009; Page et al.,
2009). Also, influential people have come forward and criticised what they consider the overoptimism in CCS, among them Al Gore who is advocating instead for renewable energy alternatives (Gore, 2008). Many nations including Brazil, Venezuela and now also India show
minimal interest in CCS even though e.g. India is depicted as one of the most important
countries for CCS deployment (Kolnytt, 2009; Kapila and Hazeldine, 2009). Perhaps these are
all signs that a peak has been surpassed when it comes to the CCS hype, which may be followed for some years by a debate that is based on more realistic expectations.

5.4 Excerpts from and reflections on paper VIII - Over-optimism
among stakeholders
As stated in paper VII, optimism is in many instances necessary in order to gain support for
a technology, financially, politically as well as socially. However, even the most optimistic
proponents for CCS realise that there are obstacles that CCS has to surpass before being realised. In paper VIII, which is in part based on a questionnaire that was distributed as an
activity within the research project Support to regulatory activities on carbon capture and
storage (STRACO2), we asked industry stakeholders about perceived obstacles for realising
CCS. The result is shown below in Figure 12.
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Figure 12 – Perceived obstacles for bringing CCS to a commercial status (N=55)

Although it was not one of the main conclusions of paper VIII, I use the diagram to show
that the results presented here are consistent with the discussion above about over-optimism.
The respondents seem to think that there are few flaws related to CCS since ―lack of
security‖, ―lack of adequate storage sites‖ as well as ―lack of technology‖ all score very low.
Instead stakeholders identify lack of policy, regulation and incentive schemes as the largest
obstacles and thereby hand over the responsibility for the success of CCS to policy making.
Although cost is seen as an obstacle, when looking closer at answers in the questionnaire, it
becomes evident that cost is only perceived as an intermediate problem of CCS that will be
resolved as policies and regulation are in place and as cumulative deployment and learning
push costs down. In contrast to the above picture I would argue that the largest obstacle for
CCS is the technical complexity, which makes it difficult to design suitable regulation and
incentive schemes.
Several discrepancies between the industry perspective and experience from pilot and demonstration projects were identified when studying five restructured, postponed or cancelled
projects and in particular the reasons for their failures. For example, the failure of the Kwinana project in Australia, where Hydrogen Energy were to construct a coal-fired IGCC plant
with CCS and offshore CO2 storage, was caused by a lack of suitable storage sites. A feasibility study found that the storage site was unreliable due to gas chimneys in the geological
formation (Bloomberg, 2008).

5.5 Scientific contribution and closing remarks - papers V-VIII
The common denominators of the four papers presented in this chapter are:
i)
ii)
iii)
iv)

The complexity and scientific uncertainty that surround CCS;
The radically different standpoints of different stakeholders;
The sometimes blind optimism, both in industry and policy making contexts;
The low level of awareness, particularly among the public and to some degree
also among industry stakeholders, both on CCS in general and the technical and
scientific uncertainties specifically
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The scientific contribution lies foremost in the STS-inspired approach, which has helped in
shedding light on, for example, the uncertainties surrounding CCS as well as optimism in the
CCS-community. Studies and papers based on in-depth interviews with CCS-experts (used
for papers V and VI) are rarely found in the scientific literature, but have in this case been
very useful for ―reviewing views‖17 and give the reader, through the use of quotations, direct
insight into experts‘ views on CCS.

The quote comes from a reviewer of paper VI, which was published in Energy Policy, who
commented on the paper in the following way: ―The paper throws more light into the topic, it enriches
knowledge and reviews views.‖
17
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6 CONCLUDING DISCUSSION
In this concluding discussion I try to merge the conclusions from the different papers and studies.
There is also a critical reflection about the work performed in this thesis, including methodological and
theoretical choices made. I ask myself whether or not things could have been done differently. The
chapter ends with recommendations for future work and for a responsible implementation of CCS.

6.1 Early opportunities for CO2 capture

Several different opportunities for CO2 capture are studied, which makes up the first part of
the scientific contribution of this thesis. Each early opportunity has properties that could
make it competitive compared to more commonly proposed alternatives if CCS is realised.
For example, the alternatives based on the Sargas technology will become relatively compact
and therefore less expensive than processes that work under atmospheric conditions. Also,
the absorbent is less expensive than the more commonly proposed MEA, which enables low
solvent make up costs and subsequent operating costs. Last but not least, potassium
carbonate is non-toxic while MEA is not. The use of MEA for CO2 capture may therefore
involve trading one environmental problem for another, which is a topic discussed later in
this chapter.
Capturing CO2 from calcining processes may also constitute a good CO2 capture alternative
compared to, for example, capturing CO2 from power processes, especially since the CO2
concentrations are higher. Oxyfuel combustion is one alternative, and based on our rough
estimates three times more CO2 may be captured in cement production per unit of oxygen,
compared to using the same amount of oxygen for capturing CO2 from a coal-fired power
plant. However, there are drawbacks with the concept. It does not seem to be a good retrofit
alternative, since it would be very costly to, for example, install flue gas recirculation on an
existing plant (ECRA, 2007). Incentive schemes may also prove to be difficult to establish
since cement producers compete on an international market, which means that anything but
a global effort or agreement to reduce emissions from cement production could involve
leakage.
Using hybrid cycles together with CO2 capture is perhaps the most interesting alternative
identified. The hybridisation advantage is substantial, over 5 percentage points, and it is a
strong argument to look further into developing such technologies, both from resource and
emissions points of view.
However, since these proposed concepts for CO2 capture have been studied with the help of
modelling and calculations, with little real-life experience of the technologies themselves, the
viability of the concepts is still highly uncertain. For the Sargas technology, for example, a
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problem is that there is no large corporation behind it to support development. Also, the
Sargas capture technology is not suitable as a retrofit and is therefore only applicable for new
power plants, which limits its overall potential.

6.2 Recommendations for future work and a responsible implementation of CCS
Smil (2006) showed by making a rough calculation at the Global Science Forum Conference
in 2006 that a modest goal of storing 10 % of global CO2 emissions, around 3 billion tonnes,
would correspond to storing larger volumes than current crude oil production. That would
call for a massive deployment of new infrastructure in only a few years if society were to live
up to the ambitious plans for CCS as called for by industry and policy makers. Oil industry
had a century to build its current infrastructure and therefore Smil may be onto something
when claiming that ―such a technical feat could not be accomplished within a single generation‖ (Smil, 2006). I tend to agree with Smil that the grand plans for CCS are overly
ambitious. However, I still think it is a technology that has to be further developed and
tested. The primary reason is the uncertain development when it comes to climate change,
fossil fuel use and greenhouse gas emissions. It is possible that fossil fuels will be used for a
long time to come so that emissions continue to grow. In such a scenario CCS may become
the ―necessary evil‖ since it may be the only technology that can come to terms with the
harmful emissions stemming from fossil fuel use. Before deployment, however, the
technology must be demonstrated. A responsible strategy for a future development and
demonstration of CCS would benefit from taking the following recommendations into
consideration:
Recommendation 1: Look for win-win strategies
Anthropogenic climate change is not the only problem facing humanity. Because of the socalled ―Great Acceleration‖, which is a term used to describe the post World War II development with massive increase in population growth, economic activity, resource use (and
constraints) and environmental degradation, the world may now have come to the point
where continued growth in its present form could lead to major thresholds being crossed,
which in turn could trigger abrupt change (Costanza et al., 2007). Many ecosystem services,
of which many are currently being depleted or degraded, are subject to the threat of abrupt
change. Fresh water, which was brought up in chapter 5, is one such ecosystem service that
is being threatened by current developments and continued anthropogenic climate change. It
is therefore very problematic that CCS generally consumes large quantities of water.
Therefore, if the aim of society is to develop strategies that confront the multitude of
sustainability challenges, and CCS aims to be a part of such a strategy, it is of vital
importance that CCS does not cause these kinds of environmental trade-offs. Instead society
should focus on win-win strategies. One example is mentioned in section 5.2.2, i.e. to go for
IGCC with CCS, which would save water in comparison with regular PC plants without
CCS. Perhaps better examples of win-win strategies will come with time and technological
development. Schneider and Kuntz-Duriseti (2002) write: ―Policy responses to climate
change, including both mitigation and adaptation, are more likely to succeed if they are
linked to or integrated with policies designed to address nonclimatic stresses.‖ If such
integration is possible, CCS is more likely to be implemented in a responsible manner. A
prerequisite for finding such possibilities is appropriate analytical tools.
Recommendation 2: Use appropriate analytical tools
On top of the few technical and economical parameters investigated in the technical articles
of this thesis, such as efficiency and cost, there are many parameters that remain unanalysed
and unanswered. If I had done the studies all over again I probably would have tried to ex- 52 -
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pand the systems boundary in order to include upstream and downstream effects of CCS as
well as pollutants and environmental effects other than CO2. An appropriate tool could have
been life-cycle analysis (see e.g. Koornneef et al., 2008). The omission of these life-cycle effects of CCS is one of the reasons behind the over-optimism found in industry, the scientific
community and in policy making. CCS will most probably lead to a range of environmental
trade-offs.
Likewise, when studying economy it may not be relevant to calculate stand-alone costs of
CCS plants. Instead, any researcher or nation that pursues looking into the economy of
mitigation options, including CCS, should consider analysing the costs and risks of entire
mitigation portfolios and using methods proposed e.g. by Bazilian and Roques (2008). When
using such methods fossil fuel-based alternatives, including CCS, are associated with high
fuel price risk. Therefore they become less attractive compared to renewable electricity
generating options, which rather act as hedge against this price risk (Bolinger and Wiser,
2008).
Recommendation 3: Consider fossil fuel scarcity and increasing price volatility
In paper VI there is a discussion about discontinuities. A potential discontinuity for CCS
could be diminishing reserves of fossil fuels and the price volatility that may follow. In August of 2008 the coal price in Europe reached $200 per tonne, which was 3 times the price a
year before. The price development, which also included a price increase in steel and other
commodities, had a detrimental effect on the economy of many CCS projects and was one of
the reasons behind the restructuring of the FutureGen project in the US (US DoE, 2007). That
price hike had many explanations, one was a bottle neck in shipping capacity. In the future
diminishing reserves may cause similar price hikes and volatility in general, which tends to
make investments in CCS more risky and unattractive. The Energy Watch Group (2007)
suggest that coal production may peak sooner than expected (the year 2025 is their best
guess) and that global coal reserve data are of ―poor quality‖. IEA came out with a warning
recently about the oil supplies that are running out fast. Fatih Birol who is IEA‘s chief
economist said that most major oil fields in the world have passed their peak production and
that peak oil will come around 2020 (The Independent, 2009).
In line with a strategy to prepare for the unexpected, as proposed in chapter 5, it would be
nice to see better preparations for a world with fossil fuel scarcity. Bauer (2005) claims that in
a fossil fuel-poor economy ‖the problem of climate change is solved automatically because
there are not enough fossil fuels to pollute the atmosphere‖. In such an economy there would
be no reason to develop CCS. However, there is a chance that we have already surpassed the
atmospheric concentrations of CO2 needed in order to prevent dangerous climate change. In
that case it would still be motivated to continue to develop CCS, but not as an excuse to burn
more fossil fuels, rather in combination with the combustion of biomass or capturing CO2
directly from the air (Obersteiner et al., 2001; Keith et al., 2005). When pursuing the former
strategy a careful approach is suggested that neither causes harm to the biosphere and
biodiversity, nor to people by e.g. competing with food production (Ziegler, 2007).
Recommendation 4: Fund unbiased research
This fourth recommendation is related to the previous in the sense that it also entails criticism against the one-sided focus on fossil fuels. Industry claims that fossil fuels are here to
stay, and their claims are backed up by researchers who produce fossil fuel-intensive forecasts. Industry also funds a large part of the CCS research. It is not problematic in itself;
However, in combination with very little research by NGO‘s and universities (without ties to
industry) CCS could develop into something that suits industry more than society at large.
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One respondent from our interviews for paper VI, a university professor, said: ‖do not begin
to store the CO2 in the best aquifers because they are most certainly secure. Let‘s begin with
the less suitable sites, because then we learn something.‖ It reflects an aspiration to move
away from the biased research, which only seeks to confirm that CO2 storage is safe. Vajjhala
et al. (2007) are saying the opposite:
Because the success of early projects and the dissemination of positive results will be essential for establishing a positive perception of CCS, we also recommend that early, prototype storage projects should, wherever possible, focus on the most suitable and secure
sites with less ecologically sensitive ecosystems.
(Vajjhala et al., 2007)
I reject such a cynical approach. I think CCS research needs to be done, early on, both on
leaky reservoirs and in connection with ecologically sensitive ecosystems, because if CCS is
implemented on a large scale such storage sites may have to be used. Also, if society is to
decide on CCS today, it is good to know every aspect of CCS rather than neglecting and concealing the unfavourable ones. However, industry is probably not interested in funding such
research, and therefore more funding should go to universities and NGOs that do not have
ties to industry or other stakeholders with vested interests in CCS becoming a reality. I
would also like to see funding to the forest industry and pulp and paper industry for realising bio-energy with carbon capture and storage (BECS).
Recommendation 5: Invest in long-term solutions as well as in CCS
Whether because of lack of security, distrust in experts and industry, CCS drawing money
from other solutions or other concerns about CCS, public opposition continues to delay,
postpone and cancel CCS projects. One of the latest projects that was cancelled due to local
opposition was to be located in Jutland, Denmark. Vattenfall had plans on capturing CO2
from a coal-fired power plant and store it in a saline aquifer. Local protesters were afraid that
CO2 would leak, which they thought would be dangerous since CO2 is heavier than air and
could therefore lead to asphyxiation. Another example comes from northern Germany where
RWE‘s plans for storing CO2 in Schleswig-Holstein are currently under attack from local
protesters (see Figure 13 below). Industry asks itself again and again how these reactions
may be avoided.

Figure 13 – Campaign against CCS in Schleswig-Holstein in northern Germany “Stop CO2 storage – Stop the
madness”
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A common view in industry and among CCS proponents is that acceptance may be ―created‖
by education and information and that any reluctance towards CCS and other technologies
depends on ignorance. Such thinking has been called the ―deficit model‖. According to the
deficit model:
...scepticism towards modern science and technology is caused primarily by a lack of adequate knowledge about science. Related to this is the idea that, by providing sufficient information about modern science and technology to overcome this lack of knowledge — or
'knowledge deficit' — the public will change its mind and decide that both science and
the technology that emerges from it are 'good things'.
(Dickson, 2005)
According to me, the deficit model in a CCS context has many flaws. Reluctance towards
CCS does not only depend on lack of information or education. The fundamental idea behind CCS, which is to dispose billions of tonnes of industrial waste underground, is not
appealing to everybody and therefore creates reluctance in itself. Even though a part of the
reluctance seen today may depend on unawareness, an even more important part of it may
come from distrust in the scientists, organisations, governments and other actors that
promote it (Terwel, 2009). CCS in that respect may be seen as a ―smokescreen‖ with a
function of drawing attention from the unsustainable aspects of coal and postponing the
unavoidable abandonment of fossil fuels (Greenpeace, 2008b). Therefore, as was also concluded in the STRACO2 report, in order to mitigate the scepticism towards CCS I see it as
important that:
i)
ii)
iii)

CCS proponents stop referring to ―clean coal‖ or ―sustainable coal‖ when speaking about CCS, which may create opposition and polarisation;
CCS proponents open up for public participation;
CCS proponents take on a larger responsibility for building a renewable energy
and electricity-generating system that will be needed either when fossil fuels or
appropriate CO2 storage options run scarce.
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