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Summary
Climate change is an urgent global challenge. All mitigation options need to
be pursued, if we are to keep within the 2◦ C target. New energy technologies
have promising potential, but none of them reaches their full potential yet.
One factor that impacts technology adoption is public acceptance, and it is
therefore important to understand how it is shaped. The present work investigated public perception of carbon capture and storage (CCS), a technology
which could significantly reduce CO2 emissions from electricity production.
Two studies examined how information about CCS affects perceptions.
One tested the hypothesis that information about CCS monitoring measures
has a reassuring effect on lay persons. Counterintuitively, this is not the case;
the information can even be alarming. The result highlights the relevance of
public perception studies for informing risk communication. The other study
examined the effect of figures of the CCS chain on people’s understanding
of the technology. Illustrations that incorporated typical mental models
did not perform better than suboptimal illustrations. It seems that certain
misconceptions are so persistent that merely providing correct information
cannot dispel them. Instead, they need to be pointed out explicitly and then
corrected.
A conjoint study was conducted to measure acceptance of entire CCS
systems. Public perception research often focuses on storage alone and neglects the capture and transport steps in the CCS chain. Transport, however, emerged as an important factor for acceptance. It could also be shown
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that the public cares about the origin of the stored CO2 . If it is generated
through the combustion of biomass instead of fossil fuels, acceptance for
local storage is higher.
The fourth study in this work explored the question of whether predictors
of risk and benefit perception of CCS vary between regions at different stages
of deployment. Most acceptance studies thus far have been conducted in
regions where CCS has not yet been implemented. It is interesting to know
whether the results of these studies might still apply once CCS is introduced.
A comparison of three Canadian provinces suggests that risk and benefit
perceptions are robust and not related to the public’s familiarity with the
technology.
Finally, a literature review was conducted of public perception research
of CCS thus far. Well understood are the public’s intuitive reactions to
CCS and their mental models. More research should be dedicated to understanding contextual and dynamic processes that shape public acceptance.
Additionally, acceptance of concrete CCS projects could be studied more.
Results of the present research have implications for the communication
and management of CCS projects.
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Zusammenfassung
Der Klimawandel ist eine dringliche globale Herausforderung. Damit das
Zweigradziel eingehalten werden kann, müssen alle Minderungsstrategien
verfolgt werden. Neue Energietechnologien versprechen grosses Potential,
jedoch schöpft bisher keine von ihnen alle Möglichkeiten aus. Ein entscheidender Faktor für die Umsetzung neuer Technologien ist öffentliche Akzeptanz; es ist daher wichtig zu verstehen, wie diese zustande kommt. Die
vorliegende Arbeit befasst sich mit öffentlicher Wahrnehmung von “Carbon
Capture and Storage” (CCS), einer Technologie, die wesentlich zur Reduktion von CO2 -Emissionen aus der Stromproduktion beitragen könnte.
Zwei Studien untersuchten, wie Information über CCS dessen Wahrnehmung beeinflusst. Eine überprüfte die Hypothese, dass Information über
Überwachungsmassnahmen einen beruhigenden Effekt auf Laien ausübt.
Dies ist jedoch nicht der Fall, was kontraintuitiv erscheint. Das Resultat zeigt auf, wie wichtig es ist, dass systematische Untersuchungen zu
öffentlicher Wahrnehmung in die Risikokommunikation einfliessen. Die andere Studie untersuchte den Einfluss von Abbildungen der CCS-Kette auf
das Verständnis der Technologie. Abbildungen, die mentale Modelle berücksichtigten, schnitten nicht besser ab als suboptimale Abbildungen. Es scheint,
als ob gewisse Misskonzepte so hartnäckig seien, dass sie nicht allein durch
die Darbietung korrekter Information ausgeräumt werden können. Stattdessen
sollten sie explizit angesprochen und dann berichtigt werden.
Eine Conjoint-Studie wurde durchgeführt, um die Akzeptanz ganzer
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CCS-Systeme zu messen. Forschungsarbeiten zu öffentlicher Wahrnehmung
konzentrieren sich häufig ausschliesslich auf die CO2 -Speicherung und blenden
die Schritte des CO2 -Abfangens und -Transports aus. Transport stellte sich
jedoch als wichtigen Faktor für die Akzeptanz heraus. Ebenso konnte gezeigt
werden, dass der Ursprung des gespeicherten CO2 für die Öffentlichkeit eine
Rolle spielt. Wenn das Gas aus der Verbrennung von Biomasse anstatt fossiler Brennstoffe stammt, ist die Akzeptanz für lokale Speicherung grösser.
Die vierte Studie ging der Frage nach, ob Prädiktoren für Risiko- und
Nutzenwahrnehmung von CCS sich zwischen Regionen unterscheiden, in denen die Umsetzung von CCS unterschiedlich weit ist. Die meisten bisherigen
Akzeptanz-Studien wurden in Regionen durchgeführt, in denen CCS noch
nicht implementiert worden ist. Es ist von Interesse zu wissen, ob die Resultate dieser Studien weiterhin Gültigkeit haben, nachdem CCS eingeführt
wurde. Ein Vergleich dreier kanadischer Provinzen legt nahe, dass Risikound Nutzenwahrnehmung stabil sind und in keinem Zusammenhang zu Vertrautheit mit der Technologie stehen.
Schliesslich wurde ein Review der bisherigen Forschung über öffentliche
Wahrnehmung von CCS verfasst. Gut untersucht sind mentale Modelle der
Bevölkerung und deren spontane Reaktion auf CCS. Zusätzliche Forschung
sollte sich der Rolle von kontextabhängigen und dynamischen Prozessen für
öffentliche Akzeptanz widmen. Ebenso sollte die Akzeptanz konkreter CCSProjekte besser untersucht werden.
Die Resultate der vorliegenden Arbeit können in der Kommunikation
und Umsetzung von CCS-Projekten Anwendung finden.
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Introduction

Climate change is now widely acknowledged as a pressing problem, and
there is consensus that its causes lie mostly in human activities. Particularly
the increased burning of fossil fuels has caused an unprecedented increase
in CO2 concentrations in the atmosphere. The global rise in temperature
leads to rising sea levels, a higher frequency of extreme weather events,
changed precipitation patterns and other effects, which in turn affect human
health, our food chain and ecosystems (Intergovernmental Panel on Climate
Change, 2007). In order to minimize these effects, member states at the
16th United Nations Climate Change Conference (COP 16) committed to
keeping the global average temperature increase below 2◦ Celsius compared
to pre-industrial levels. In order to maintain a 50% chance of reaching this
goal, energy-related CO2 emissions would have to drop to zero by the year
2075 (Global CCS Institute, 2012).
Currently, however, energy-related CO2 emissions account for almost
60% of anthropogenic greenhouse gas emissions (Global CCS Institute, 2012).
The global energy mix is dominated by fossil fuels, and particularly the use
of coal has been increasing drastically. Nearly half the rise in global energy demand over the last decade has been met with coal, which grew even
faster than all renewables together (International Energy Agency, 2012b).
This also brings a certain dependency on existing infrastructure. Roughly
four fifths of CO2 emissions that are allowable by 2035 within the 2◦ C scenario are already locked-in by current infrastructure (International Energy
Agency, 2012b). The necessary emission reductions to achieve the agreedupon climate targets are still technically feasible, but only if all options are
harnessed (International Energy Agency, 2012a).
Technological options to reduce CO2 emissions in the energy sector are
renewable energy technologies (hydro, biomass, wind, solar photovoltaic,
concentrated solar thermal), energy efficiency, nuclear power and carbon
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capture and storage (CCS). The large majority of these technologies, however, do not currently reach their potential in reducing CO2 emissions (International Energy Agency, 2012a). Their adoption is not merely a question
of technological progress, but also one of human perception – whether policy makers and the general public agree with and support their deployment.
This thesis deals with the public perception of one of these climate change
mitigation technologies – carbon capture and storage – and how it could
be communicated to the public in order to help them reach an informed
decision.

1.2

Carbon Capture and Storage

Carbon capture and storage, or CCS, is a technology to capture CO2 emissions from the combustion of fossil fuels and certain industrial processes, and
sequester them permanently in geological formations in the deep subsurface
of the Earth. There are three stages: capture, transport, and storage. Capture is the separation of CO2 from other flue gases that are generated during
electricity production or other industrial processes (such as cement production). Currently, CO2 capture is only possible at such large point sources and
not at small, decentralized sources, such as car exhausts. The second stage
in the CCS chain is transport. After the CO2 has been captured, it needs to
be moved to suitable storage locations. Compressed CO2 is already being
transported by pipeline, by ship, and by trucks and is a proven technology.
A large-scale adoption of CCS, however, would require the installation of
an extensive new pipeline network. The final stage of CCS is storage: CO2
is injected into deep geological formations (Global CCS Institute, 2012).
These have to be at least 800 m deep, so that the geostatic pressure is sufficiently high to keep the CO2 in a supercritical state. This means that the
CO2 behaves like a dense fluid, although it is at a temperature at which it
would be gaseous under atmospheric pressure. Suitable geological forma-
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tions include depleted oil or gas fields or so-called saline aquifers – porous
rock formations that contain water with a high salt content. These storage
formations need to be overlain by an impermeable caprock, which creates a
physical barrier that prevents the CO2 from escaping to the surface. Various
physical and chemical trapping mechanisms add to the storage safety and
actually reduce the probability that CO2 escapes, the longer it stays in the
storage formation. Over very long periods of time, the CO2 bonds with the
surrounding rock and forms a carbonate mineral.
The different CCS technologies for CO2 capture, transport, and storage
are already applied separately at commercial scale. There is still only limited
experience, however, with large-scale integrated projects that combine all
three technologies. Additional projects are needed to gain more knowledge
(Global CCS Institute, 2012). This would help to improve the technologies,
the cost efficiency, and risk management. The main risks of CCS are leakage
of CO2 out of the storage formation, incidents with pipelines or injection
wells, and induced seismicity. Leakage into the atmosphere would jeopardize
the climate target, leakage within the subsurface could lead to changes in
the chemistry of drinking water aquifers, or to soil acidification. Potential
pathways for leaking CO2 are insufficiently sealed legacy wells or permeable
faults in the caprock. Active injection wells and pipelines pose a risk due to
the high pressure under which they operate. Blowouts could injure people
and lead to the sudden release of large amounts of CO2 . If the pressure
is maintained, there remains the risk that CO2 injection triggers seismic
events.
Despite these uncertainties, CCS could play an important role in the
reduction of global CO2 emissions. Fossil fuels remain a dominant energy
source in all projected scenarios (International Energy Agency,

2012a),

and the International Energy Agency (IEA) estimates that without wide
deployment of CCS, only one third of all proven fossil fuel reserves could be
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used by 2050 in order to stay within the 2◦ C goal (International Energy
Agency,

2012b). Additionally, CCS is the only technology that allows

for significant reduction of CO2 emissions in industrial sectors such as the
iron, steel, and cement industry. According to the most recent estimates,
CCS could account for up to 14% of the reductions in energy-related CO2
emissions by 2050, or 123 Gt in absolute numbers (International Energy
Agency, 2012a).

1.3

Energy production and policy context in Switzerland

Switzerland differs from many other countries in two important aspects:
First, due to its direct democracy, the public has an unusually large say
in policy decisions at all levels, and also in the implementation of largescale projects. A CCS project would almost certainly be put to a local
referendum. Second, unlike much of the rest of the world, Switzerland’s
electricity production does not rely on fossil fuels.
Swiss electricity generation relies mostly on hydro power (53.7% in 2011)
and nuclear power (40.6%). In 2011, an additional 4.6% were produced
in conventional thermal power plants (e.g. waste incinerators) and 1.0%
came from renewables other than hydro (Bundesamt für Statistik, 2013).
There are plans to phase out nuclear power over the next few decades,
following the events at Fukushima (Bundesamt für Energie BFE, 2012).
The Federal Council and both chambers of parliament have endorsed this
decision. They require changes in the current national energy law, however,
which can potentially be overturned by the public, if a referendum is forced.
Nonetheless, the Energiestrategie 2050 (energy strategy 2050) by the Federal
Council forms the current basis for planning decisions and the best estimate
of how the Swiss energy context is going to develop. Multiple measures will
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be necessary to replace the share of nuclear power in the current energy mix.
One is the construction of combined cycle power plants fueled with natural
gas. This is where CCS might be applied in Switzerland. Installing new
fossil-fueled power plants would of course increase CO2 production, but the
majority could be captured and stored with CCS.

1.4

Acceptance of new technologies

The introduction of new technologies is often met with skepticism or even
opposition by the public (Renn, 1983). Public response to a technology can
affect its implementation indirectly or directly. Indirectly, because policy
makers might base their decisions on what they believe the public wants.
Directly, because the public might have a say in policy decisions, because
they can simply refuse to buy products related to the technology in question
(for example genetically modified food), or because they can protest against
implementation (for example by demonstrating against the construction of
a power plant). Public perception thus plays an important role in the implementation of new technologies.
Public acceptance of technologies has therefore increasingly been the
subject of psychological research. Nevertheless, no unified model of technology acceptance exists to date (Huijts, Molin, & Steg, 2012). Research has
identified relevant predictors, however, that have high explanatory power.
Two of the most important factors for technology acceptance are risk and
benefit perceptions, and they are among the six most commonly researched
predictors (Gupta, Fischer, & Frewer, 2012). They have also been found to
be crucial in the case of CCS (e.g., Kraeusel & Möst, 2012; Midden & Huijts, 2009; Tokushige, Akimoto, & Tomoda, 2007b; Wallquist, Visschers,
Dohle, & Siegrist, 2012).
If risks and benefits of common activities are plotted against each other,
there is a strong positive relationship (Starr, 1969); risky activities usu-
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ally yield higher benefits and vice versa. Starr argues that through trial
and error, society has reached an optimal balance between risks taken and
benefits gained for any given activity. His approach is called the “revealed
preference” approach. Other authors (Fischhoff, Slovic, Lichtenstein, Read,
& Combs, 1978) have used the “expressed preferences” approach and measured attitudes directly, rather than analyzing historical data. They found
the opposite relationship: subjective risk and benefit perceptions of people
are inversely correlated. Evidence suggests that this is the case because
people are unable to assess the two dimensions separately. Instead, they
use their affective response to a particular stimulus to form their risk and
benefit judgments (Alhakami & Slovic, 1994; Finucane, Alhakami, Slovic,
& Johnson, 2000). If they have positive feelings towards a technology, they
will judge it to have higher benefits and lower risks; conversely, if they have
negative feelings, they will infer higher risks and lower benefits.
More detailed analysis of revealed preferences led to the development of
the psychometric paradigm (Slovic, 1987). It shows that risk judgments
made by laypeople can be largely explained by two factors: the “dread risk”
factor and the “unknown risk” factor (cf. Slovic, 1987). Risks that load
high on the dread factor are perceived as being uncontrollable, catastrophic
in nature, involuntary and posing a high risk to future generations. Risks
that load high on the unknown factor are perceived as being not observable,
unknown to both science and those exposed, having delayed effects and
being new. Figure 1.1 illustrates a variety of different risks and where they
are located in this factor space. Car accidents, for example, load very low
on the unknown factor and not very high on the dread factor. The risk
of car accidents is, therefore, perceived as rather moderate and typically
underestimated. An example of a technology that is perceived as very risky
is DNA technology. It can be found at the top right, which means it is
perceived as unobservable, new, uncontrollable and carrying a high risk for
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Figure 1.1: The psychometric paradigm (source: Slovic, 1987)
future generations. CCS is also located in the upper-right quadrant, but
does not load as high on the dread factor (Tokushige, Akimoto, & Tomoda,
2007a).
Sometimes, people do not possess enough knowledge to make a good risk
estimate. Few persons can claim to be experts in nuclear power or gene technology, for example. Nonetheless, most members of the public have opinions
on these technologies and will be ready to provide their risk and benefit perceptions. They typically base their assessment on that of stakeholders they
trust (Siegrist, 2000; Visschers, Keller, & Siegrist, 2011). Trust is commonly defined as “a psychological state comprising the intention to accept
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vulnerability based upon positive expectations on the intentions or behavior
of another.” (Rousseau, Sitkin, Burt, & Camerer, 1998, p. 395). Therefore,
if people lack the knowledge to assess the risk of a certain technology, they
will base their judgement, at least partially, on that of a person or organization they think has enough expertise, and also has benign intentions. The
relationship between trust and perceived risks is stronger when knowledge
is low. For hazards about which people are more knowledgeable, there is
only a small correlation between social trust and perceived risks or benefits
(Siegrist & Cvetkovich, 2000).

1.5

Risk communication

In our everyday life, we are constantly confronted with risks and risk decisions – from the choice we make about our breakfast food, to our choice
of transport to commute to work, to which leisure activities we engage in
during the evening. Many of these decisions do not require careful consideration or intensive search for new information. For some risks, however, we
need to rely on trustworthy information from experts. This is certainly the
case with many modern-day technologies, as noted in the previous section.
In these cases, risk communication is necessary to enable people to make
informed decisions about the risk in question (Morgan, Fischhoff, Bostrom,
& Atman, 2002, p. 2). If the risk is under personal control, people can
decide whether they want to engage in a certain behavior, such as using a
cell phone or consuming food that contains genetically modified organisms
(GMO). If the risk is under societal control, the public has the opportunity
to acquire enough background knowledge to participate meaningfully in a
societal dialogue.
Risk communication can have a variety of different goals. Lundgren and
McMakin (2009) distinguish broadly between three different types of risk
communication: care communication, consensus communication and crisis
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communication. Care communication is for risks that are well understood
and where there is general agreement on how they should be managed. Examples would be health communication about the risks of smoking, or industrial risk communication about workplace safety. Consensus communication
is about risks that are not as clearly defined. There are larger uncertainties
about the exact nature of the risk and how it should be managed. The
purpose of consensus communication is “to inform and encourage groups
to work together to reach a decision about how the risk will be managed.”
(Lundgren & McMakin, 2009, p. 4). Crisis communication, finally, is risk
communication surrounding an extreme, hazardous event, for example a major nuclear accident. Risk communication about CCS falls into the category
of consensus communication. CCS is still largely unknown to the public,
and there are scientific uncertainties regarding each step of the technology.
The public needs to be enabled to reach their own opinion and contribute
to a societal consensus about CCS deployment.
A risk communication approach that has proven very useful is the mental
models approach (Morgan et al., 2002). It centers around the concepts and
beliefs that people hold already and that they use to construct a so-called
mental model of a risk. Even if people have no prior knowledge about a
risk, they will make inferences from certain cues. In the case of CCS, for
example, the fact that a gas is stored, typically invokes the mental model
of a balloon and thoughts about how easily gases can escape. Therefore,
the mental models approach emphasizes that risk communication should
be tailored to the audience’s resources and needs in terms of prior knowledge, time, personal expectations, etc. According to Morgan et al. (2002),
the mental models approach “offers a way to ensure that, if they choose to,
laypeople can understand how the risks they face are created and controlled,
how well science understands those risks, and how great they seem to be.
Accomplishing this task is a necessary condition for establishing a partner-
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ship with the public” (p. 14). Morgan et al. (2002) go on to point out that
although risk communication is a necessary condition, it is not sufficient for
public-centered risk management. Other elements are also important, such
as hearing the public’s views or ensuring fair decision-making procedures.
The mental models approach uses a five-step procedure to produce communication materials. In a first step, an expert model is created. This should
represent a comprehensive and balanced view of what the current scientific
understanding of the risk is, and where there might still be uncertainties
or controversies. The second step consists of eliciting mental models from
laypeople. This is accomplished through semi-structured interviews. The
results from these interviews are then used to design confirmatory questionnaires that can quantify how widespread certain beliefs actually are. The
results from the previous steps are then used to draft initial risk communication. Finally, the communication materials are evaluated and refined,
until they are understood as intended. The studies in this thesis fit into the
second and third step of the mental models approach. They were conducted
with the question in mind of how CCS could best be communicated to the
public.

1.6

Public perception of CCS

Research of public perception of CCS is still young and started roughly
a decade ago. The first studies were qualitative, in order to gain an initial
understanding of how the public perceives CCS (Gough, Taylor, & Shackley,
2002;

Palmgren, Morgan, Bruine de Bruin, & Keith,

2004;

Shackley,

McLachlan, & Gough, 2005). Additional qualitative studies have been able
to complement the picture (e.g., Oltra, Sala, Solà, Masso, & Rowe, 2010;
Upham & Roberts, 2011; Wallquist, Visschers, & Siegrist, 2009). Many of
these studies have focused on the risks people associate with CCS. Potential
benefits are elicited far less frequently. The most frequent concerns are
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leakage of the stored CO2 back into the atmosphere, blowouts and explosions
that might cause such a leak, and earthquakes. Large concerns also exist
regarding the role of CCS in a sustainable energy future. The technology
is perceived as an end-of-pipe solution that does not tackle the root of the
problem.
Nevertheless, climate change mitigation is the benefit of CCS that is
most frequently mentioned by laypeople. This is unsurprising, seeing that
climate change mitigation was the reason why the technology was originally
developed. Potential host communities of CCS sites, however, see additional
benefits that are more tangible and immediate. They believe that CCS
activities might create jobs and generate tourism (Ashworth, Pisarski, &
Thambimuthu, 2009;

Oltra et al., 2012;

Wong-Parodi, Dowlatabadi,

McDaniels, & Isha, 2011; Wong-Parodi & Ray, 2009).
Quantitative surveys about CCS have shown that the technology is
largely unknown to the public. This makes it difficult to collect meaningful
results from public opinion surveys; participants have to be given at least
some information, which might influence the results. Some researchers have
tried to overcome this problem by providing comprehensive information and
measuring the attitudes of fully informed participants (de Best-Waldhober,
Brunsting, & Paukovic, 2012; de Best-Waldhober, Daamen, & Faaij, 2009;
Fleishman, De Bruin, & Morgan, 2010). Participants in these studies had
a slightly positive view of CCS. They would not oppose CCS, but they were
not enthusiastic about it either. Generally, energy efficiency and renewable
energy technologies are preferred, even when people have been informed
about necessary trade-offs.
Measuring the attitudes of thoroughly informed participants has the advantage that these attitudes are stable. A disadvantage is that it is a timeconsuming procedure for researchers and participants. The public is not
necessarily willing and able to invest many hours in learning about CCS.
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Other studies have therefore given only limited information. They focused
on antecedents of acceptance, which are thought be more stable than absolute acceptance levels (e.g., Huijts, Midden, & Meijnders, 2007; Tokushige
et al., 2007b; Wallquist et al., 2012; Wallquist, Visschers, & Siegrist,
2010). The best predictors for acceptance have consistently been risk and
benefit perception, and trust in stakeholders. Higher acceptance is associated with lower risk perception and higher benefit perception. This is
consistent with the wider literature on technology acceptance (see Section
1.4). Wallquist et al. (2010) found that risk perceptions were mostly influenced by concerns about the unsustainable nature of CCS, fears of leakage,
and fear of reservoir overpressurization. Benefit perceptions were mostly influenced by concerns that CCS is unsustainable. Other studies additionally
found a strong influence of trust on benefit perceptions (Midden & Huijts,
2009; Terwel & Daamen, 2012; Tokushige et al., 2007b).
Terwel and colleagues conducted a series of experiments on the role of
trust, and how it can be influenced. They found that motives ascribed
to different stakeholders play an important role. If a stakeholder that is
thought to act out of self-serving motives highlights the environmental benefits of CCS, this is perceived as dishonest and thus negatively impacts
trust. It is therefore not just message content alone that matters to people,
but the perceived congruence between message content and ascribed motives of the communicator (Terwel, Harinck, Ellemers, & Daamen, 2009b).
Terwel, Harinck, Ellemers, and Daamen (2009a) additionally distinguish between competence-based and integrity-based trust; one refers to the belief
that a stakeholder has enough expertise to handle CCS safely, the other
refers to the belief that a stakeholder has the public’s best interest at heart.
When competence-based trust was high, people tended to adopt the position of the stakeholder. When integrity-based trust was low, participants
adopted the opposite view to that of the stakeholder. How trustworthy a
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stakeholder is perceived to be also depends on fair procedures. If decisionmaking procedures are perceived as being fair, this leads to higher trust
in the decision-maker and subsequently higher acceptance of the outcome.
Decision procedures were perceived as fair when a variety of different groups
were given a voice (Terwel, Harinck, Ellemers, & Daamen, 2010).
Experiments conducted by Wallquist, Visschers, Dohle, and Siegrist (2011)
examined how factual information about CCS affects perceptions. They
found that information about the high pressure in the storage formation
increased risk perception and decreased benefit perception. Information on
the liquid form of the CO2 in the storage formation and on the role of CCS as
a bridging technology had the opposite effect: It decreased risk perceptions,
while increasing benefit perceptions. Tokushige et al. (2007b) found that
participants who had received information about natural analogues of CO2
storage had lower risk perceptions and thus increased acceptance, whereas
information on CCS field demonstrations had no significant effect. These
results highlight that merely giving people more facts will not lead to acceptance of CCS, but that it is important to understand how different types of
information have different effects.

1.7

Research questions and chapter overview

Section 1.4 outlined the importance of public perception for the implementation of new technologies. This has also been recognized for CCS and
spurred research into public perception. The field is still very young, however, and many questions remain to be answered. This thesis aims to add
to the emerging field of public perception of CCS by further refining our
understanding of what shapes risk perceptions, benefit perceptions and acceptance of CCS. The results should help informing risk communications for
the general public. In the following, an overview is given of the chapters and
their research questions.
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Chapter 1

Chapter 2: Communication of CCS monitoring activities may not have a reassuring effect on the public

Chapter 2 presents a study on the effect of specific information about CCS
on the public’s perception of the technology. In an online experiment, one
group of participants only read an introductory text about CCS and then answered questions about their risk and benefit perceptions, affective response,
and acceptance (control group). The other group additionally received some
information on monitoring measures undertaken at CO2 storage sites (experimental group). Men in the experimental group exhibited significantly
higher levels of negative affect and risk perception, and lower levels of acceptance than men in the control group. This result challenges the intuitive
assumption that the communication of precautionary measures has a reassuring effect.

1.7.2

Chapter 3: The use of figures in CCS communication

Chapter 3 explores the role of graphical illustrations when communicating
about CCS. Figures are an integral part of most information materials about
CCS, but virtually no research has been conducted to better understand
how they are processed, and how they should be designed to best help
comprehension. Based on the literature about graphical displays in teaching
and communication, and studies about intuitive mental models of CCS,
different illustrations of the CCS chain were developed. They were then
tested in a qualitative interview study. Illustrations that were aimed at
correcting typical misconceptions and incorporated prevalent mental models
did not fare better than an illustration that seemed to reinforce false beliefs.
It is concluded that misconceptions cannot be dispelled implicitly. They
need to be stated and corrected explicitly in communication materials.
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Chapter 4: Public acceptance of CCS system elements:
a conjoint measurement

Studies of the public’s response to CCS often focus on the storage aspect and
neglect capture and transport, perhaps because the latter two are already
proven technologies. In this chapter, a conjoint study is presented that
looked at public acceptance of the entire CCS chain. Storage was not the
dominant factor for acceptance. The factor pipeline was the most influential,
followed by type of power plant (i.e., capture) and storage. When the CO2
source was biogas rather than natural gas, no NIMBY (Not In My Backyard)
effect could be observed. The results suggest that public perception research
should not just focus on storage, but pay attention to all parts of the CCS
chain.

1.7.4

Chapter 5: Predictors of risk and benefit perception
of carbon capture and storage (CCS) in regions with
different stages of deployment

Many public perception studies of CCS are conducted in countries where the
technology has not yet been implemented. This raises the question of how
robust the results are, and whether they can be predictive of actual public
response, once the technology is introduced. Chapter 5, therefore, presents
a study that compared predictors of risk and benefit perception of CCS
in regions at different stages of deployment, namely the three Canadian
provinces of British Columbia, Alberta and Saskatchewan. Respondents
differed in their familiarity with CCS, but the same variables could predict
risk perception in all three provinces. Similar results were found for benefit
perception. A comparison with results from a Swiss study, however, suggests
that benefit perceptions might be susceptible to the policy and energy system
context in which CCS is deployed.
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1.7.5

Chapter 6: Public perception of carbon capture and
storage (CCS): a review

In Chapter 6, a comprehensive overview is given of public perception research of CCS. Forty-two studies that have been published since the beginning of this type of research in 2002 are reviewed. They show that most
research about public perception of CCS has been conducted in places where
CCS has not been deployed yet. This points to the importance of more case
studies to gain a better understanding of what drives local acceptance or
rejection of CCS projects. More research attention should also be given to
the context in which CCS is deployed, and to dynamic social processes. Well
understood are laypeople’s intuitive understanding of CCS, typical misconceptions they hold, and concerns they have.

1.7.6

Chapter 7: General discussion

The general discussion summarizes and integrates the findings from the previous chapters. Practical implications are discussed and possible avenues for
future research pointed out.
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Abstract
An online experiment (N = 200) was conducted to investigate the influence
of information about monitoring measures at CO2 storage sites on laypeoples perceptions of Carbon Capture and Storage (CCS). One experimental
group received only a basic introductory text, while the other group received
additional information about CO2 monitoring. Men in the monitoring condition exhibited significantly lower acceptance, significantly higher levels of
negative affect, and marginally higher risk perception of CCS; no significant
effects were observed in the female subsample. We conclude that information about monitoring activities does not exert a reassuring effect and may
even be alarming when actively communicated. The gender difference may
be explained by a difference in the salience of mental concepts between men
and women regarding CCS. Implications for communication about CCS and
for future research are discussed.
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Introduction

In December 2010, Carbon Capture and Storage (CCS) was added to the
Clean Development Mechanism of the Kyoto Protocol. This put new urgency on efforts to close research gaps concerning the large-scale implementation of CCS. Capture technologies are still more developed than storage
technologies, and this gap would have to be closed for successful large-scale
integration of the whole CCS chain (Aiken, 2010). However, not only technological factors need to be addressed; social and psychological aspects also
play an important role. This is true not only in Switzerland, where the general public has a direct influence on regulations concerning new technologies,
but also in other countries, where public opposition may negatively impact
the introduction of CCS.
Public perception of CCS has already received considerable attention
in social science research. A key issue when assessing public opinions is
the fact that CCS is not well known yet (de Best-Waldhober, Daamen, &
Faaij, 2009; Ha-Duong, Nadai, & Campos, 2009; Reiner et al., 2006).
Therefore, public perception surveys have been criticized for only measuring
pseudo opinions: despite the fact that respondents know little about CCS,
they express an opinion, which tends to be unstable as well as sensitive to
contextual change (de Best-Waldhober et al., 2009; Fleishman, De Bruin,
& Morgan, 2010; Malone, Dooley, & Bradbury, 2010). Several approaches
have been proposed to avoid assessing merely pseudo opinions. Dutch researchers (de Best-Waldhober et al., 2009) used the so-called InformationChoice Questionnaire (ICQ), in which information about the topic under
investigation forms part of the questionnaire. The questionnaire is framed
as a choice between different policy options and also guides respondents’ information processing. Another approach is that of Fleishman et al. (2010),
who conducted workshops with participants. They received elaborate information about energy portfolios and their pros and cons as “homework”
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material, and then discussed the different portfolios during the workshops.
Both approaches led to somewhat favorable evaluations of CCS and to more
stable attitudes, which can be attributed to the fact that participants were
thoroughly informed. Information materials used outside of research and for
actual communication with the public also tend to be rather detailed and
comprehensive (e.g., CO2GeoNet, 2008).
There are doubts to be raised, however, about the practical validity of
such an approach to information delivery. Most members of the public will
not spend hours performing a thorough, rational analysis of all available
information but rather behave according to “bounded rationality” (Simon,
1955), which asserts that humans use simplifications and heuristics in order
to make sense of a complex world and to efficiently arrive at judgments.
As Gigerenzer (2004) illustrates, people follow simple rules when gathering
information and using it to make decisions. They look for cues using a
“take the best” approach and often stop searching for information once
they have found the first discriminating cue that allows them to make a
decision. In an experiment, participants were offered a choice between the
shares of two fictional companies and could look at up to six cues for one
penny each. Seventy-five percent of participants searched the available cues
in order of their decreasing validity, and 80% stopped their information
gathering when they had found a single discriminating cue. Such one-reason
decision making is found not only in hypothetical settings that bear little
relevance to the participants’ lives. It has also been found in high-stake
decisions (Gigerenzer, 2004), such as bail decisions by British magistrates,
drug prescription and medical decisions made by parents for their children.
This does not necessarily mean, however, that such decisions are poor. In
fact, heuristics are a useful tool in judgment and decision making and can
even lead to better decisions (Gigerenzer, 2004). They are employed without
conscious effort, and attempts to deliberately control and rationalize those
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processes may actually interfere with information integration and may result
in poorer judgments (Betsch & Glöckner, 2010). This also applies to the
CCS context. Lau and Redlawsk (2001) showed that heuristics are also
widely used in political decision making: “We find that cognitive heuristics
are at times employed by almost all voters and that they are particularly
likely to be used when the choice situation facing voters is complex”. It
is therefore important to better understand how people respond to even
limited and incomplete information. We do not propose that all members
of the public will content themselves with little information; there will also
be people who actively search for information concerning CCS when they
hear about the technology. We do think it is important, however, to consider
different groups of people with divergent information needs when developing
communication materials about CCS. In the present study, we focus on
people with rather limited knowledge, who will rely on heuristic processing of
information. A better understanding of these people’s perceptions could be
used to develop more concise information materials that are better adapted
to the specific needs and intuitive concepts of the target group. These could
be used alongside more detailed materials, which could be developed for
individuals with a deeper interest in the topic.
Using a mental model approach, Wallquist, Visschers, and Siegrist (2009)
identified lay concepts of CCS among the Swiss public and assessed their
prevalence in a quantitative survey (Wallquist, Visschers, & Siegrist, 2010).
First experimental research with a within-subject design (Wallquist, Visschers, Dohle, & Siegrist, 2011) also shed some light on the effect of specific
types of information. Giving information to participants led, in most cases,
to increased knowledge and influenced risk and benefit perception. There
was no uniform effect, however, and extra information did both increase
and decrease risk perception and perceived benefit, depending on the content given. The results suggest that a straightforward “the more the better”
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approach to information might be an oversimplification of a complex picture. Building on this foundation, we conducted a between-subject experiment to further investigate how laypeople’s perception of CCS is affected by
information concerning specific aspects of the technology. For the current
experiment, we focused on the topic of monitoring CO2 storage sites.
Monitoring is a key component of CCS projects and is routinely performed at all stages. During injection, the pressure and amount of injected
CO2 are monitored. Once the CO2 is in the reservoir, monitoring allows for
tracking of the CO2 plume in order to validate geophysical models, and for
detecting possible leakages. Additionally, the reservoir is monitored for seismic activity. Overall, monitoring contributes to ensuring the safe operation
of CCS projects and to demonstrating their effectiveness. Consequently, it
is recommended that all monitoring activities be readily communicated to
the public (Greenberg & Gauvreau, 2010) in order to offer reassurance and
to ease fears about CO2 leakage.1
Research concerning people’s risk perception of electromagnetic fields
(EMF) suggests, however, that the communication of additional safety measures can have a counter-intuitive effect, increasing concerns and risk perception. As Burgess (2004) puts it, people follow the logic that “there is no
smoke without fire”: if extra steps are taken to assure the public of the safe
operation of a technology, then it must be dangerous indeed. Wiedemann
and Schütz (2005) and Wiedemann, Thalmann, Grutsch, and Schütz (2006)
conducted a number of experiments in the field of mobile communication
as an example of an EMF-inducing technology. EMF regulation in Europe
is governed by the Precautionary Principle, which is applied in different
ways across countries. Precautionary measures range from setting stricter
maximum radiation values to protecting especially sensitive areas, such as
1

Note that we do not propose that monitoring measures are simply a means to reassure
the public. However, one can choose to put more or less emphasis on communicating such
activities to the public.
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schools or hospitals (Wiedemann et al., 2006). In their experiments, Wiedemann et al. induced higher levels of risk perception by giving participants
additional information about precautionary measures that the government
undertakes to minimize the publics exposure to electromagnetic fields. Based
on the results, the authors propose that higher risk perception is triggered
by key stimuli in the information material that act as warning signals. This
argumentation follows Easterbrook’s Cue Utilization Theory (1959), which
postulates that emotional arousal leads to a narrowing of attention and a
reliance on only few, affectively relevant cues. Such an account is in line
with the affect heuristic (Finucane, Alhakami, Slovic, & Johnson, 2000;
Slovic, Finucane, Peters, & MacGregor, 2007) – according to which people
base their appraisal of a hazard on an “affective pool”, which serves as a
cue for risk and benefit judgments. The affect heuristic also helps explain
the negative correlation typically found between risk and benefit perception
(Finucane, Alhakami, et al., 2000).
In the present study, we applied the insights from the EMF experiments
to our work with CCS communication. CCS monitoring cannot be equated
with a precautionary approach: precautionary measures go beyond what is
scientifically warranted, whereas monitoring does not. There are, however,
important parallels that are likely to be functionally equivalent in peoples
perception: in both cases, people are told what measures are taken to ensure
a safe operation of a (relatively) new technology and the protection of the
public. And in both cases, the average member of the public will not be able
to assess the validity of the approach but has to rely on expert judgment.
In line with the results of Wiedemann et al. (2006), we hypothesized that
persons who received additional information about the monitoring measures
of CO2 storage sites would exhibit higher levels of risk perception and lower
acceptance of CCS than would persons who only received basic introductory
information. In addition, we expected a gender gap. Women typically have
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a higher risk perception than do men (Davidson & Freudenburg, 1996;
Finucane, Slovic, Mertz, Flynn, & Satterfield, 2000). This gender gap is
particularly pronounced when participants consider facilities that are liable
to create a local hazard (Davidson & Freudenburg, 1996), and this gap has
already been demonstrated with regard to CCS (Ha-Duong et al., 2009;
Miller, Bell, & Buys, 2007).
To sum up, our research question was whether information about monitoring of CCS sites would have a reassuring or alarming effect on laypeople
with little prior knowledge of CCS. We did not ask whether people approved
of monitoring measures or how much monitoring they would want. Monitoring is a necessary component of CCS projects, regardless of public opinion.
It is interesting to know, however, how much emphasis should be placed on
monitoring when communicating about CCS.

2.2

Design of the study

In Switzerland, an online experiment was conducted among the general public in which two conditions were tested against each other: one group received only a basic introductory text about CCS (“basic text” condition),
and the other group received an additional paragraph about monitoring
measures undertaken at CCS storage sites (“monitoring” condition). The
introductory text read as follows (translated from German):
The increase of carbon dioxide (CO2 ) in the atmosphere is the
most important factor in climate change. Every day, large amounts
of this gas are generated (e.g., by the combustion of coal, oil and
gas in power stations or by motor traffic). To mitigate climate
change, CO2 emissions need to be reduced drastically. Storage of
CO2 in deep rock formations is a technological measure for the
reduction of CO2 in the atmosphere. With this procedure, CO2
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is captured from exhaust gases of power stations, transported to
suitable storage locations and stored underground. Thereby, it
is not released into the atmosphere. Permanent storage of CO2
is only possible in certain rock formations more than 800 m below the earth’s surface. Examples of such rock formations are
depleted oil or gas fields, rock formations carrying saline water
or in unminable coal seams. The CO2 is liquefied and piped
through pipelines into these reservoirs. In Switzerland, no CO2
has been stored so far. In some European countries, smaller facilities already operate. The technology is still in the development
stage.
This introductory text has previously been used by Wallquist et al. (2011,
2010). It was developed based on qualitative interviews with laypersons, in
which peoples intuitive concepts about CCS were assessed. The exact content and wording were chosen in collaboration with technical CCS experts
and subsequently pretested with another group of laypeople. The language
is simple and neutral, and the text consists of a series of affirmative statements without hedging or conditionals. The purpose of this brief introductory paragraph was to introduce the basic idea behind CCS and its principle
functioning. The introduction does not go into detail about technical aspects, such as trapping mechanisms, nor does it mention risks associated
with CCS. The goal was to inform people that CCS exists and what the
basic idea behind it is, without going into great detail. We do not propose
that such brevity of communication is desirable in all contexts.
The monitoring text was the following (translated from German):
There are several precautionary and monitoring measures used
to monitor the storage of CO2 . After careful selection of the
storage site, an individual monitoring program is developed for
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each site. During the pumping of CO2 into the storage formation, the pressure and the injected amount are monitored. When
the CO2 is in the subsurface, its spreading in the reservoir can be
tracked using special methods. To ensure that the CO2 remains
in the storage formation, measurements are also performed on
the surface. In particular, boreholes are checked for tightness.
Additionally, the ground is monitored for non-perceptible earthquakes.
Care was taken to make the paragraph sound as neutral as possible and

to use lay language. For example, we avoided use of the word “leakage” and
paraphrased, instead using “to ensure that CO2 remains in the reservoir”.
The technical term “microseismicity” was paraphrased as “non-perceptible
earthquakes” in order to keep the concept understandable to lay people. We
also did not specify which technologies are used for monitoring; the text describes what is monitored but not how. This was done to keep the paragraph
brief, because respondents were probably not familiar with the monitoring
technologies employed and would have needed rather detailed explanations.
If we had just mentioned technical terms like “4D seismic technology” without further explanation, we might have scared respondents and artificially
inflated the expected effect of our experimental manipulation. For both
paragraphs, it was not made explicit who the sender of the communication
was, because we did not want to manipulate this variable.

2.2.1

Sample

Participants (N = 200) were recruited via an online panel. The following
criteria were applied: participants must be residents of Switzerland, must be
18-69 years of age, and the sample must have an equal distribution of men
and women. Participation was possible until the targeted number of 100
men and 100 women had been reached. The mean age in the final sample
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was 40 (M = 40, SD = 14), the levels of education among participants was
representative of the Swiss public: 30% had a university degree, 61% had
completed upper secondary vocational school, and eight percent had finished
no more than compulsory education (Bundesamt für Statistik, 2008).

2.2.2

Procedure

Participants were invited by the above-mentioned panel via email; the email
simply stated that there was a new survey available, and it included a direct, personalized link to the experiment. Participants were unaware that
they were participating in an experiment. The introductory page informed
them that the Swiss Federal Institute of Technology (ETH Zurich) was conducting a survey about the perception of new technologies. CCS was not
mentioned in the introduction in order to minimize the chances of people
either dropping out if they felt they knew too little about the technology or
looking up information before participating.
After filling in demographic measures, participants were randomly assigned to either the basic-text condition or the monitoring condition. The
only restriction was that an equal gender distribution was forced for both
conditions. All participants were then shown the brief introductory text
about CCS (see above). This text was based on material previously used
by Wallquist et al. (2010). Participants in the basic-text condition directly
proceeded to fill in the dependent measures, whereas participants in the
monitoring condition were additionally shown the monitoring paragraph.
After filling in all dependent measures, respondents were thanked for their
participation and given the opportunity to leave comments.

2.2.3

Dependent measures

After reading the text(s) about CCS, participants filled in the dependent
measures in the following order.
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Comprehension
Two questions assessed whether respondents had understood the basic rationale behind CCS. One was an open question asking, “What is the purpose
of the geological storage of CO2 ?” The other was a multiple-choice question,
asking participants to choose with which kinds of power plants CCS would
be used. The options were nuclear, gas, coal, and hydro. The web form
contained a “back” button so that participants could go back to the texts
before answering the questions. Only three persons in the entire sample
made use of that option, however.
Risk and benefit perception
Risk and benefit perception were measured with four and three items, respectively and using six-point Likert scales. All items are shown in Table
2.1.
Emotions
We assessed two emotions, fear and anger, with two items each (Table 2.1).
This distinction was based on prior research by Lerner and Keltner (2001),
which suggests that fear and anger have different effects on risk judgments,
although they are both emotions with negative valence.
Acceptance
Two items assessed acceptance of CCS in Switzerland and Europe on a
Likert scale (Table 2.1). An additional item asked participants how they
would vote if there were to be a referendum on CCS in Switzerland.
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Table 2.1: Scales for risk and benefit perception, negative affect and acceptance (translated from German)
Risk perception a α = .87
The danger that the geological storage of CO2 harms the environment is relatively high.
There is a high risk that the CO2 rises back to the surface within a few years.
Geological storage of CO2 is dangerous for people who live near a storage site.
Overall, geological storage of CO2 is a risky technology for the Swiss society.
Benefit perception a α = .72
The majority of the stored CO2 is removed from the atmosphere for thousands of years.
The geological storage of CO2 is very important for the mitigation of climate change.
I see a large benefit in the geological storage of CO2 for the Swiss society.
Negative affect a α = .94
If I imagine CO2 being stored in Switzerland, I become angry.
The fact that CO2 is stored geologically annoys me.
I would be afraid of geological CO2 storage in Switzerland.
The thought of geological CO2 storage frightens me.
Acceptance b α = .97
How much would you accept geological storage of CO2 in Switzerland?
How much would you accept geological storage of CO2 in Europe?
a 6-point Likert scale with 1=“do not agree at all” and 6=“completely agree” as anchor points
b 6-point Likert scale with 1=“do not accept at all” and 6=“completely accept” as anchor points
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Results
Data cleaning

The data was screened to identify respondents who had just clicked through
the questionnaire and had not carefully read the texts about CCS (indicated by unusually short response times) and those who had obviously been
distracted or engaged in other activities while filling in the questionnaire
(indicated by unusually long response times). Such respondents were excluded from all subsequent analyses. To define the lower cut-off value, we
used reading rate as the criterion. Reading rate varies, of course, as a function of text type, type of reading process, and other variables. We used the
most conservative exclusion criterion – the typical reading rate of a college
student when scanning a text – using values taken from Carver (1990). The
upper cut-off value was based on the conventional definition of an outlier,
i.e., a value that is at least 1.5 interquartile ranges above the 75th percentile. Thus, we arrived at the following cut-off values: 22 s and 150 s,
respectively, for the basic-text module and 12 and 63 s, respectively, for the
monitoring-text module. In total, 55 respondents had to be excluded from
further analyses. They were approximately equally distributed across both
conditions and sexes.

2.3.2

Comprehension

For the open question about the purpose of CCS, we counted answers as
correct if they mentioned the mitigation of climate change, environmental
protection, the permanent storage of CO2 , the reduction of CO2 emissions
into the atmosphere, or similar reasons. This question was answered correctly by 91% of respondents. For the multiple-choice question about type
of power generation, the correct answers were “gas” and “coal”. We also
considered answers as correct, however, if only one of the two options was
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Table 2.2: Negative affect, acceptance, risk and benefit perception in the
two conditions

Negative affect
Acceptance
Risk perception
Benefit perception

Basic text condition
M (SD), N = 77
2.56 (1.48)
3.85 (1.53)
3.15 (1.31)
3.36 (1.18)

Monitoring condition
M (SD), N = 68
3.06 (1.46)
3.43 (1.54)
3.31 (1.00)
3.14 (1.13)

checked and neither “nuclear” nor “hydro” were checked. Eighty-five percent
of respondents answered this question correctly. This cannot be attributed
to the fact that our participants knew about CCS before the study. Seventyfour percent reported that they had never heard of it before, 22% indicated
they had heard “a little”, and only four percent had heard “a lot” about
CCS.

2.3.3

Scales for affect, acceptance, risk, and benefit perception

We calculated internal consistency scores for all dependent variable scales
(see also Table 2.1). Acceptance (Cronbachs α = .97), risk perception (α =
.87), and benefit perception (α = .72) yielded good reliability scores. Fear
and anger were highly correlated and were collapsed into a single variable,
“negative affect” (α = .94). New variables were calculated based on their
means in order to obtain single scores for acceptance, risk perception, benefit
perception, and negative affect.

2.3.4

Effect of monitoring information on perception of CCS

Independent t-tests revealed significantly higher levels of negative affect
(M = 3.06, SD = 1.46) in the monitoring group than in the control group
(M = 2.56, SD = 1.48), t(143) = −2.00, p = .05. As well, acceptance
was lower in the monitoring group (M = 3.43, SD = 1.54) than in the
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Table 2.3: Negative affect, acceptance, risk and benefit perception for men
and women
Basic text
M (SD)
Negative affect
Men
Women
Acceptance
Men
Women
Risk perception
Men
Women
Benefit perception
Men
Women

condition

Monitoring
M (SD)

condition

2.08 (1.22), N = 39
3.06 (1.58) N = 38

2.94 (1.47), N = 33
3.16 (1.46) N = 35

4.17 (1.51), N = 39
3.52 (1.50) N = 38

3.36 (1.59), N = 33
3.49 (1.51) N = 35

2.86 (1.24), N = 39
3.45 (1.33) N = 38

3.33 (1.04), N = 33
3.29 (.97) N = 35

3.22 (1.30), N = 39
3.51 (1.05) N = 38

2.83 (1.05), N = 33
3.43 (1.13) N = 35

control group (M = 3.85, SD = 1.53) the result was marginally significant
t(143) = 1.66, p = .10. Mean differences for risk and benefit perception went
in the predicted direction but did not reach significance (p = .41 and .25,
respectively) (Table 2.2).
We also analyzed the data for men and women separately. For women,
none of the dependent measures differed significantly across conditions. For
men, on the other hand, negative affect was significantly higher in the monitoring group (M = 2.94, SD = 1.47) than in the basic-text group (M =
2.08, SD = 1.22, t(70) = −2.66, p = .01). Acceptance was significantly lower
(M = 3.36, SD = 1.59) in the monitoring condition than in the basic-text
condition (M = 4.17, SD = 1.51, t(73) = 2.19, p = .03), and risk perception
was marginally higher in the monitoring condition (M = 3.33, SD = 1.04)
than in the basic-text condition (M = 2.86, SD = 1.24, t(70) = −.74, p =
.09). Perceived benefit changed in the predicted direction: it was lower in
the monitoring condition (M = 2.83, SD = 1.05) than in the basic-text
condition (M = 3.22, SD = 1.30). However, the difference did not reach
significance (p = .17) (Table 2.3).
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Discussion

Contrary to intuitive belief, information about the monitoring of CCS sites
did not have a reassuring effect on laypeople in the current experiment. Men
who had read additional information about monitoring showed higher levels
of negative affect than did men who had only read the basic introductory
text. The former expressed higher levels of risk perception, lower levels
of acceptance, and, by trend, lower levels of benefit perception. Women’s
perception of CCS, however, remained unchanged.
These findings can be interpreted in terms of the affect heuristic (Finucane, Alhakami, et al., 2000). It postulates that affect is an antecedent
of risk and benefit perception. Several studies in recent years regarding the
acceptance of new technologies (e.g., Siegrist, Cousin, Kastenholz, & Wiek,
2007) have supported this notion. It is plausible that information about the
monitoring of CO2 storage sites in our experiment induced negative affect
in men, which, in turn, triggered higher risk and lower benefit perception.
The question arises why the presented monitoring information induced
negative affect. The results for the male subsample are in line with results
previously found in EMF research (Wiedemann & Schütz, 2005; Wiedemann et al., 2006), where information about precautionary measures led to
heightened risk perception rather than reassurance. However, the processes
underlying this counterintuitive finding are not well understood. Wiedemann et al. (2006) draw on the Cue Utilization Theory (Easterbrook, 1959),
suggesting that their stimulus material contained key concepts that acted as
warning signals. In our own stimulus material, several concepts could have
served as such cues. There was, on the one hand, the mention of the word
“precaution,” which might have been a cue in itself. But the material also
mentioned concepts directly relating to CCS that have been shown by Wallquist et al. (2009) to be important for laypeople’s intuitive understanding of
CCS and which are likely to have acted as emotionally arousing cues. The
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information material did mention that monitoring measures are undertaken
in order to avoid potential hazards associated with those concepts. This contextual information might not have been fully processed, however, because
the affectively loaded cues led to emotional arousal, which narrowed participants’ attention. Thus, only the risk-relevant cues were salient and induced
negative affect. To go back to Burgess’ (2004) metaphor, people who see
smoke only look for a fire, losing sight of other details in their environment.
If we assume that monitoring information triggers the salience of riskrelevant intuitive concepts, this could also account for the gender effect we
found. It is possible that intuitive concepts about CCS are made salient differently between men and women. While both men and women, in principle,
do have the same mental models, not all aspects will be salient at all times.
For women, perhaps, concepts such as pressure, leakage, and earthquakes
are salient even after reading only the basic introductory text. Hence, the
additional information about monitoring measures with the explicit mention of those concepts does not change their perception of CCS. For men,
on the other hand, the same concepts might not be immediately salient.
Only the monitoring information brings them to the focus of their attention. This would mean that men and women base their initial appraisal
of CCS on different concepts after reading a neutral introduction. If they
are given additional information about the monitoring of CO2 storage sites,
similar intuitive concepts become salient to both of them, which leads to
a convergence of their judgments. Future research would have to test this
hypothesis.
A limitation to the current study is the fact that participants had to base
their judgments on very limited information. As noted in the introduction,
however, this is not too far from reality for a considerable number of people, who frequently rely on heuristic information processing when forming
an opinion even about complex issues. We do acknowledge, though, that
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there are also persons who wish to be more fully informed, and the results
might have been different for this group, had they had the opportunity to
request more information about CCS. The fact that we did not manipulate
the sender of the communication also restricts the generalizability of the results. As Terwel, Harinck, Ellemers, and Daamen (2009) have shown, there
can be interaction effects between the content and the sender of a communication. Future research should investigate the possibility that the effect of
monitoring information depends on the communicator. Another limitation
is that monitoring is only one specific aspect of CCS, and there are many
other factors that influence both risk perception and acceptance, notably
socioeconomic concerns. Socio-economic concerns are for example anxieties
about a crowding-out of investments in renewable energies and the unsustainable nature of CCS (Wallquist et al., 2010). In addition, our study used
only one particular way of presenting information about monitoring measures that was not necessarily generic. Different wordings or text lengths
might lead to different results.
Despite these limitations, our results have important implications. They
highlight that it is worthwhile to match communication strategies to the
mental models of people. In other words, more information does not always
lead to views that are more balanced and might even have the opposite effect
of what was intended. In the current experiment, for example, higher risk
perception was induced from information that is actually meant to reassure.
Whether one considers this to be good or bad depends on the purpose of the
communication. Proponents of CCS will want to appease people’s fears and
therefore choose communication strategies that induce the least risk perception; opponents may actually want to raise concerns, and policy makers
will likely focus on fostering factual knowledge and understanding. Regardless of what the intention behind CCS communication is, it is important
to consider the precise content of what is being communicated, the context

44

Chapter 2

in which it is communicated, and how the information given interacts with
existing knowledge. Building on what we know about laypeoples intuitive
understanding of CCS, future research should investigate more closely how
information about specific aspects of the technology affects its perception,
and how these pieces of information interact with each other. We would like
to stress again that the current study deals only with communication about
monitoring and its perception by the lay public. We do not wish to imply
that monitoring itself or its legislation should be relaxed, for fear of public
concern.
An interesting question concerns exactly which content triggers negative affect and whether monitoring information could be presented in a way
that has a positive – or at least neutral – effect. As well, more attention
needs to be paid to gender differences, with regard both to initial intuitive
concepts and to the effects induced by additional information. Ha-Duong
et al. (2009) examined gender differences before and after the provision of
information about CCS. In their study, additional information led to decreased acceptance in both men and women. More research is needed on
information about CCS in order to further illuminate the differential effects
of such information on men and women. It is certainly not appropriate to
use a simple “the more the better” or “the less the better” approach in CCS
communication. A procedure for comprehensively testing information materials (de Best-Waldhober et al., 2009; Fleishman et al., 2010; Wallquist
et al., 2011) should also include graphical illustrations of CCS and should
evaluate their effect on laypeople’s mental concepts. If we understand the
factors that shape perception of CCS, we can draft information materials
that take into account laypeople’s mental models, and then we can truly
help them to reach better-informed decisions.
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Abstract
Illustrations are an essential part of most CCS communication materials.
This article looks at the role of illustrations in communication and education in general, and in CCS communication in particular. First, literature on
multimedia learning is reviewed and general guidelines for designing graphical displays deduced. This is followed by a discussion of relevant mental
models and their possible implementation in pictorial form. The authors
then report on an interview study in which illustrations with various implementations of CCS mental models are compared. No major differences were
found regarding understanding of CCS between the different illustrations.
Graphical displays alone are not powerful enough to implicitly correct typical
misconceptions about CCS. Such misconceptions should be stated explicitly,
along with their correction.
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Introduction

Technological development of carbon capture and storage (CCS) has been
moving swiftly, and there are now dozens of large-scale projects around the
globe (Global CCS Institute, 2011). Although many experts see great potential in the technology and consider its deployment a priority in mitigating
climate change (Global CCS Institute, 2012), the general public is largely
unaware that CCS even exists (European Commission, 2011; Ha-Duong,
Nadai, & Campos, 2009; Malone, Dooley, & Bradbury, 2010; Miller,
Summerville, Buys, & Bell, 2008;

Reiner et al., 2006). The question

whether CCS should and will be deployed on a large scale is ultimately a
political one, and this calls in our opinion for a sufficiently well informed
public to be involved in that decision (cf. Moser, 2009). This is particularly
true in Switzerland with its direct democracy. A commercial CCS project
would always be put to a referendum and require the support of the community. But also in other countries, public opinion is crucial for the success
or failure of large-scale projects. In Germany for example, Vattenfall canceled a project in Jänschwalde at the end of 2011 (Global CCS Institute,
2012), in large parts due to public opposition. Similarly, a project in Barendrecht (NL) was abandoned a year previously. We are not arguing that a
better informed public would have accepted these projects; but the public
is involved in decisions around CCS implementation, and they should be
enabled to make an informed decision.
In order to make an informed decision, it is necessary to have a basic
understanding of CCS technology (although this is not sufficient). Several
studies have shown, however, that people’s intuitive understanding of how
CCS works is not accurate (Gough, Taylor, & Shackley, 2002; Palmgren,
Morgan, Bruine de Bruin, & Keith, 2004; Shackley, McLachlan, & Gough,
2005; Upham & Roberts, 2011; Wallquist, Visschers, & Siegrist, 2009).
The public should therefore have access to well designed information ma-

52

Chapter 3

terials. These should suit a variety of different information needs and be
tailored to typical mental models, in order to be as accessible as possible. Illustrations can play an important role in this. Almost all information
materials that are currently being used contain some sort of graphical representation (Corry & Reiner, 2011). However, little is known about how these
illustrations are actually processed. Research on public perception and risk
communication about CCS has strongly focused on text materials. A recent
experiment by Brunsting, Riesch, de Best-Waldhober, and Reiner (2012)
looked at how illustrations influence estimations of CO2 storage depth. In
that study, visuals did not help people form more accurate estimates, rather
the opposite. People who received an illustration underestimated the storage
depth compared to people who only read a text.
In addition, illustrations might inadvertently reinforce other misconceptions that people typically hold about CCS, such as that the CO2 is stored
in a cavity (Wallquist et al., 2009). Or worse, the illustrations might even
create new ones.
In this article, we take a closer look at what constitutes a good illustration of CCS and how illustrations can impact perception of the technology.
We focus on high level illustrations that show the entire CCS chain with capture, transport, and storage, rather than specific elements of the technology.
The question will be looked at from multiple angles: What are general psychological principles for designing illustrations? Which criteria should be
met from a geological point of view? What are CCS-specific mental models
that can (potentially) be portrayed in an illustration? After a review of
relevant existing literature, we report on a qualitative interview study that
looked at the effect of different illustrations on intuitive understanding of
CCS.
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The use of figures in teaching and communication

“A picture is worth a thousand words” is a commonly used adage. Research
has shown that information materials that include graphical displays tend
to have an advantage over text-only material. There are different steps of
information processing in which pictures might play a role: attention, comprehension, recall, and adherence (Houts, Doak, Doak, & Loscalzo, 2006).
Attention refers to the question whether information materials with pictures are more likely to attract the target group’s attention. This has been
shown to be true for health communication, in particular for people with
low literacy skills (Delp & Jones, 1996). Comprehension means whether
materials with pictures are better understood. Houts et al. (2006) report in
their review on numerous studies that investigated this question. It seems
that pictures do facilitate comprehension, but the relationship is not entirely straightforward. The largest benefit occurs when prior knowledge is
low, when the target group has low literacy skills, and when the pictures
relate to the information in the text (Houts et al., 2006; Mayer, 1997;
McCrudden, Schraw, Lehman, & Poliquin, 2007). Recall refers to the question whether information accompanied by pictures is better remembered
than text-only information. Studies point to a “pictorial superiority effect,”
meaning that written or spoken text together with pictures is remembered
better than text alone (e.g., Patel, Eismon, & Arocha, 1990; Sojourner &
Wogalter, 1998). Adherence, finally, is relevant for materials that provide
the reader with concrete advice on behavior. This can be relevant in the
context of health risk communication, for example. Here, it has been shown
that the effect depends upon the emotional reaction of the audience. A
positive emotional reaction towards the material will indeed improve adherence; a negative reaction, on the other hand, decreases adherence (Houts et
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al., 2006). Risk communication materials about CCS, however, are unlikely
to include behavioral guidelines. On the whole, graphical displays tend to
provide an advantage in various ways: They catch people’s attention, they
facilitate comprehension and they support recall of information.
Different explanations have been put forward for why this is the case.
Vekiri (2002) gives an excellent overview of the different theories and their
empirical support. Dual coding theory (Paivio, 1990) proposes that there
is a structural explanation. We have two distinct cognitive systems, one for
processing and storing verbal information, and one for processing and storing
pictorial information. Verbal information is stored in the form of “logogens”,
pictorial information is stored in the form of “imagens”. The advantage of
pictures in addition to text according to this theory lies in the fact that the
same information is stored in two forms of memory representation.
Another explanation is the visual argument hypothesis, which is processoriented rather than structural: Processing graphical representations requires fewer cognitive transformations than processing text, which puts less
burden on the working memory. It has been proposed that this is due to the
fact that illustrations communicate information through both their individual elements and the way these elements are arranged spatially; this makes
it easier for the viewer to draw inferences about relations between elements
(Larkin & Simon, 1987).
Both explanations – dual coding theory and visual argument hypothesis
– have received some empirical support. A recent study on learning spatial information (Schmidt-Weigand & Scheiter, 2011), however, lends more
support to the process-oriented view: graphical displays combined with text
are easier to process than text alone. One has to be careful, however, not to
cause high cognitive load by presenting information that is either completely
redundant or unrelated.
Independent of the underlying processes, a number of features have been
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Table 3.1: Recommendations for designing graphical displays (Houts et al.,
2006; Vekiri, 2002; Verdi and Kulhavy, 2002)
Keep it simple

Avoid unnecessary detail; use the most simple
graphics possible. Simplify the language used
with pictures.

Guide the viewer

How the graphic is perceived and interpreted by
the viewer can be guided with captions, labels,
and proximity to the relevant text (spatially
and, in the case of animations, also temporally).

Use mimetic icons

Icons that look like their real-world counterpart
are advantageous over abstract symbols or textonly labels.

Use Gestalt principles

Grouping related information together helps
people to see connections and draw correct
inferences.

Use the edge effect

Features of a map that are located near the edge
are learned better than features located in the
interior. Lines within a map (e.g., a river) can
also act as edges and therefore as anchor points
for important information.
Be sensitive to the culture of the recipient. Symbols and icons are not universal and should be
pretested.

Be culturally sensitive

consistently shown to help understanding of graphical displays. Elements
located at the edge, for example, are better remembered than others, or
so-called mimetic icons are better than abstract icons. The most important
points found in literature reviews (Houts et al., 2006; Vekiri, 2002; Verdi
& Kulhavy, 2002) are summarized in Table 3.1.

3.3
3.3.1

Illustrations of the CCS chain
Geological key features for a CO2 storage site

An illustration of CCS must of course be correct. Most concerns and misunderstandings about CCS concern the storage of CO2 , rather than its capture
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or transportation (Gough et al., 2002; Shackley et al., 2005; Upham &
Roberts, 2011). We therefore focus on geological features and their representation. A suitable site for geological storage of CO2 must have the
following five key features:
1. A large volume of porous, permeable reservoir rock : Many kinds of
coarse-grained sandstones, limestones, and basalts are akin to an extremely
stiff sponge. They contain vast numbers of tiny pore spaces between the
rock grains. Because the pores are interconnected, fluids can move slowly
through the porous rock, while the rigid walls of the pores sustain the weight
of the overlying strata.
2. An impermeable caprock : The reservoir rock must be overlain by
an extensive layer of very fine-grained rock such as shale, or by a very soft
layer such as rock salt. As CO2 spontaneously tends to rise owing to its
buoyancy, the impermeable caprock acts like a lid or a ceiling on the porous
reservoir rock, preventing the CO2 from moving further upward through the
rock strata.
3. A trapping structure: Compressed CO2 spreads out along the lower
surface of the caprock, even when this surface is horizontal. Most rock
strata are at least slightly inclined at some point, and many are undulating
or strongly folded. Injected CO2 therefore has the tendency to migrate to
the highest points of the undulations in the reservoir. Where it encounters
a dome-shaped structure, it becomes permanently immobilized.
4. Depth > 800 m: This is the minimum depth at which the pressure is
high enough to keep the CO2 in a supercritical state.
5. No permeable faults in the caprock : Although a suitable caprock may
be completely impermeable in its own right, it will not seal in the underlying
CO2 if it is cut by faults that are permeable to fluids. However, by no means
are all faults problematic. Fault surfaces that are naturally coated with very
fine-grained, crushed rock are often perfectly impermeable and can create
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extremely effective traps for fluids.

3.3.2

Mental models of CCS

When communicating about risks, it is worthwhile to bear in mind that
experts and lay people perceive risks differently. Whereas experts tend to
base their assessment on probabilities and quantitative aspects of the risk in
question, lay people usually employ a more intuitive and holistic approach
(Fischhoff, Slovic, Lichtenstein, Read, & Combs, 1978;

Slovic, 1987).

This should be paid attention to when designing communication materials.
What is considered relevant information by experts might not necessarily be
useful for the lay public. A framework that takes this into account and has
been used successfully in different domains is the mental models approach by
Morgan and colleagues (2002). It proposes that communication materials
should be tailored to people’s intuitive mental models, and “focus on the
things that people need to know but do not already” (Morgan et al., 2002,
p. 19).
In the case of CCS, people’s intuitive understanding has been studied by
a number of authors (Gough et al., 2002; Shackley et al., 2005; Upham
& Roberts, 2011; Wallquist et al., 2009). They identified typical misconceptions that laypeople hold about CO2 and the deep subsurface. Not all of
these concepts are equally well suited to being illustrated in graphical form,
nor is it important to correct them all. In a study by Wallquist, Visschers, and Siegrist (2010) for example, 48% of respondents answered “yes” or
“don’t know” in response to the statement “CO2 has an unpleasant smell”.
This can hardly be corrected with an illustration. Nor is it overly important
for the understanding or perception of CCS. This misunderstanding rather
seems to indicate the broad negative associations that people connect with
CO2 .
One set of misapprehensions revolves around pressure, and it has been
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shown to affect risk and benefit perceptions (Wallquist, Visschers, Dohle,
& Siegrist, 2011). On the one hand, people seem to be unaware that the
natural geostatic pressure in a CO2 storage site keeps the CO2 in liquid1
form. On the other hand, they seem concerned that all the CO2 pumped
underground might lead to permanent pressure changes in the subsurface,
to earthquakes, or even to sudden blowouts (Gough et al., 2002; Shackley
et al., 2005; Tokushige, Akimoto, & Tomoda, 2007; Wallquist et al.,
2009). In CCS illustrations, the storage formation should therefore be clearly
depicted as a porous rock layer, and care should be taken that it cannot
be interpreted as a vast cavity. Another measure might be to make sure
that the reservoir does not look like a bulge, in which the trapped CO2
pushes up overlying rock layers, with flat strata underneath; this seems to
be a mistake commonly made in existing CCS illustrations. Such pictures
are in fact geologically incorrect. Although folds and undulations are very
common, they are not normally found on top of perfectly flat layers.
Naturally, people are also concerned about CO2 leaks. This can be due
to the erroneous belief that CO2 is a gas and must therefore inevitably
rise to the surface sooner or later. It has been shown that information
about the liquid state of CO2 in the reservoir increases benefit and decreases
risk perception (Wallquist et al.,

2011). Beliefs about how easily CO2

would escape might also be influenced by the understanding of how deep
the CO2 is actually stored. There are indeed indications that perception of
depth matters (Brunsting et al., 2012). In an illustration, depth might be
portrayed by explicitly labeling it, by making the illustration to scale (which
entails that it is in portrait format), and by showing a reference, such as
a number of stacked Eiffel Towers or Empire State Buildings. Concerns
about leakage are probably also linked to beliefs about the caprock. In an
1

We are aware that the CO2 is in fact supercritical and not liquid. This term is little
known, however, and carries strongly negative connotations. Because a supercritical gas
has liquid-like properties, we always use the term liquid in communications.
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illustration, a tight caprock could be portrayed with a solid dark layer or by
a dense pattern of horizontal dashes. The latter is also in line with geological
conventions for the notation of shales. The notion of the caprock as barrier
could be supported by showing how the CO2 rises up from the injection
point, but is then retained and spreads along the caprock.
A third cluster of beliefs that is important for the perception of CCS
concerns storage mechanisms. A basic understanding of the porous nature
of the storage formation and possible mineralization of the CO2 seems to
increase benefit perception (Wallquist et al., 2010). Although mineralization could only be portrayed in pictures that focus on this specific aspect of
CCS rather than the whole CCS chain, it should be possible to portray the
reservoir rock as a sponge-like structure, soaking up the CO2 .
Other beliefs, such as that CCS might cause some unspecified harm to
ecosystems or about various aspects of climate change, can influence the
risk and benefit perception of CCS, but we believe they cannot be usefully
visualized in an illustration.
The criteria discussed above are summarized in Table 3.2.

3.4

Interview study

In previous sections, we outlined criteria for well-designed illustrations in
general (from an instructional perspective) and of CCS illustrations in particular. The general criteria are deduced from multimedia learning research
and have been tested in practice. The CCS-specific criteria, however, are
deduced from what we know about laypeople’s mental models of CCS and
the deep subsurface. These criteria have not been tested empirically, and
implementing them in illustrations might not necessarily lead to better understanding. Brunsting et al. (2012), for example, did not find that explicitly
indicating depth or making the illustration to scale helped people with their
depth estimates.
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Table 3.2: Implementation of mental models in CCS illustrations
Storage formation

Depict the storage formation as a porous,
sponge-like rock that soaks up the CO2 .

No bulging

Do not depict the storage formation as a bulge,
seemingly pushing up overlying strata, particularly not with flat layers underneath.

Label depth

The depth at which CO2 is stored should be
labeled.

Scale

The illustration should be as much to scale as
possible. This can be supported by using portrait format rather than landscape.

Reference

Show a well-known landmark as reference, such
as the Eiffel Tower or the Empire State Building.

Caprock

Depict the caprock as a solid, dark layer.

Retention of CO2

Show how the CO2 spreads along the caprock,
visibly being held back.

To test the criteria in practice, we conducted an explorative interview
study. Using a qualitative approach had several major advantages compared to a quantitative survey: First, it allowed to tap into participants’
spontaneous responses to the illustrations. We were not sure whether the
illustrations used might not inadvertently cause new associations or misunderstandings that we had not thought of before the study. A quantitative
study with a closed-format questionnaire would not have been able to capture such new associations. Additionally, questions in closed-format surveys
can act as primes for specific concepts. Because of the acquiescence bias
(Cronbach, 1946; Podsakoff, McKenzie, Lee, & Podsakoff, 2003), we might
have overestimated the effect that illustrations have. With the qualitative
method, however, it was possible to distinguish between respondents’ spontaneous mentioning of concepts and their agreeing with a statement only
after they were prompted by the interviewer. It was also possible to ask
follow-up questions for clarification and specification of certain points.
The study also contained an experimental element: Three different CCS
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Figure 3.1: Mental models not incorporated (labels were originally German)
illustrations were created, which differed in their implementation of the criteria discussed above. They focused on the visualization of the three elements
of capture, transport, and storage. All illustrations tried to implement the
general guidelines for designing graphical displays. We were interested in
the effect that including CCS-specific mental models might have, rather than
replicating results from multimedia learning research.

3.4.1

Method

Stimulus materials and participants
The three illustrations used differed in the following ways. One was suboptimal in the sense that mental models were not incorporated. The picture
included some typical features, however, that can commonly be found in
communication materials about CCS, such as a seemingly bulging storage
formation and unrealistic proportions (see Figure 3.1). The second illustration tried to include the mental models according to Table 3.2, although the
illustration was not entirely to scale (see Figure 3.2). This illustration is not
ideal from a geologist’s point of view, because there is no trapping structure, and CO2 might therefore escape when migrating sideways. Therefore,
a third illustration was created that was nearly identical to the second one,
but also showed a geological trapping structure (see Figure 3.3).
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Figure 3.2: Mental models incorporated (labels were originally German)

Figure 3.3: Mental models incorporated and trapping structure (labels were
originally German)
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Participants (N = 30) were recruited through the local university’s online message board. The sample is therefore a convenience sample and not
representative of the Swiss population. Most participants were university
students in their twenties (mean age = 26.6 years). They came from a range
of different fields, such as psychology, art, economics, law and biology. No
participants studied geology or geography. Three persons indicated that
they had some knowledge in geology: One because their hobby was collecting minerals in the Alps, one had obtained some credit points in geology as
part of their studies in spatial planning and infrastructure systems, and one
person had studied paleontology as part of their biology degree. Twentyone interviewees said they had never heard of CCS before participating in
the study, nine persons said they had heard “a little” about it, and nobody
indicated to have heard a lot about CCS before participation.
Participants were randomly assigned to one of the three illustrations,
with the exception that an equal gender distribution was forced in each
condition. After completing the interview, participants received a financial
reward of CHF 15. The interviews were conducted in June and July 2011.
Procedure
All interviews were conducted by the first author. Before the beginning of
each interview, participants were thanked, informed about the procedure
and the purpose of the study (which was described very generally as finding
out more about how people see a new climate mitigation technology), and
asked for their consent to record the interview.
Then the participants were given a brief introductory text about CCS
that had been used in previous studies (see Figure 3.4), and one of the illustrations. They were asked to take as much time as they wanted to study the
materials and notify the interviewer when they were ready. Participants were
then asked to describe what CCS is and how it works, using the illustration.
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The increase in the concentration of carbon dioxide (CO2 ) in the atmosphere
is the most important factor behind climate change. Each day, large amounts
of CO2 are generated (e.g., by burning coal, oil, and natural gas in power
stations, and through motor vehicle emissions). To address the risks of
climate change, most experts agree that CO2 emissions need to be reduced
drastically.
The storage of CO2 in rock formations located deep underground is a technological measure that can reduce the amount of CO2 in the atmosphere.
Using this method, CO2 is captured from the exhaust gases of power plants,
is transported to suitable storage locations, and then stored underground.
As a result, the captured CO2 is not released into the atmosphere.
The permanent storage of CO2 is only possible in certain kinds of rock
formations, which are located more than 800 metres below the surface of
the Earth. Examples of such rock formations are depleted oil or natural
gas fields, rock formations carrying saline (salty) water, or coal seams that
cannot be mined. The captured CO2 is first liquefied and then injected at
high pressure through pipelines into these reservoirs. Above, there has to
be a natural caprock of impermeable rock (e.g. clay), so that no CO2 can
escape from the storage formation. In Switzerland, no CO2 has been stored
underground so far. In some European countries, small facilities are already
operating. The technology is still being developed.
Figure 3.4: Introductory CCS text used in the interviews (translated from
German)
Then they were asked questions that became gradually more specific, following a semi-structured procedure. Participants were encouraged to voice
questions, but were informed that the answers to their questions would have
to be deferred until after the interview. The questions in the interview guide
are presented in Table 3.3. The last question is somewhat specific to Switzerland. Because the country has no fossil-fueled power plants, large cooling
towers are normally associated with nuclear power plants. We wanted to
test whether respondents would automatically associate the depicted cooling tower with a nuclear power plant. In that case, there could be a possible
negative halo effect when judging CCS.
After this set of questions, respondents received additional information
about the possible introduction of gas-fired power plants to Switzerland and
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Table 3.3: Interview guide
1.

Can you explain to me what geological sequestration of CO2 is,
using this illustration?

2.

Looking at the storage formation now: How do you think it would
look, if you could go down there and look at it directly? (Elicit
specific answers)

3.

What do you think happens to the CO2 , once it is in the storage
formation? (How exactly, why, is the CO2 solid/liquid/gaseous?
etc.)

4.

Do you think that the CO2 stays in the storage formation?
(Why/Why not?)

5.

Ask about specific (mis)conceptions, if they have not come up yet:
Does storage formation look like a sponge-like rock or a cavity? Is
it possible for the CO2 to escape at the edges? etc.

6.

Did you understand this illustration right away? (Why/why not?
Ideas for improvements, etc.)

7.

Is there anything else about this illustration that you would like
to comment on?

8.

What kind of power plant is depicted here?

to what extent CCS could help mitigate emissions. They were then asked
about their personal evaluation of CCS, whether they thought it made sense
to deploy it and whether it could make a meaningful contribution to mitigating climate change. These questions are not described in detail, because
they do not refer to the illustrations. The interviewees’ global evaluation was
used in the content analysis, however, to see whether a certain illustration
was associated with positive or negative evaluations of CCS.
At the end of the interview, the first author answered any questions
raised during the interview. Subsequently, participants filled in a brief questionnaire about their demographics, were thanked, and received their payment. Interviews lasted between 7.42 minutes and 19.45 minutes. The
average interview length was 13 minutes.
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Data analysis
All interviews were transcribed and then coded for content analysis, using
the software TAMS Analyzer. The initial coding system was derived from
known mental models (see section 3.3.2) and then refined during the coding
process based on the interview data. Whether concepts were mentioned
spontaneously or only after follow-up questions by the interviewer was also
coded.

3.4.2

Results

Our results corroborate previous findings about mental models of CCS and
the deep subsurface. Almost two thirds of our sample thought, for example,
that the CO2 might be stored in a cavernous space. Six persons mentioned
a new misconception about the storage formation: They thought it might
consist of soil. Although this image is wrong, it is in line with the correct
image that the CO2 is soaked up.
Beliefs about the state of matter of the injected CO2 also reflected previous findings: Fourteen persons reported that they thought the CO2 was
gaseous, although the introductory text explicitly mentioned that the CO2
is liquefied. Fifteen respondents correctly stated the CO2 was liquid, and
one person imagined it was solid once in the storage formation.
Table 3.4 gives an overview of the mental models that might be affected
by an illustration and how many participants mentioned them. Some participants held conflicting concepts simultaneously, such as that the storage
formation could be either a porous rock space or a cavern. Often, participants were unsure and expressed that explicitly. There were 34 explicit
mentions of uncertainty, such as “I don’t really know,” “well, I’m just guessing,” made by 17 different interviewees.
Something that was apparently not a concern in our sample was that the
injected CO2 might push up overlaying rock layers, like an inflating balloon.
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Table 3.4: Mental models of CCS and the deep subsurface; number of participants in each group that held them
Concept

Total
(N = 30)

Fig. 1
(N = 10)

Fig. 2
(N = 10)

Fig. 3
(N = 10)

Storage formation
rock
cavity
soil

17
19
6

7
8
1

4
6
3

6
5
2

Matter of state of CO2
solid
liquid
gaseous

1
15
14

1
5
5

0
7
5

0
3
4

17

4

7

6

4

2

0

2

0

0

0

0

Depth (mentioning of exact depth)
Bulging up of storage formation (“balloon picture”)
of which spontaneous

The 10 participants who had the suboptimal illustration with the seemingly
bulging-up storage formation did not mention this concern spontaneously.
Only when asked explicitly if they thought that the illustration seemed to
convey that image did two participants agree.
The same was true for the question whether CO2 might escape by migrating sideways. Six persons said that this could be a possibility, but five of
them made this statement only after having been asked explicitly whether
they thought this was possible.
Previous findings (Brunsting et al., 2012) suggest that the perception
of depth plays a role for risk perceptions of CO2 storage. In our sample,
20 persons mentioned the exact minimum depth (800 m) given in the introductory text at some point during the interview. These responses were
not prompted by the interviewer. Respondents who viewed one of the illustrations where the depth was explicitly labeled did not mention depth
more frequently than participants who viewed the illustration without such
a label.
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Neither was there a relationship between type of illustration and the

belief that the storage formation is a cavity. Eleven out of 20 persons who
viewed one of the optimized illustrations said that they imagined a cavernous
space. This concept seems to be quite prevalent and not easily influenced
by graphics. In our sample, the belief that the CO2 is stored in caves also
seems to have been influenced by the wording of the text. It mentioned that
CO2 could be stored in depleted oil or gas fields. The German word used for
oil field (“Erdöllager”) can also mean “store” or “warehouse” for oil. This
seems to imply at least for some people that if it is depleted, then it must be
empty and hollow. Seven people explicitly stated that this phrase led them
to assume there was a cavern.
A question that we were also interested in and that is rather specific to
Switzerland was whether the depicted power plant with its cooling tower
would remind people of a nuclear power plant. When asked what type of
power plant they thought was represented in the illustration, eight persons
said it was a nuclear power plant. It seems that cooling towers are to some
extent indeed associated with nuclear power plants. In addition, there is
evidently a knowledge gap about which kinds of power generation produce
CO2 . Four other people spontaneously mentioned parallels between CCS
and nuclear waste. Two of them said, however, that CCS would be less
dangerous and the consequences could not be compared; and one person
used it as an argument for the feasibility of CCS, along the lines of “it
works with nuclear waste, so it should also work for CO2 .”
When asked about potential risks of CCS, our sample mentioned similar
risks to what has already been found throughout the literature. Table 3.5
lists the risks brought up in the interviews. The number of risks mentioned
did not differ between the groups. One concern that was more prevalent
than it had been in previous Swiss studies (see Wallquist et al. (2009)) was
the possible contamination of groundwater, which was mentioned by seven
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Table 3.5: Potential risks of CCS perceived by the interviewees (N = 30)
Risk
Earthquakes, Earth movements (jeopardize storage integrity)
Groundwater contamination
Leakage
Effects on storage formation
(harm to living organisms; effects on the rock itself; unspecified)
Overpressurization
CO2 could trickle further down
Volcanoes (path of leakage)
Problems with the caprock
Insufficient storage capacity
Other

N
12
7
6
5
4
3
3
3
2
2

persons. This is in line with experiences in other countries (e.g., Shackley
et al., 2009, 2007).
Additional benefits beyond climate change mitigation were not brought
up by many people. Three persons, however, mentioned a potential leadership role that Switzerland could assume. The country could set a good
example for other countries, and also export CCS technology.
Possible improvements of the illustrations
Participants were asked explicitly whether they found the illustration easy
to understand and whether there were points that they would improve. Interestingly, the criticism offered was unrelated to the type of illustration.
Only one person who viewed the suboptimal illustration noted that the proportions were very odd and the power plant strangely large if the CO2 was
supposed to be stored at a depth of 800 m. The most frequently voiced
question was what the injection well was, which had been represented by a
sort of blob and not been labeled. Seven people raised this as a point that
was unclear. Four persons said that labeling of the other rock layers would
have been useful. Another four wondered about the bottom layer. Some
thought it might represent water, because of the hachures, and others just
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thought it was a particularly important layer, because it touched the storage
formation.

3.5

Discussion

Graphical displays play an important role in communication materials, and
CCS communication is no exception. As our summary of findings from multimedia and map learning shows, pictures can indeed offer an advantage
over text-only materials. This is true at least if certain guiding principles
are observed. The question of how important incorporating intuitive mental models into CCS-specific illustrations is has been unclear so far. Our
results suggest that the impact of illustrations on the understanding and
perception of CCS seems to be rather limited. We found no clear relationship between illustrations that did or did not incorporate mental models
and specific perceptions of CCS.
Certain mental models of the deep subsurface are apparently not only
very prevalent but also robust against correction with illustrations. On the
positive side, this means that even suboptimal illustrations do not seem
to induce new misconceptions or make existing misconceptions more pronounced. Sometimes, concerns are raised in the CCS community that there
are many poor illustrations in use and they might do more harm than good
(Feenstra, 2012). These fears can be somewhat allayed with our findings.
It is important to note, however, that this refers only to CCS-specific mental models. The illustrations used in the interviews all observed general
principles of illustration design.
The downside is, of course, that illustrations cannot change existing misconceptions. This raises the question of what can. There is evidence that
in order to clear up misconceptions, they should first be stated explicitly
and then corrected. Morgan et al. (2002, p. 101) write: “People cannot
always infer errors in their mental models from factual statements that im-
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plicitly contradict them. [...] In experimental tests, we have found that
stating both the misconception and correction explicitly is critical. Integrating the explanation with the overall mental model should improve retention.” This phenomenon has also been observed in multimedia learning.
Muller (2008) compared different kinds of multimedia for teaching fundamental physics. Students who viewed multimedia where typical misconceptions were addressed benefited from learning gains that were twice as high
as those of students who viewed more traditional, concise multimedia. The
latter group, however, felt that they had learned the same amount and even
gained greater confidence in their misconceptions.
Although illustrations neither reinforce nor reduce misconceptions, texts,
or even individual words, seem to be able to exert a large influence. In
our sample, the phrase “depleted oil or gas fields” lead about a quarter of
the participants to believe that the storage formation must be an empty
space. This is a prevalent misconception and apparently easily reinforced
by unfortunate wording. In a focus group that Shackley et al. (2005) held in
England, the word “CO2 bubble” alarmed a participant, because she made
a direct analogy between a bursting bubble and potentially bursting CO2
storage. Further research is needed to find out whether illustrations can
help clear up such strong misconceptions, if they are well coordinated with
the corresponding text.

3.5.1

Limitations and outlook

Certain limitations of our study should be noted. The sample was a convenience sample and not representative of the general population. In particular, participants were better educated than the average Swiss. Because
most were university students, it is reasonable to assume that they are very
practiced in processing text. This could mean that they have to rely less on
visual cues. There could be an interaction effect between personal process-
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ing style (verbal or visual) and the impact that illustrations have. If this
was true, illustrations would be particularly useful for people who prefer
processing visual information. This could be tested in additional studies.
Another point is that there are different ways of visualizing mental models of CCS. The way we chose is not necessarily the only or the best way.
With the representation of depth, there might not be a lot of flexibility,
but there are, for example, multiple ways to visualize a porous rock space
that soaks up CO2 . Although great care was taken to implement the mental models appropriately, and the illustrations were improved iteratively, we
cannot exclude the possibility that different visualizations might have had
different effects.
In addition, this study looked only at comprehension and misconceptions
about CCS. Illustrations likely would help make information materials more
interesting and more likely to catch attention, but this was not tested. More
motivated engagement with the information material might in turn lead to
better recall. This could also be tested in future studies.

3.6

Conclusion

Illustrations are a powerful tool in education and communication. In the
case of CCS communication, their impact on comprehension is apparently
limited. Illustrations, even when coupled with correct written information,
are not sufficient to implicitly correct misconceptions people hold about the
deep subsurface. Nor do incorrect illustrations have an adverse effect. Although graphics can serve to visualize certain points, they should be paired
with text materials, and known misconceptions should be addressed explicitly.
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Abstract
The aim of the present study is to examine public preferences regarding the
characteristics of the three elements of carbon dioxide capture and storage
(CCS): capture, pipeline, and storage. A random sample of 139 Swiss citizens received basic information about CCS online and then participated in
an experiment. A conjoint measurement of CCS acceptance and analysis
of variance was used to examine respondents’ preferences for characteristics
of CCS elements. This approach allowed respondents to make trade-offs by
expressing preferences for complete CCS systems instead of evaluating single
elements in isolation. Our results show that people put most emphasis on
pipelines near their homes and on the type of plant the CO2 originates from.
A “Not in my backyard (NIMBY) effect” was found both for pipelines and
storage. This NIMBY effect, however, disappears when CO2 from a biogasfired plant is used for the injection. We conclude that it may be possible to
avoid the NIMBY effect for geological storage field trials by using bioenergy
with carbon dioxide capture and storage (BECCS).
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Introduction

The way the public perceives carbon dioxide capture and storage (CCS) is
crucial to the technology’s further development and implementation. Recently, a number of projects (e.g. Barendrecht (NL), Jänschwalde (DE))
aimed at mitigating CO2 emissions from fossil fuel power plants by applying
carbon dioxide capture and storage (CCS) have been delayed or stopped
due to public opposition (Desbarats et al., 2010; Verhagen, 2010). This
indicated the importance of understanding how people perceive CCS. Public
opposition influenced CCS projects either directly in the form of local action
groups, or indirectly by making the political climate for CCS unfavorable.
One problem that social science researchers face when they examine public
perception of CCS is that in most countries, the public is rather unfamiliar
with it. Only 10% of Europeans have heard of CCS (European Commission, 2011). In Japan, 19% of respondents reported hearing about CCS or
some knowledge of it (Itaoka, Okuda, Saito, & Akai, 2009). Results from
Miller, Summerville, Buys, and Bell (2008) show that not more than 18%
of Australians have heard of geological storage of CO2 and from the United
States, Curry, Reiner, Ansolabehere, and Herzog (2007) report that 5% of
respondents have heard of CCS. These results show that most people do
not have an opinion about CCS. Therefore, researchers need to simulate the
future by providing respondents with information before eliciting their attitudes. The stability of these attitudes that are created on the spot has been
questioned (de Best-Waldhober, Daamen, & Faaij, 2009; Malone, Dooley,
& Bradbury, 2010).
CCS is a complex technology. The public may therefore perceive many
elements as hazardous (e.g., transport and storage). All elements should,
thus, be addressed in communication with stakeholder groups, public and
private decision-makers, and laypeople. It is important to understand which
elements influence perceptions of CCS most, and whether the characteris-
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tics of one element influence the perception of another one (e.g. does the
perception of the storage element depend on the type of plant where CO2 is
captured?) This has not been investigated in detail, but is relevant for communicators and policy-makers, especially when there are time and budget
restraints to evaluate all CCS technology options in detail. Thus, investigating the contribution of these elements to acceptance in more detail is worthwhile. The aim of the present study is, therefore, to study the importance
of the three CCS elements – capture, transport, and storage – for public
acceptance using a conjoint measurement among laypeople in Switzerland.
The conjoint measurement of acceptance allows respondents to do trade-offs
between CCS elements as participants compare complete systems instead of
single elements in isolation.
A considerable amount of research has revealed factors that influence
risk perception and acceptance of CCS (eg., Shackley, McLachlan, & Gough,
2005; Terwel, Harinck, Ellemers, & Daamen, 2011; Wallquist, Visschers,
Dohle, & Siegrist, 2011). In the Netherlands, providing information that
was accurate and understandable for Dutch laypeople produced stable attitudes and showed that informed laypeople accept CCS (de Best-Waldhober
et al., 2009). In the United States, researchers showed that informed laypeople are willing to accept CCS as long as it is part of a portfolio of low-carbon
energy technologies (Fleishman, De Bruin, & Morgan, 2010).
In terms of acceptance of the individual steps of CCS, researchers found
that for the capture part, people are mainly concerned about the burning of
fossil fuels and the associated emissions. Socioeconomic concerns here play
a larger role than concerns about the technical aspects of CCS (Palmgren,
Morgan, Bruine de Bruin, & Keith, 2004; Shackley et al., 2005; Wallquist,
Visschers, & Siegrist, 2009, 2010). In Switzerland, there are currently no
fossil-fueled power plants that feed electricity into the public grid. Gasfired power plants, however, have been proposed as a backup for renewable
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energy technologies after the nuclear phase-out (Bundesrat 2011 (Federal
Council 2011), 2011). There is considerable potential for sustainable energy
production from biomass (Steubing, Zah, Waeger, & Ludwig, 2010). Bioenergy with carbon dioxide capture and storage (BECCS) would result in
negative CO2 emissions (Read & Lermit, 2005). This might be a relevant
factor in shaping public opinion of CCS. Furthermore, the term “bio,” which
is used in German as equivalent to the English term “organic,” may have a
positive connotation for some people and result in a beneficial “halo-effect”
(Thorndike, 1920).
To the best of our knowledge, the transport part of CCS has received
no attention in experimental public perception research so far, despite the
fact that humans have some experiences with CO2 pipelines. In the United
States, CO2 pipeline systems have been regulated and operated for a long
time (Dooley, Dahowski, & Davidson, 2009). From a technical point of
view, the transport of CO2 in pipelines is comparable to that of natural gas,
although some differences do exist, due to different physical properties of the
two gases. It is unclear whether laypeople distinguish between CO2 and gas
pipelines, because there is still little experience with public reactions to the
transport of CO2 through populated areas, whereas transport of natural gas
is a common practice. If there were plans to transport CO2 over long distances and through populated areas, some people might be opposed to such
pipelines in their vicinity if they could not benefit from, for example, job opportunities at a nearby power plant or financial compensation. There might
be a NIMBY (“not in my backyard”) effect. The NIMBY metaphor has been
used to explain the tension between general support for a technology (e.g.
wind farms) and local public opposition against particular installations of
this technology. This may be the case where local benefits and local risk exposure are not equally distributed. The simplified explanation of local opposition by mere NIMBYism has, however, experienced considerable criticism
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(e.g., Devine-Wright, 2005; Wolsink, 2006). Wolsink (2000) showed that
other factors, such as general attitudes towards a technology, are stronger
predictors of willingness to oppose than simple NIMBYism. Public perception of the storage part of CCS has been addressed by a number of studies
on acceptance of CCS. A recent Eurobarometer study showed that the public is generally concerned about storage locations within 5 km of their home
(European Commission, 2011). This can be interpreted in terms of the
NIMBY phenomenon. Among the reasons for laypeople’s rejection of CO2
storage in their vicinity are concerns such as leakage, over-pressurization of
the reservoir, and the fear of negative effects on the natural environment
and public health (Ashworth, Boughen, Mayhew, & Millar, 2010; Palmgren et al., 2004; Shackley et al., 2005; Wallquist et al., 2010). Singleton,
Herzog, and Ansolabehere (2009) compared influential risk characteristics of
geological CO2 storage with other hazards such as radioactive waste or fossil
fuels. In the psychometric framework, these risk characteristics are grouped
into an “unknown” and a “dread” factor (Fischhoff, Slovic, Lichtenstein,
Read, & Combs, 1978). Singleton et al.’s (2009) results suggest that risks
from geological storage of CO2 would be perceived as not very high for the
“dread” factor, but quite high for the “unknown” factor. This implies that
the perceived risk could be lowered by additional field trials, thus decreasing
the newness of the risk for the public.
In areas where the public has only little or no experience with the extraction of fossil fuels (e.g., Switzerland), the role of the newness of geological
storage of CO2 for risk perception may be even more pronounced. After the
accident at the Fukushima nuclear power plant in 2011, political pressure on
governments to phase out nuclear energy production has increased in some
countries, including Switzerland (Bundesrat 2011 (Federal Council 2011),
2011). Under such social pressure, fossil-fueled power plants with CCS may
contribute to sustaining a low-carbon energy supply, especially in countries
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that have no history of fossil-fueled electricity production. Early learning
from field tests is, in this case, of particular importance for science, but also
for the public. A roadmap for testing CCS in Switzerland, including a geological field test, has been introduced (Sutter et al., 2011). For science, field
tests are important, because only little previous geological data on potential
reservoirs is available. For the public, field tests are also important, because
the public is not used to technologies involving geological engineering and
fossil-fueled power plants. Increased awareness and experiences with the
technology through new field trials may increase public support (Singleton
et al., 2009). Before conducting field trials of complete CCS systems, it
makes sense to examine what elements of CCS systems are important to
the public. Thus far, only limited research about the role of the three CCS
elements for public acceptance of complete systems has been conducted. To
the best of our knowledge, the effects of interactions of these elements on
acceptance have not been studied.
The current study aims at examining public preferences for the characteristics of the elements capture, transport, and storage in combination, and
shedding some light on the relative importance of each. To this end, we used
a conjoint measurement. Conjoint analyses have been proposed for analyzing preferences for theoretical or factual products and systems. Participants
assess a number of complete product descriptions that differ with respect to
multiple factors. Conjoint analysis allows researchers to quantify the relative importance of different product factors, as well as the perceived utilities
of different levels of these factors. The strength of such a measurement is
that it is similar to real-world choice situations (Hair, 1995). It builds on
the premise that respondents can better express their preferences for a complete product or a system than for separated single factors. Thereby, the
factors and their corresponding levels should be communicable and technically feasible (Hair, 1995). The choice of factors should furthermore be
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theoretically motivated. In marketing research, conjoint analysis has found
widespread application (Green & Srinivasan, 1990). It has also been used
for assessing public acceptance of genetic engineering in food processing and
of nanotechnology in food and packaging as well as for examining public
preferences for base station siting for mobile communication (Dohle, Keller,
& Siegrist, 2010; Frewer, Howard, Hedderley, & Shepherd, 1997; Siegrist,
Stampfli, & Kastenholz,

2009). Alriksson and Öberg (2008) concluded

that conjoint analysis is a useful method in environmental risk analysis and
communication because these fields would benefit from the same strengths
of conjoint analysis as traditional marketing research. Trade-offs between
different elements can be examined by evaluating and comparing complete
solutions.

4.2

Method

4.2.1

Sample

We conducted an online experiment with participants from the general public in the German-speaking part of Switzerland in spring 2011. Respondents
were recruited by from an online panel, consisting of persons who had previously volunteered to regularly participate in different kinds of scientific
studies conducted by ETH Zurich. The invitation for the present experiment did not mention the exact topic of the study, in order to avoid people
dropping out because they thought they did not know enough about the
technologies. After excluding 34 respondents who answered all questions
with the same score (i.e., had zero variance in their responses) or who filled
in their responses in an unrealistically short amount of time (c.f. Carver,
1990), we included 139 people in our analysis. Thirty-seven percent (n = 51)
of the respondents were female. Six persons included in the analysis did not
report their gender. Age ranged from 19 to 87 years. The mean age was
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54.82 years (SD = 13.87). Thirty-two percent (n = 45) reported that they
had a college or university degree.

4.2.2

Information section

Most people are not familiar with CCS. Our web-based questionnaire, therefore, started with a short introduction to the topic so that participants would
have a basic understanding of what CCS is about. The presented section
is based on a text that had been used in previous studies (L’Orange Seigo,
Wallquist, Dohle, & Siegrist, 2011; Wallquist et al., 2010) to inform participants about the principal reasoning behind CCS. The section was carefully
worded, reviewed by experts, and aimed at briefing respondents in plain
language about the basic aim and functioning of CCS technologies. Specific
risks were not discussed. The introductory text read as follows (translated
from German):
The increase of carbon dioxide (CO2 ) in the atmosphere is the
most important factor in climate change. Every day, large amounts
of CO2 are generated. This is happening, for example, through
the combustion of gas in power plants. Such plants are supplied
with gas by subterranean pipelines. To mitigate climate change,
CO2 emissions need to be reduced drastically. Carbon dioxide
capture and storage is a technological measure for reducing CO2
in the atmosphere. With this procedure, CO2 is captured from
the exhaust gases of power stations, transported by subterranean
pipelines to suitable storage locations, and stored underground.
Thereby, it can be kept out of the atmosphere. Permanent storage of CO2 is possible only in certain porous rock formations
that are more than 800 m under the Earth’s surface. Examples
of such formations are depleted oil or gas fields and saline rock
formations. The CO2 is liquefied and piped into these storage
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locations. From Swiss plants, no CO2 is stored underground
currently. In some European countries, smaller facilities already
operate. The technology is still in the development stage.

4.2.3

Acceptance measurement

After reading the introduction text, respondents received instructions on
how to fill in the questionnaire. They were told that on the next page,
they would be asked to assess descriptions of 12 different living situations.
All living situations had in common the fact that in their closer or further
surroundings, there were plants for the capture and storage of CO2 , but they
differed in terms of three factors: type of plant, storage location, and type
of pipeline. We presented the three factors and the corresponding levels in
a list to all participants. Table 4.1 gives an overview of the factors and the
corresponding levels.
For the factor Plant, we chose the levels gas-fired and biogas-fired, as
these would be feasible types of carbonaceous fuel power plants in Switzerland. For the factor Storage Location, we varied the distance of the injection
from the domicile in order to account for the NIMBY effect. The NIMBY
effect for pipelines and potential differences in the perception of CO2 and
of natural gas were examined with the levels chosen for the factor Pipeline
(Table 4.1).
The combination of the three factors and their levels resulted in 12 scenarios. To be able to analyze interaction effects, we chose a full design
(i.e., assessment of acceptance for all combinations of factor levels). This,
Table 4.1: Factors and corresponding levels used to combine hypothetical
living situations
Type of plant
Storage location
Type of pipeline

Level 1
Biogas-fired
In own municipality
Gas pipeline

Level 2
Gas-fired
In a neighboring canton
CO2 pipeline

Level 3
No pipeline
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however, limited the number of levels that could be examined.
We then presented the following exemplary living situation1 : “CO2 from
a biogas-fired power plant is stored in the subsurface of your municipality.
Near your house passes a CO2 pipeline that is connected to the power station.”
In the four scenarios without a pipeline, its absence was explicitly mentioned. An example description reads: “CO2 from a biogas-fired power plant
is stored in the subsurface of your municipality. Near your house passes
no pipeline.”
Respondents were asked to rate the acceptability of each of the 12 hypothetical living scenarios, combined from the levels shown in Table 4.1 and
presented in the same way as shown in the example above. The sequence
of the presented living scenarios was randomized for every respondent to
avoid order effects. We measured levels of acceptance with sliders with 101
points. These gave respondents the impression that they could express their
acceptance levels on a continuum. Thereby, we avoided ceiling effects. The
endpoints of these scales were labeled 1 = not at all acceptable and 101 = totally acceptable. At the end of the questionnaire, we collected demographic
information and thanked the participants.

4.3
4.3.1

Results
Acceptance scores

Each respondent had 12 acceptance scores, one for each scenario. Across
participants, the full range of possible answers was used, with acceptance
scores ranging from 1 to 101 in each scenario. The mean values of each
scenario ranged from 43 to 72. Table 4.2 shows the means and standard
deviations of the acceptance scores for each scenario. The mean scores of
1

The words underlined are the factor levels that differed between the hypothetical
living scenarios (see Table 4.1 for factor levels)
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Table 4.2: Means and standard deviations of the acceptance scores for the
different scenarios, in descending order
Scenario (type of power plant where CO2 is captured/storage location/type of pipeline)
Biogas-fired, in neighboring canton, no pipeline
Biogas-fired, in own municipality, no pipeline
Gas-fired, neighboring canton, no pipeline
Biogas-fired, neighboring canton, CO2 -pipeline
Gas-fired, in own municipality, no pipeline
Biogas-fired, in own municipality, CO2 -pipeline
Biogas-fired, in own municipality, gas-pipeline
Biogas-fired, in neighboring canton, gas-pipeline
Gas-fired, in neighboring canton, CO2 -pipeline
Gas-fired, in own municipality, CO2 -pipeline
Gas-fired, in neighboring canton, gas-pipeline
Gas-fired, in own municipality, gas-pipeline

M

SD

72
67
66
57
56
55
52
50
49
47
45
43

29
30
31
30
32
31
30
31
30
31
32
31

the scenarios show that scenarios that do not involve a pipeline near participants’ homes, are generally more accepted than the ones involving CO2
or gas pipelines. For plants, scenarios with biogas-fueled plants are higher
ranked than those with conventional gas (named just “gas” in the study).
For different storage locations, no clear picture of acceptance preferences
emerges.

4.3.2

Analysis of variance

A 2 x 2 x 3 (Plant x Storage x Pipeline) repeated-measures ANOVA was
computed in order to assess the effect of each factor on respondents’ acceptance judgments individually. Significant main effects were observed for
all three factors: Plant, F (1, 138) = 23.77, p < 0.001; Storage, F (1, 138) =
7.89, p < 0.01; and Pipeline, F (1, 138) = 39.34, p < 0.001. The largest effect
size was found for Pipeline (η 2 = 0.12), followed by Plant (η 2 = 0.03) and
Storage (η 2 = 0.005). Apparently, people’s judgments were most strongly
influenced by the factor Pipeline, to a lesser degree by the factor Plant, and
least of all by the factor Storage Location. Pairwise comparisons showed
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Figure 4.1: Mean acceptance levels for different plants and storage locations
that acceptance of scenarios without a pipeline were higher than the acceptance of scenarios with gas (p < 0.001) or CO2 (p < 0.001) pipelines. The
acceptance of CO2 pipelines was higher than the acceptance of gas pipelines
(p < 0.01).
Significant results were also found for two of the two-way interaction
terms: Plant x Storage, F (1, 138) = 7.98, p < .01, and Pipeline x Storage, F (1, 138) = 10.72, p < 0.001. Effect sizes, however, were rather small,
with η 2 = 0.001 (Plant x Storage) and η 2 = 0.005 (Pipeline x Storage),
respectively. Figs. 4.1 and 4.2 illustrate these two interactions. The threeway interaction between Pipeline, Plant, and Storage was not significant,
F (1, 138) = 3.08, p = 0.082.
As can be seen in Figure 4.1, storage of CO2 in the neighboring canton
is generally more accepted than in the respondent’s own municipality. The
difference is only pronounced, however, if the CO2 source is a (conventional)
gas-fired power plant. If the power plant is biogas-fired, acceptance levels
converge, and participants find CO2 storage in their own municipality nearly
as acceptable as in a neighboring canton.
Almost the opposite effect can be observed for the interaction of Storage
with Pipeline (Figure 4.2). Here, acceptance levels are similar, whether CO2
is stored in people’s own municipality or a neighboring canton, as long as
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Figure 4.2: Mean acceptance levels for different pipelines and storage locations
there is a pipeline that carries CO2 or natural gas near respondents’ homes.
Assessments diverge, however, when no pipeline passes near people’s homes.
In the latter case, acceptance increases for both storage locations, but this
increase is stronger in case of having the storage location in a neighboring
canton than in the respondent’s own municipality.

4.3.3

Utilities for factor levels and relative importance of
factors

A conjoint analysis was conducted, based on the participants’ acceptance
scores for the 12 living scenarios, to assess the importance of the factors
and the utilities of the seven levels. Utilities for the different factor levels
were calculated with SPSS CONJOINT. These utility values are similar
to regression coefficients and offer a quantification of the preferences for the
factor levels, with higher values indicating greater preferences (SPSS, 2007).
Figure 4.3 gives an overview of the calculated utilities of all factor levels.
The values show that participants have higher utilities for a storage location
in a neighboring canton compared to storage in their own municipality. Results also show a positive utility for biogas-fired plants in comparison with
gas-fired plants. Concerning the factor pipeline, both gas and CO2 pipelines
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Figure 4.3: Utilities for all factor levels
have negative utilities, whereas the utility of the level with no pipeline is
positive. The utility for a CO2 pipeline is, however, not as negative as the
one for a gas pipeline.
Dividing the range of utilities for each separate factor by the sum of
the utility ranges of all factors results in importance values for the factors.
These give an indication of how important the factor is for the preference of
the living scenario (SPSS, 2007). The factor with the highest importance
was Pipeline (62%) followed by Plant (27%) and Storage Location (11%).
This means that the factor Pipeline was almost six times more important
than the factor Storage Location for participants’ preferences for the living
scenarios.

4.3.4

Cluster analysis

The utility scores yielded by the conjoint analysis were used to perform a
cluster analysis in order to identify subgroups of respondents. Following the
recommendations of Backhaus, Erichson, Plinke, and Weiber (2006, p. 583)
for clustering utility values, a hierarchical, complete-linkage cluster analysis was conducted, using Pearson’s r as a proximity measure. This yielded
three distinct and fairly equally sized clusters. Each cluster is marked by
particularly high (or low) utility scores for one of the three factors (storage
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Table 4.3: Mean utility scores for each factor level in the different clusters

Storage location
In own municipality
In neighboring canton
Type of pipeline
CO2 pipeline
Gas pipeline
No pipeline
Type of plant
Biogas-fired
Gas-fired

Cluster 1: focus on pipelines
(n = 41)

Cluster 2: focus
on plant type
(n = 43)

Cluster 3: focus
on storage (n =
55)

−3.1
3.1

2.6
−2.6

−3.6
3.6

−6.6
−21.3
27.9

−2.1
−5.0
7.0

−0.8
0.7
0.1

1.0
−1.0

10.7
−10.7

0.6
−0.6

location, type of pipeline, type of plant), as shown in Table 4.3. Participants in cluster 1 have a very high utility score for “no pipeline”. They are
especially averse to gas pipelines, but considerably less so to CO2 pipelines.
Persons in cluster 1 also exhibit a certain preference for CO2 storage in a
neighboring canton as opposed to their own municipality. Cluster 2 shows
a strong preference for CO2 from biogas-fueled power plants as opposed to
CO2 from conventional gas. Its members prefer “no pipeline” scenarios,
while not showing extreme aversion to scenarios that do involve pipelines.
People in this cluster show no “NIMBYism” and even have slightly positive
utilities for storage in their own town. The biggest group, cluster 3, seems
largely indifferent towards pipelines and the origin of the CO2 , but expresses
a small preference for CO2 to be stored in a neighboring canton.

4.4

Discussion

Deployments of carbon dioxide capture and storage (CCS) systems are
threatened considerably by public protests. Especially in Europe, some
planned CCS projects and even efforts for exploration of storage potentials
have evoked substantial protest among citizens (Desbarats et al.,

2010;

Dütschke, 2011). Previous research compared the risk characteristics of
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CCS with other potential hazards and showed that the newness of CCS is
likely to act negatively on the public’s risk perception and called for more
field trials (Singleton et al., 2009). When designing new field trials, it may
be worthwhile to consider if it is technically and economically feasible to
take the publics preferences for characteristics of different CCS systems into
account. We therefore used an analysis of variance and a conjoint analysis
of different CCS system layouts to examine the importance of the characteristics of CCS systems.
Our results show that for the studied scenarios with the three elements –
type of plant, type of pipeline, and storage location – pipeline has the highest
importance for laypeople, and storage location the lowest. For pipelines, a
NIMBY effect could be observed. People do not seem willing to live near
any type of pipeline, although they prefer a CO2 pipeline to a gas pipeline.
The type of plant also plays a role in respondents’ acceptance judgments.
Biogas-fueled power plants are preferred over gas-fired ones. This result
is in line with earlier studies that showed that laypeople’s socioeconomic
concerns (e.g., about the sustainability of energy economies) related to the
burning of fossil fuels may influence their attitudes towards CCS negatively,
and more so than technical concerns about storage safety (Wallquist et al.,
2009, 2010). In the present study, the power plant type was also more
important than the place of storage for the acceptance of the living situation
scenario. Of the three examined elements, storage location had the smallest
influence on acceptance. This is rather surprising, given that much of public
acceptance research has focused on the storage part of CCS. Because storage
is the most novel element of CCS, it seems plausible that it would cause the
greatest concern for people. Other research that looked at CO2 storage in
isolation found that the public is generally concerned about CCS technology
if a CO2 storage site was to be sited within 5 km of their home (European
Commission, 2011). In our study, the introductory text put most emphasis
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on CO2 storage. However, our results indicate that the storage part of
CCS is less crucial for public perception than other parts of the CCS chain.
We did indeed find the NIMBY effect for storage location, although less
pronounced than for pipeline: a storage location in a neighboring canton
was preferred over a storage location in one’s own town.
The results of the cluster analysis corroborate the above findings and
help to paint a more nuanced picture. Three groups of people can be distinguished, which each focus on one element when evaluating CCS scenarios.
While “no pipeline” is always the preferred scenario, there are considerable
differences between different groups of people. This indicates that the results from the ANOVA are not merely an artifact due to the fact that “no
pipeline” is such a strong label for the factor level. While cluster 1 shows the
expected strong preference for “no pipeline” scenarios, there is also a large
group of people (cluster 3) that is largely indifferent when it comes to the
factor pipeline, and their utility scores do not deviate much from zero. The
CCS element that matters most to that group is storage location. Unsurprisingly, they prefer storage of CO2 in a neighboring canton over storage in
their own town. Interestingly, this preference is reversed for cluster 2, which
exhibits a small preference for storage in their own municipality. This is,
however, coupled with a strong preference for CO2 from biogas-fired power
plants as opposed to conventional gas power plants. It is likely that the origin of the CO2 is crucial for the acceptance of the storage location, together
with the absence of pipelines.
This interpretation is supported by the analysis of the interaction terms
of the ANOVA. In the case where respondents are not affected by a pipeline,
there is a notable NIMBY effect for storage location, whereas in situations
where they are affected by pipelines, the storage location of the CO2 does
not seem to matter much. This might seem as if the inclusion of pipelines
could be an easy solution to reduce the NIMBY effect for storage. As the
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interaction diagram (Figure 4.2) shows, however, acceptance levels are a lot
lower for scenarios where there are pipelines present, compared to scenarios
without pipelines. Field trials for geological storage in densely populated
areas may therefore consider avoiding pipeline transport in order to increase
the likelihood of public acceptance.
The influence of the type of plant producing the CO2 is a different story.
If the CCS system includes a conventional gas-fired plant, respondents preferred storage in a neighboring canton over storage in their own municipality,
whereas if the CO2 stems from a biogasfired power plant, this NIMBY effect seemed to disappear (although the effect size of this interaction is very
small). Thus, some people might even be proud of having a BECCS project
in their municipality. A reason for this might be the so-called halo effect
that describes the fact that people may rate products with one beneficial
characteristic more favorably on other characteristics, although these are
not really related (Thorndike, 1920). In the case of the type of plant, the
term “bio” may have a positive connotation in terms of naturalness and
healthiness (“bio” being the German translation equivalent of “organic”).
Because acceptance of situations that include biogasfired plants is generally
higher than the ones including gas-fired plants, it may, from a perspective
of public acceptance, make sense to design field trials for geological storage
of CO2 with a supply of biogenic CO2 instead of CO2 from fossil resources.
Field trials are important, not only because researchers can gain new insights about CO2 storage and the properties of a specific storage location,
but also because the public can learn about and become more familiar with
the technology (Singleton et al., 2009). Familiarity is an important factor
in risk perception, as shown by the psychometric paradigm (Fischhoff et al.,
1978; Singleton et al., 2009). If familiarity is increased, risk perception
shifts with it, generally resulting in lower risk perception. BECCS field trials would, under the assumption that the biomass production is sustainable,
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make sense for several reasons. Environmental NGOs are more likely to actively support the project. In the case of successful storage of CO2 , CCS
would receive a more climate-friendly framing because of the negative CO2
emissions created. Moreover, if problems occurred and CO2 leaked out, the
project would still be climate-neutral.
We think that the present research can give better insights into public
preferences than evaluating single elements in isolation, because the assessment of complete scenarios is more realistic. Without a given reference,
evaluating risks is difficult for non-experts (Hsee, 1996; Hsee & Leclerc,
1998). Therefore, it is important to provide a context when studying public
acceptance. This is of particular importance in fields where the public has
little knowledge and where additional communication is needed.
The living scenarios presented to the participants were, however, rather
abstract. We are not sure whether, for example, our respondents realized
how much a CO2 plume could spread from the injection location. The high
importance of pipelines may indicate that some people may perceive these
as totally new, because pipelines may be beyond the respondents’ horizon
of experience (i.e. they are not aware of existing pipelines). Future research
may present more extensive and realistic materials, using, for example, real
case studies with maps and more concrete descriptions.
Another limitation of this study is that we could only look at a small
number of factors and levels. We can therefore not rule out that other
factors are more influential to acceptance than, for example, the NIMBY
effect. Another relevant factor for public acceptance of CCS may be the
type of plant operator (e.g., public or private). Also, the study does not
provide evidence to explain why certain living situations were preferred over
others, because acceptance was the only dependent measure. A complete
experimental design with more factors and/or factor levels and additional
dependent variables would have resulted in such a large number of combi-
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nations that participants would not have been able to make sense of them
anymore and probably would have resulted in many dropouts.
The levels chosen in the present study are particularly valid for countries
without coal-fired power plants. Because coal-fired power plants are not
a realistic option in Switzerland (Bundesamt für Energie (Swiss Federal
Office for Energy), 2007), we did not include this type of plant in our
scenarios. If it had been included, the importance of the type of plant
would likely have been bigger, because people associate coal-fired power
plants with more environmental externalities than gas-fired power plants
(European Commission, 2007). This example shows that the importance
scores of the three factors are determined by the choice of the factor levels.
Therefore, the presented importance scores in this study need to be seen in
light of the underlying factor levels when conclusions are drawn.
To conclude, in our study, we used a conjoint analysis and analysis of
variance to examine relative preferences for CCS system elements. Our
findings indicate that public acceptance of one CCS system element may
depend on the characteristic of another and that reference information on
the whole CCS system, therefore, helps people to evaluate geological storage
of CO2 . We showed that it might be possible to avoid the NIMBY effect for
field trials of CO2 storage by applying BECCS. We are aware of the many
technical and economic constraints project developers face when planning
a field trial for CO2 storage. Nevertheless, our results suggest that it can
be worthwhile for them to examine if technical, economic, and regulatory
frameworks allow public preferences to be taken into consideration when
designing field trials and projects beyond.
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Abstract
Carbon capture and storage (CCS) is a technological option for mitigating climate change. Public risk perception plays a key role in the decision
whether it should be adopted at a large scale. In this study, a comparison was made between regions with different levels of CCS deployment: the
three Canadian provinces of British Columbia, Alberta and Saskatchewan.
While familiarity with the technology differed greatly among the different
regions, predictors of risk perception were stable and unrelated to familiarity. Results were similar for benefit perceptions, but a comparison with
results from a similar Swiss study seem to suggest that benefit perceptions
of CCS are likely to be influenced by the national context of deployment.
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Introduction

Carbon Capture and Storage (CCS) is a technological measure to reduce carbon dioxide (CO2 ) emissions into the atmosphere and consequently mitigate
climate change. CO2 is captured at large point sources, such as fossil-fuelled
power plants and certain industrial facilities (e.g. cement kilns), transported
to suitable storage locations and then stored in geological formations in the
deep subsurface. The technology has not yet reached commercial maturity. The full CCS chain with capture, transport and storage has only been
proven in demonstration projects; to date there are no large-scale commercial projects. According to the International Energy Agency’s BLUE Map
scenario, however, CCS has a large potential in mitigating climate change
and could account for 19% of the global reductions in CO2 emissions by 2050
(?). CCS could serve as a bridging technology, while our energy systems are
transformed towards a carbon-neutral production.
It is exactly this long-term goal of a sustainable energy production that
some people see jeopardized by CCS. They are concerned that CCS might be
used as an excuse for a continued use of fossil fuels, diverting investments
away from more sustainable solutions. Another big concern is leakage of
CO2 , and what consequences this might have for human health or the environment. People also worry about unforeseen effects that the CO2 might
cause in the storage formation (??). Some of these concerns are shared by
experts, whereas others spring from misconceptions about CO2 and CCS;
e.g. the belief that leakage might occur due to an explosive eruption of the
storage site.
It is important to understand how the general public perceives CCS and
its risks and benefits. This information can help policy makers to make
decisions that are in line with public opinion, to help risk managers to provide better information, and it ultimately leads to better informed decisions
about CCS deployment.
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5.1.1

Awareness and acceptance of CCS

Awareness of CCS is currently very low. In Europe, only 28% have heard
of it. While there are some differences between countries, it is usually only
a minority that has heard of CCS (?). The picture in North America is
very similar. Reiner et al. (?) report on a survey that was conducted
in the United States in 2003 and in which under 10% had heard of CCS.
In Canada, a representative online survey was conducted in 2011. Overall,
44% of the participants had heard of CCS. There are considerable differences
between the provinces, however. In the oil-producing provinces of Alberta
and Saskatchewan, for example, the picture is reversed, and a two-third
majority reports to know what CCS is or at least to have heard of it (?).
Research on acceptance of CCS so far suggests that the general public
is not enthusiastic about it but also not entirely against it. Sharp et al. (?)
conducted focus groups and a survey in Canada and found that participants
overall were slightly supportive of CCS development in their country. Those
that were against CCS were concerned about the risks, rather than being
fundamentally opposed to the technology as such.
A challenge when examining public acceptance of CCS is the fact that
it is little known, and usually information is administered along with any
survey questions. Acceptance scores are therefore likely to be sensitive to
the survey situation. For this reason, this study focuses on antecedents of
acceptance and their predictors, rather than looking at acceptance directly.
Two reliable predictors of acceptance of new technologies are risk and benefit
perceptions. This has been shown across a range of different technologies,
including CCS (???). Risk and benefit perceptions are negatively correlated
and might in turn be influenced by knowledge about the technology and
trust in relevant stakeholders. In the following, we will describe each of
these factors in more detail.
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Risk and benefit perceptions of CCS

A number of studies have looked at the specific risks and benefits the general
public associates with CCS. Upham and Roberts (?) conducted focus groups
in six European countries and found that the risks participants brought
up could be clustered into three broad categories: physical risks (concerns
about safety), financial risks and governance risks. In terms of physical risks,
participants were most concerned about storage. In a quantitative study,
Tokushige et al. (?) looked at various predictors of acceptance of CCS in
Japan. Risk perception, benefit perception and perception of environmental
interference through CO2 storage directly influenced acceptance; trust had
an indirect influence through risk and benefit perception. Risk perception
in turn was influenced by various concerns about leakage, concerns about
earthquakes and blowouts, and impacts on the ground environment.
Wallquist et al. (??) followed a two-step approach for the investigation of risk and benefit perceptions of CCS, based on the mental models
approach (?). First, they conducted qualitative interviews with laypeople to
identify concepts relevant to people’s intuitive understanding of CCS. These
were concerns about overpressurization of the storage formation, leakage,
storage mechanisms, CO2 knowledge, concerns about diffuse impact on the
subsurface, climate change awareness and concerns about the unsustainable
nature of CCS (which they termed “socioeconomic concerns”). In a subsequent study, they assessed the prevalence of these concepts and their impact
on risk and benefit perception of CCS. The concepts could explain 52% of
variance in risk perception, and 33% of variance in benefit perception.

5.1.3

Knowledge and risk perception

Knowledge exerts a certain influence on risk perception of new technologies.
The relationship is not as straightforward, however, as might be assumed.
For a long time, the dominant view was what is now termed the deficit
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model : laypeople only need to be better informed, which will abate their
fears and foster acceptance for new technologies. This position has received
justified criticism and numerous studies have tried to clarify the relationship
between knowledge and risk perception (?). Some have indeed found a negative relationship (higher knowledge is associated with lower risk perception)
(??), others have found no connection, and some have found a U-shaped
relationship, where both people with low and high acceptance (and thus, indirectly, risk perception) were more knowledgeable than indifferent persons
(?).
To some extent, these heterogeneous results are caused by different operationalizations of knowledge. Some studies assessed subjective knowledge:
Participants self-assessed how knowledgeable they were about the issue at
hand, without answering objective knowledge questions. Other studies assessed objective knowledge, where participants had to fill in a test. In this
case, it is of course important to only use items that are uncontroversial and
to which there is a “true” answer according to the current scientific understanding. In a recent study, ? found that subjective and objective knowledge
are two distinct constructs with differential effects on risk perception, which
corroborates earlier findings.
In the case of CCS, the role of knowledge is not quite clear yet. Some
researchers provided their respondents with comprehensive information materials (??) that provided background on the current energy system in the
respective region, its impacts on climate change, and background information on different energy technologies, including CCS. The participants in
these studies expressed somewhat favorable attitudes towards CCS. This
is not necessarily due to enhanced knowledge about CCS, however. Both
studies explicitly included techniques to guide the decision-making procedure, apart from providing information.
? looked more directly at the relationship between knowledge and in-

Risk and benefit perception of CCS in different regions

111

tuitive concepts about CCS and risk perception. The concepts they used
were based on mental model interviews conducted earlier. Their questionnaire included both true/false knowledge items and Likert scales. When
analyzing their data, they grouped the items thematically, according to the
concepts identified in the interviews. Some scales were mixed and included
both attitude and knowledge items, which makes it hard to isolate the effect
of knowledge.
Not only knowledge about the technology itself is relevant for the perception of CCS, but also knowledge about climate change. The primary
reason for CCS is climate change mitigation. In order to see a benefit in
it, people need to acknowledge that climate change is happening and that
it is a problem worth tackling. ? recently found that objective knowledge
about climate change and its causes is a strong predictor for climate changerelated attitudes, such as concern, skepticism and feelings of helplessness.
We therefore expect that knowledge about climate change should have an
impact on risk and benefit perceptions of CCS. This is supported by the
finding of ? that climate change awareness is a significant predictor of risk
and benefit perceptions.

5.1.4

Trust in CCS stakeholders

Trust in relevant stakeholders is an important predictor for risk and benefit
perceptions of new technologies. This has been shown for a range of different
technologies, such as gene technology (?), nanotechnology (?) and nuclear
power (?). Many researchers distinguish between two or three different
types of trust, depending on whether it is trust in familiar people or in
strangers, whether it is based on information about past performance or a
perceived similarity in values, etc. As ? demonstrate, many of these different
conceptualizations share at their core a distinction between two concepts:
trust, which is based on social relations and shared values; and confidence,
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which is based on experience or evidence.
In an experimental study on CCS, ? investigated the effect of trust and
confidence on acceptance. They referred to trust as “integrity-based trust”
and to confidence as “competence-based trust”, but the conceptualization
is the same as outlined above. When confidence was high, an organization’s
position had a strong influence: people adopted the same stance as the
organization. That is, if participants perceived an organization to be knowledgeable about CCS (which was manipulated experimentally) and the same
organization was in favor of CCS, participants would also be more favorable towards CCS. A complimentary effect was found for trust: only if trust
was low did it have an effect on people’s acceptance of CCS – they would
take the opposite view. That is, if participants perceived an organization
to be dishonest and not objective (which was manipulated experimentally),
and the same organization was in favor of CCS, participants would be less
favorable towards CCS.
? measured trust unidimensionally but included questions about both
trust and confidence. In their study, trust affected both risk and benefit perceptions. In a study by ?, the relationship between trust and risk perception
was mediated by affect.
In practice, it is hard for people to rely on their trust or confidence in the
case of CCS, because stakeholder positions are often unknown (?), and very
few organizations have demonstrated how well they handle CCS projects.
Similar stakeholders might also take different stances, because the conditions
under which CCS might be deployed are still ill-defined, and a comprehensive
legal framework is lacking in many countries. Relevant stakeholders in the
case of CCS are energy companies, government, environmental NGOs and
researchers.

Risk and benefit perception of CCS in different regions

5.1.5

113

Aims of the present study

In the present study, we wanted to have a closer look at how similar or
different predictors of risk and benefit perception are across regions with
different levels of CCS deployment. It is reasonable to assume that the
same set of variables will be important, but their relative importance might
change. The attitudes of people could shift as they become more familiar
with the technology, by having projects in their region. After all this is a
frequently used argument in favor of demonstration projects. The results
from this study could also help to better assess the predictive power of public
opinion studies that were conducted in countries that have no CCS yet, but
wanted to gauge public perceptions early. Such studies are faced with the
difficulty of eliciting opinions about a topic that the public is not familiar
with, and it has been argued that some might only measure pseudo-opinions
(?). It is therefore interesting to know if there are differences in terms of
risk and benefit perceptions of CCS between regions with different stages
of CCS deployment, if familiarity with the technology translates into higher
levels of knowledge, and if risk and benefit perceptions might be driven by
different factors.
An ideal country for such a comparison is Canada: It has an operating
CO2 storage project, a number of proposed projects (mostly clustered in
Alberta), and regions with no CCS activities at all. At the same time
it is big enough that these regions can be clearly distinguished from each
other. We therefore conducted a survey in Canada, comparing different
provinces that are at different stages of CCS implementation. The provinces
chosen were British Columbia, Alberta and Saskatchewan. British Columbia
produces 90% of its electricity with hydropower (?). It has only one CCS
project in its early planning stages, which is currently stalled due to lack
of funding. Alberta, on the other hand, has a number of proposed CCS
projects at various stages of implementation (?); recently, the first large-
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Table 5.1: Key characteristics of the samples from each province and the
corresponding census data
Median age

British Columbia
Alberta
Saskatchewan

sample
49
49
50

census
42
37
38

% women
sample
48
49
46

census
51
50
50

% high school
diploma
sample census
28
26
26
24
30
27

% university
degree
sample census
24
24
23
22
23
17

Note: Data for age and gender distribution are taken from the 2011 census (?), data
for education from the 2006 census (?)

scale commercial project was approved (?). Alberta also has the largest oil
and gas industry of Canada. Saskatchewan finally, has one of the world’s
oldest operational CO2 storage sites, located in Weyburn-Midale; CO2 has
been injected there for enhanced oil recovery since the year 2000. More
CCS operations are planned (?). The province also has a significant oil and
gas industry. Participants from these three provinces therefore had diverse
backgrounds in terms of familiarity with CCS and the energy mix in their
province.

5.2
5.2.1

Method
Data collection and sample

An online survey was conducted in March 2012.

Participants were re-

cruited through the online panel of a Canadian research company, Insightrix,
from the provinces of British Columbia (n = 502), Alberta (n = 502) and
Saskatchewan (n = 506). The total sample comprised 1510 completed instruments. Both genders were approximately equally represented (47.81%
women, 52.19% men). Ages ranged from 18 to 93, the mean age was 47.70
years (SD = 14.76). The sample was older than the general population in
each province, but approximately representative in terms of gender distribution and education (see Table 5.1).
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Questionnaire

The questionnaire was largely based on the one used by Wallquist et al. in
their 2010 study (?) on risk and benefit perceptions of CCS in Switzerland. This allows to draw certain comparisons between results from the two
countries, although it is important to bear in mind that the two surveys
were conducted at different times and in different modes. Some additional
concepts were assessed, that had not been part of the Swiss study. In the
following, the structure of the survey is described in more detail.
The survey started with some questions about demographics that were
used for quota screening, such as age, gender and place of residence. Then
followed a very brief introduction to CCS, because not all respondents could
be expected to know the technology:
Carbon Capture and Storage in Brief
The increase in the concentration of carbon dioxide (CO2 ) in the
atmosphere is the most important factor behind climate change.
Each day, large amounts of CO2 are generated (e.g., by burning
coal, oil, and natural gas in power stations, and through motor vehicle emissions). To address the risks of climate change,
most experts agree that CO2 emissions need to be reduced drastically. The storage of CO2 in rock formations located deep underground is a technological measure that can reduce the amount
of CO2 in the atmosphere. Using this method, known as “carbon capture and storage” (or “CCS”), CO2 is captured from the
exhaust gases of power plants and other industrial facilities, is
transported to suitable storage locations, and then is stored underground. As a result, the captured CO2 is not released into
the atmosphere. The permanent storage of CO2 is only possible
in certain kinds of rock formations, which are located more than
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800 metres below the surface of the Earth. Examples of such
rock formations are depleted oil or natural gas fields, rock formations carrying saline (salty) water, or coal seams that cannot
be mined. The captured CO2 is first liquefied and then injected
at high pressure through pipelines into these reservoirs.
After this introduction followed questions about acceptance, risk percep-

tion, benefit perception, concerns about the unsustainable nature of CCS,
fears of overpressurization of the reservoir, and knowledge about CCS and
CO2 . The knowledge questions were the same as used by ?. They had
been carefully chosen and reviewed by experts for the original publication
to make sure there was only one correct answer to each question. The questions were again shown to experts at the University of Calgary to confirm
that this had not changed over the course of the past two years. After this
section followed items about knowledge about climate change, and trust in
different organizations that are currently involved or could be involved in
the operation and monitoring of CCS sites.
The climate change knowledge scale used items from ?. These authors
developed several scales for different knowledge domains with regard to climate change: physical knowledge about CO2 and the greenhouse effect,
knowledge about climate change and its causes, knowledge about the consequences of climate change, and knowledge about which human behaviors
contribute to climate change. Their items were carefully chosen and validated with the help of experts and cover undisputed aspects of climate
change. In this study, the first two subscales (physical knowledge about
CO2 and the greenhouse effect, knowledge about climate change and its
causes) were used.
The trust items were designed to tap into the two different concepts
trust and confidence, by asking on the one hand about trust in information
coming from the different organizations, and on the other hand confidence
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in the organization’s ability to adequately monitor a storage site. Tables 5.3
to 5.6 give an overview of the items used in all scales. The questionnaire
concluded with another set of demographic questions.

5.2.3

Data analysis

Items measured on Likert scales (risk perception, benefit perception, trust,
sustainability concerns, fear of overpressurization) were analyzed using classical test theory, and a scale mean was calculated for each person.
All knowledge items were scaled with a Mokken scale procedure. Mokken
scaling is particularly suited for analyzing knowledge items, because it takes
differences in item difficulty into account and can identify subscales. Procedures of classical test theory assume equal frequency distributions for all
items of a given scale; this is an assumption that is explicitly violated in most
knowledge scales (?). Because the scale should differentiate between people
with different knowledge levels, some items will be very easy and solved by
virtually everyone, some will be difficult and solved by very few, and their
response distributions are therefore very different. Traditional procedures
are therefore unsuited to assess the dimensionality of a knowledge scale, and
typically extract an artificial factor “difficulty”.
Mokken scaling, on the other hand, is a nonparametric probabilistic
version of Guttman scaling. In a Guttman scale, all items can be perfectly
ranked according to their difficulty; if a person is able to solve an item of a
certain difficulty, then they should also be able to solve all items of a lower
difficulty. Conversely, if they are not able to solve a particular item, they
should not be able to solve any items of a higher difficulty. In practice, of
course, a scale rarely forms a perfect Guttman scale. Methodological issues
in treating deviations led to the development of probabilistic models, such
as the Mokken scale (?). In addition to being probabilistic, a Mokken scale
is a non-parametric procedure: it makes no assumptions about the shape of
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the response distribution.
When constructing a scale, Mokken scaling follows a bottom-up clustering approach: a maximal subset of items is identified that meet the requirements of a Mokken scale. The conformity to Mokken scale is usually
described in terms of amount of violation of the deterministic Guttman scale.
The corresponding coefficient is called Loevinger’s coefficient of homogeneity
H (?). ? suggest the following classification of scales according to their H
values: a scale with H > .50 constitutes a strong scale, with .40 6 H < .50
a medium scale, and with .30 6 H < .40 a weak scale.
For the Mokken scale analyses in this study, the software MSPWIN 5.0
was used. Items were coded so that 1 was assigned to correct answers, and
0 was assigned to incorrect or “don’t know” answers. The latter two categories were collapsed into one, because we were interested in identifying
people’s correct knowledge and not in a differentiation between wrong and
non-knowledge. Scale values were calculated for each respondent by calculating a sum score of all correctly answered items. These values were used
in linear regression analyses to predict risk and benefit perception of CCS.

5.3
5.3.1

Results
Familiarity with CCS

There were considerable differences in familiarity between the provinces (see
Table 5.2). The numbers reflect the stages of CCS deployment in the respective provinces. In British Columbia, no CCS projects are planned or in
operation. Accordingly, familiarity with CCS in the population is low, and a
majority indicates they have never heard of the technology. In Saskatchewan
and Alberta on the other hand, the pattern is quite different. A majority
has at least heard of CCS, and a sizable percentage even report that they
fully understand what it is.
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Table 5.2: Response distribution of the question “Have you ever heard of
a technology called ‘Carbon Capture and Storage’ ?” (Percentages are row
percentages)
No

British Columbia (N = 502)
Saskatchewan (N = 506)
Alberta (N = 502)

5.3.2

52.39%
34.98%
27.09%

Yes, but I don’t
fully understand
what it is
38.25%
45.85%
50.60%

Yes, and I know
what it is
9.36%
19.17%
22.31%

Mokken scale analysis of knowledge items

All knowledge items were entered into a Mokken scale analysis. No a priori
assumptions were made about the dimensionality. The analysis yielded three
subscales. The largest scale comprised most of the knowledge items about
CCS and Tobler et al.’s (?) scale about physical properties of CO2 and
the greenhouse effect. One small scale emerged that referred to storage
mechanisms of CCS. And finally there was a third scale that mapped to
Tobler and colleagues’ (?) knowledge scale of climate change and its causes
(with the exception of one item, which loaded on the first scale). Two items
were unscalable and therefore excluded from further analysis. The scales
and their respective items are presented in Tables 5.3, 5.4 and 5.5.

5.3.3

Concepts measured on Likert scales

The concepts “sustainability concerns”,“fear of overpressurization”, “risk”,
“benefit” and “trust” were measured on Likert scales. Principal component analysis revealed that the trust items loaded on two different factors
(based on the Eigenvalue and the elbow criterion) that together could explain 75.19% of variance. The factors did not represent trust and confidence, as originally intended; instead one factor comprised trust in energy
companies and governmental agencies (explained variance 49.26%), and the
other one trust in NGOs, university researchers and neutral third parties
(explained variance 25.93%). The first factor represents trust in organiza-
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Table 5.3: Physical knowledge of CO2 and CCS: Response distributions and Mokken scale
coefficients (Hi ); N = 1510
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Table 5.4: Knowledge about storage mechanisms: Response distributions and
Mokken scale coefficients (Hi ); N = 1510

Table 5.5: Knowledge about climate change: Response distributions and
Mokken scale coefficients (Hi ); N = 1510
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tions that are thought to have more self-serving motives, whereas the second factor represents trust in organizations that are thought to have more
public-serving motives. This interpretation is consistent with findings by
?, who studied motives that the public ascribes to different organizations.
In the following we will refer to the two trust dimensions as trust government/industry and trust NGOs.
Reliability analyses were performed on all concepts, and scale means were
calculated for use in the regression analyses. Table 5.6 shows the different
scales, their items and properties. Table 5.7 gives an overview of the scale
means in each province.
Table 5.6: Reliability coefficients (α), means (M ) and standard deviations
(SD) for Likert scales (N = 1510). All items were measured on 6-point
scales; high values express high agreement.
M
4.14
4.48

SD
1.16
1.39

4.29

1.40

3.65

1.37

Fear of overpressurization (α = .83)
4.
Carbon capture and storage projects increase the risk of
earthquakes in the vicinity of these facilities.
5.
Carbon capture and storage projects come with the risk
of an explosive discharge of CO2 from the underground
rock formations.

3.29
3.12

1.16
1.23

3.47

1.28

Risk (α = .83)
6.
Scientists are able to assess the consequences of carbon
capture and storage sufficiently well. (reverse coded)
7.
I would be afraid of a carbon capture and storage project
located near my home.
8.
Scientists underestimate the dangers posed by carbon
capture and storage for both humans and the environment.
9.
Carbon capture and storage may result in unforeseen
effects for the environment.

3.77
3.81

1.10
1.35

3.67

1.58

3.62

1.33

4.33

1.31

Sustainability concerns (α = .79)
1.
Carbon capture and storage only fights the symptoms
of climate change, without addressing its root causes.
2.
Carbon capture and storage provides misleading incentives in that people might think that the problem of
climate change has been solved.
3.
The development of carbon capture and storage projects
competes with the development of renewable energy
technologies.
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Table 5.6: continued
10.

Carbon capture and storage reminds me of nuclear
waste.

Benefit (α = .90)
How beneficial do you think carbon capture and storage is . . .
11. For you personally?
12. For Canadian society?
13. For future generations?
14. In terms of mitigating the effects of climate change?

M
3.44

SD
1.58

3.15

1.25

2.63
3.26
3.52
3.18

1.32
1.36
1.53
1.40
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Table 5.6: continued
M
SD
Trust government/industry (α = .94)
2.90 1.11
To what extent do you trust information about (the risks and benefits, and
the pros and cons of) carbon capture and storage if it were to come from the
following sources?
15. Ministries or agencies in the provincial government
2.93
1.23
16. Ministries or agencies in the federal government
2.90
1.26
17. Energy companies that operate carbon capture and stor2.70 1.26
age sites
To what extent do you trust the following institutions to monitor the safe
operation of CCS sites?
18. Ministries or agencies in the provincial government
3.03
1.31
19. Ministries or agencies in the federal government
3.02
1.32
20. Energy companies that operate carbon capture and stor2.81
1.31
age sites
Trust NGOs (α = .82)
3.86 1.03
To what extent do you trust information about (the risks and benefits, and
the pros and cons of) carbon capture and storage if it were to come from the
following sources?
21. Non-governmental organizations
3.37
1.19
22. University researchers
4.06 1.19
To what extent do you trust the following institutions to monitor the safe
operation of CCS sites?
23. A neutral and technically qualified third-party monitor
4.15
1.21

5.3.4

Regression analyses onto risk and benefit perception

Regression analyses were used to assess the impact of the different concepts,
knowledge domains and socio-economic variables on risk and benefit perception. All predictors were entered simultaneously into the models. Because
risk and benefit perception are known to influence each other, benefit was
entered as a predictor into the regression on risk perception, and vice versa.
The full results are reported in Tables 5.8 and 5.9.
The regression model for risk perception could explain 68.28% of variance (F (12, 1497) = 271.64, p 6 .001). Socio-economic variables, such as
gender or whether people were employed in the oil and gas industry had
no significant influence. Nor was familiarity with CCS (whether people had
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Table 5.7: Means (M ) and standard deviations (SD) of the different scales
in British Columbia, Alberta and Saskatchewan

Sustainability concerns (1-7)
Fear of overpressurization (1-7)
Knowledge CO2 and CCS (0-18)
Knowledge storage (0-3)
Knowledge climate change (0-6)
Trust government/industry (1-7)
Trust NGOs (1-7)

British Columbia
N = 502
M
SD
4.32a 1.14
3.51a 1.19
6.57
3.95
.61
.91
2.62a 1.81
2.72a 1.13
3.84
1.09

Alberta
N = 502
M
SD
4.02b 1.17
3.18b 1.09
7.10
4.11
.68
.95
2.22b 1.73
2.98b 1.07
3.87
.98

Saskatchewan
N = 506
M
SD
4.10b 1.17
3.19b 1.18
6.76
3.97
.58
.85
2.39a,b 1.78
3.00b 1.12
3.87
1.01

Note: Values in parentheses behind a scale’s name indicate its range. The range of the
knowledge scales is determined by the number of items, because sum scores were calculated.
a,b
: Means with different superscripts in each row are significantly different (p 6 .05). GamesHowell post hoc tests were conducted.

heard of CCS before the survey) predictive for risk perception. Most influential were sustainability concerns and fear of overpressurization, and to a
somewhat lesser extent benefit perception. The knowledge domains all had
a significant impact on risk perception, but rather low standardized beta coefficients. Higher knowledge of physical properties of CO2 and CCS as well
as storage mechanisms was associated with lower risk perception. Knowledge about climate change, on the other hand, was coupled with increased
risk perception. Higher trust in the government and industry was coupled
with lower risk perception.
The same regression model could explain 37.09% of variance in benefit
perception (F (12, 1497) = 75.14, p 6 .001). Like in the regression model
for risk perception, socio-economic variables were not significant predictors.
Most influential was risk perception. This was followed by the two trust
dimensions, which both exerted a positive influence, and the knowledge domains. Physical knowledge of CO2 and CCS decreased benefit perception,
whereas the other two knowledge domains were associated with higher benefit perception. Fear of overpressurization had a minor influence on benefit
perception, and no association was found between sustainability concerns
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Table 5.8: Regression model for risk perception (N = 1510)

Constant
Gender (0=male, 1=female)
Employment in oil/gas industry
Employment in energy industry
Heard of CCS before
Knowledge CO2 and CCS
Knowledge storage mechanisms
Knowledge climate change
Trust government/industry
Trust NGOs
Sustainability concerns
Fear of overpressurization
Benefit
Adjusted R2 = .68,

∗∗

p 6 .01,

∗∗∗

B
1.90
.04
−.03
−.14
−.06
−.02
−.05
.04
−.08
.02
.33
.40
−.17

SE B
.12
.04
.07
.09
.04
.01
.02
.01
.02
.02
.02
.02
.02

β
.02
−.01
−.03
−.02
−.08∗∗∗
−.04∗∗
.06∗∗∗
−.09∗∗∗
.02
.35∗∗∗
.42∗∗∗
−.20∗∗∗

p 6 .001

and benefit perception.
In order to see if risk and benefit perception might be driven by different predictors in the different provinces, we also ran the same regressions
separately for each province. The results are presented in Tables 5.10 and
5.11. The patterns were very similar across the different provinces. For risk
perception, sustainability concerns and fear of overpressurization were the
most important predictors in each province, followed by benefit perception.
Knowledge of CO2 and CCS, and trust in government and industry were also
significant predictors of risk perception in all provinces. Knowledge about
climate change only reached significance in the Albertan sample. It seems
that the effect in the overall sample was mostly driven by this subsample. A
few other predictors reached significance in individual subsamples. But their
effect was not large, and no systematic pattern emerged. A comparison of
the 95% confidence intervals for the unstandardized regression coefficients
B shows that they overlap in each variable, which indicates that there are
no significant differences between the coefficients.
The differences for benefit perception were even smaller. Risk percep-
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Table 5.9: Regression model for benefit perception (N = 1510)

Constant
Gender (0=male, 1=female)
Employment in oil/gas industry
Employment in energy industry
Heard of CCS before
Knowledge CO2 and CCS
Knowledge storage mechanisms
Knowledge climate change
Trust government/industry
Trust NGOs
Sustainability concerns
Fear of overpressurization
Risk
Adjusted R2 = .37,

∗∗∗

B
2.91
−.01
−.07
.01
−.02
−.06
.19
.12
.25
.28
−.05
.12
−.45

SE B
.19
.06
.11
.14
.06
.01
.03
.02
.03
.03
.03
.03
.04

β
−.01
−.02
.00
−.01
−.19∗∗∗
.14∗∗∗
.16∗∗∗
.22∗∗∗
.23∗∗∗
−.05
.11∗∗∗
−.39∗∗∗

p 6 .001

tion was the most important predictor in each province, followed by the two
trust dimensions and the knowledge dimensions. The only difference was for
fear of overpressurization, which was a significant predictor in both British
Columbia and Saskatchewan, but had no influence at all on benefit perception in the Albertan sample. But here also, there is an overlap between the
95% confidence intervals for B.

5.4

Discussion

This study looked at the influence of knowledge, lay concepts of CCS, and
trust in stakeholders on risk and benefit perception, and how stable the relationship is across regions with different levels of CCS deployment. The data
show high levels of consistency across the provinces under investigation. As
would be expected by the presence or absence of CCS deployment, participants differed greatly in their awareness of the technology. Regions with
an active CCS industry showed higher levels of awareness than regions with
no CCS projects. This did not, however, translate into greater knowledge.
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[−.93, −.14]

−.03
−.09∗∗
−.04

−.08∗∗

.07
−.11
−.04
.34
.37
−.13

−.03
−.03
−.04

−.13

[.04, .11]
[−.17, −.05]
[−.10, .03]
[.28, .39]
[.31, .43]
[−.19, −.08]

[−.16, .11]
[−.04, −.01]
[−.11, .03]

[−.37, .10]

Alberta (N = 502)
B 95% CI for B
2.22
[1.79, 2.67]
−.03
[−.15, .09]
−.06
[−.24, .12]

.12∗∗∗
−.11∗∗∗
−.03
.37∗∗∗
.34∗∗∗
−.16∗∗∗

−.01
−.10∗∗
−.04

−.03

−.02
−.02

.02
−.07
.02
.38
.40
−.19

−.15
−.02
−.05

.05

[−.01, .05]
[−.13, −.01]
[−.05, .09]
[.32, .44]
[.34, .45]
[−.24, −.13]

[−.28, −.03]
[−.04, −.00]
[−.12, .02]

[−.23, .34]

.03
−.07∗
.02
.39∗∗∗
.41∗∗∗
−.20∗∗∗

−.07∗
−.07∗
−.03

.01

β

−.53

[−.18, .06]
[−.04, −.01]
[−.12, .02]

.04
−.09∗∗
.08∗
.29∗∗∗
.46∗∗∗
−.25∗∗∗

Saskatchewan (N = 506)
B 95% CI for B
β
1.67
[1.32, 2.08]
.07
[−.04, .19]
.03
−.27
[−.51, −.03] −.06∗

−.06
−.03
−.05

[−.01, .06]
[−.15, −.02]
[.02, .14]
[.22, .34]
[.37, .48]
[−.27, −.16]

British Columbia (N = 502)
B 95% CI for B
β
1.91
[1.51, 2.30]
.05
[−.07, .17]
.02
.27
[−.08, .61]
.04

.03
−.09
.08
.28
.42
−.22

Table 5.10: Regression models for risk perception in the different provinces

Constant
Gender (1=female)
Employment in oil/gas industry
Employment in energy industry
Heard of CCS before
Knowledge CO2 and CCS
Knowledge storage mechanisms
Knowledge climate change
Trust government/industry
Trust NGOs
Sustainability concerns
Fear of overpressurization
Benefit

Adjusted R2 = .68 (British Columbia), .65 (Alberta) and .72 (Saskatchewan); ∗ p 6 .05,∗∗ p 6 .01,∗∗∗ p 6 .001

[−.25, .14]
[−.09, −.04]
[.07, .28]
[.03, .14]
[.12, .31]
[.21, .40]
[−.17, .04]
[.07, .28]
[−.69, −.42]

−.06
−.06
.18
.09
.21
.30
−.06
.17
−.56

.04
−.08
.26
.17
.28
.21
−.09
−.00
−.34

−.02
−.20∗∗∗
.13∗∗∗
.12∗∗
−.19∗∗∗
.26∗∗∗
−.06
.16∗∗∗
−.48∗∗∗
[.11, .23]
[.18, .38]
[.11, .32]
[−.19, .01]
[−.11, .11]
[−.48, −.20]

[−.18, .26]
[−.11, −.05]
[.15, .37]

[−.38, .38]

−.00

−.01

[−.79, .57]

−.07

.23∗∗∗
.24∗∗∗
.17∗∗∗
−.08
−.00
−.29∗∗∗

.01
−.25∗∗∗
.20∗∗∗

.00

−.03
−.05

β

Adjusted R2 = .39 (British Columbia), .36 (Alberta) and .37 (Saskatchewan); ∗ p 6 .05,∗∗ p 6 .01,∗∗∗ p 6 .001

Constant
Gender (1=female)
Employment in oil/gas industry
Employment in energy industry
Heard of CCS before
Knowledge CO2 and CCS
Knowledge storage mechanisms
Knowledge climate change
Trust government/industry
Trust NGOs
Sustainability concerns
Fear of overpressurization
Risk

Alberta (N = 502)
B 95% CI for B
3.24
[2.53, 3.96]
−.06
[−.26, .13]
−.15
[−.44, .13]

British Columbia (N = 502)
B 95% CI for B
β
3.20
[2.57, 3.83]
.04
[−.15, .23]
.02
−.07
[−.62, .48] −.01

Table 5.11: Regression models for benefit perception in the different provinces

.10
.22
.32
.01
.20
−.49

−.08
−.04
.16

.02

[.05, .16]
[.12, .32]
[.22, .42]
[−.10, .12]
[.09, .31]
[−.63, −.35]

[−.28, .11]
[−.06, −.01]
[.04, .27]

[−.45, .49]

.15∗∗∗
.20∗∗∗
.26∗∗∗
.01
.19∗∗∗
−.45∗∗∗

−.03
−.11∗
.11∗∗

.00

Saskatchewan (N = 506)
B 95% CI for B
β
2.42
[1.79, 3.05]
−.03
[−.22, .16] −.01
.04
[−.36, .43]
.07
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Knowledge was measured using objective knowledge items about climate
change, CO2 and CO2 storage. Analysis of these items revealed a threescale structure: physical knowledge about CO2 and CCS, knowledge about
storage mechanisms, and knowledge about climate change and its causes.
This insight can help to structure risk communication materials and tailor them better to their audience. It is certainly necessary to educate the
public about CO2 and CCS, because knowledge is a prerequisite for making
informed decisions, and knowledge was generally low in our sample.
Risk and benefit perception were each influenced by the same variables
in the different provinces, with very few exceptions. Also the relative importance of the predictors was the same. This suggests that the way risk and
benefit perceptions are constructed does not change with the implementation of CCS. Risk perception of CCS was in this sample mostly driven by
concerns about the unsustainable nature of the technology and the fear that
pumping CO2 underground might induce pressure changes and earthquakes.
There is no clear-cut answer to these concerns. Some lay concerns are clearly
unrealistic, such as that the entire reservoir might burst like a giant balloon.
It is possible, however, that injection of CO2 could cause seismic events,
and their magnitude or consequences cannot be predicted reliably. Concerns that CCS might be perceived as “the” solution to climate change and
divert funds away from renewable energy technologies, are also valid and
cannot be refuted easily. Such concerns call for an open societal dialogue,
in which trade-offs between different energy mixes are made explicit. Studies that have looked at entire energy portfolios rather than technologies in
isolation (???) suggest that people are able to understand the different requirements and trade-offs, and they can make meaningful judgments about
energy systems. A coherent policy framework and legal regulations around
CCS might also help to address sustainability concerns.
Interestingly, socio-economic variables such as gender or employment in
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a CCS-related sector had no influence on risk perception. The same was true
for benefit perception. Here, the two trust variables were most influential,
after risk perception. All knowledge domains were also significant predictors
of benefit perception, but to a somewhat smaller extent. Fear of overpressurization played only a minor role compared to the other variables, and
sustainability concerns had no significant influence on benefit perception.
The latter result is rather different from the Swiss study our questionnaire was based on (?). There, sustainability concerns (called socio-economic
concerns) were the single best predictor for benefit perception. This might
be explained by the different energy systems of the two countries. Both
countries produce the majority of their electricity with hydropower (59% in
Canada, 53% in Switzerland), but in Canada, the second most important
energy source are fossil fuels, whereas Switzerland has no fossil-fuelled power
plants. In Switzerland, a potential introduction of CCS is coupled with the
phase-out of nuclear power. Depending on the scenario, gas-fired power
plants might be used as an intermediate solution for replacing electricity
from nuclear power plants. CCS could reduce the associated CO2 emissions.
The application of CCS is therefore coupled with a worsening of the status
quo (in terms of climate friendliness), which then is remedied by CCS. It
seems natural that concerns about sustainability would play a larger role in
such a context. In Canada, on the other hand, 24% of electricity are produced with fossil fuels already, and CCS could directly improve the status
quo in terms of CO2 emissions. Therefore, sustainability concerns are likely
less relevant for benefit perception. This result highlights the importance of
the local energy mix for the perception of CCS.
Perceptions of the risks associated with CCS seem to be fairly constant,
independent of the local context and familiarity with the technology. In
terms of its benefits, however, CCS is evaluated against the national policy
context. It seems that the public is not overly frightened about potential
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risks of CCS, but is unsure whether the technology constitutes a viable
climate change mitigation option.
This could help explain the role of trust for benefit perceptions. Both
trust in energy companies and the government, and trust in NGOs and
researchers were the best predictors for benefit perception in our sample
(after risk perception). The benefits of CCS are not immediately obvious
or tangible. Laypersons have to rely on experts to tell them that it is
even possible to store CO2 underground, and that the entire CCS chain
will indeed reduce CO2 emissions. Even once the CO2 is in the storage
formation, they have to rely on experts and their monitoring equipment to
follow what happens to the CO2 . It is therefore plausible that trust plays a
particularly important role for benefit perception in the case of CCS, more
so than with other large technologies, whose benefits are more visible.

5.4.1

Limitations and future research

While our research suggests that the drivers behind risk and benefit perception of CCS do not fundamentally change as people become more familiar
with the technology, it should be noted that this was a cross-sectional study.
In order to draw a more definite conclusion, a longitudinal study would be
necessary that compares the same sample before and after the introduction
of CCS.
It should also be noted that this study was only conducted in one country. Cultural context, or the way CCS is introduced might affect public
perception. In particular, the national energy strategy should have an influence. CCS is always part of a portfolio of mitigation options and not
used on its own (?). Benefit perceptions are likely to be influenced by the
other energy technologies that are employed. Although we could explain
68% of variance in risk perceptions in our sample, the explained variance
in benefit perception was only 37%. Future research should try to identify
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other predictors. It is also possible that there are additional mental models
that might help to explain more variance but that were not covered by the
items in our survey, which was based on mental models of the Swiss public
rather than the Canadian public.
Perceptions of CCS are also likely to be influenced in case of a negative
event surrounding CCS, such as a confirmed leak. If CO2 were to leak from
its storage formation, this would be very consistent with certain misconceptions people hold. Only 20% for example correctly identified the following
item as wrong: “When CO2 is stored underground, it will rise to the surface again sooner or later, because CO2 is a gas”. Generally, people are
unaware that CO2 storage tends to become safer with time, due to physical
and geochemical trapping mechanisms: the CO2 is initially trapped in rock
pores, then dissolves into the formation water, which eliminates the buoyant
forces, and eventually can carbonize and bond with the surrounding rock
(?). In the event of a leak, such misconceptions might gain greater weight
than in our sample, because they offer plausible (albeit incorrect) intuitive
explanations. This could lead to a social amplification process of the risks
associated with CCS (?).

5.5

Conclusion

The present study compared regions with different levels of CCS deployment
in terms of the public’s risk and benefit perceptions. It offers tentative
answers to the question of whether public opinion can be expected to change
substantially after CCS has been introduced to a region. It seems that risk
perception and its predictors are fairly robust and not affected by familiarity
with the technology. The same was true for benefit perception in our sample.
A comparison with results from a similar study conducted in Switzerland,
however, showed that the most important predictor for benefit perception
in Switzerland (sustainability concerns) had no predictive power in Canada.
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This could be due to differences in the national energy mix and energy policy.
It seems as though benefit perceptions might be susceptible to the national
context where CCS is deployed.
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Abstract
Carbon capture and storage (CCS) is regarded as an important bridging
technology to a sustainable energy production. Whether it will be deployed
on a large scale depends on both technological advances and social processes.
Public perception of CCS can be crucial, and research interest in this topic
has been growing. This review analyzes the public perception research thus
far (42 articles were identified). Laypeople’s concerns and spontaneous reactions to the technology have been thoroughly analyzed, and the results
form a good basis for risk communication about CCS. What deserves more
research is the role of the context (particularly the social context) in which
CCS would be deployed. More case studies are also needed to gain a clearer
picture of what matters for CCS acceptance at the project level, as opposed
to societal acceptability of CCS.
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Introduction

Tackling climate change is a prominent and pressing problem today. Carbon dioxide (CO2 ) emissions from the burning of fossil fuels are one of the
major contributors to global warming, and they need to be reduced drastically to keep within the goal of a maximum of 2◦ Celsius warming. The
energy sector remains one of the main sources of CO2 emissions, and fossil
fuels, particularly coal, are dominant in electricity production (IEA, Paris,
2013). A technology that can help mitigate these emissions is carbon capture and storage (CCS). CO2 is captured at large point sources, typically
coal-fired power plants, transported to suitable storage locations and then
injected into the deep subsurface. The goal is to permanently sequester the
CO2 in certain geological formations. This approach is not truly sustainable, because it relies on fossil fuels for energy production (although CCS
with biomass is also possible), but it can avoid significant amounts of CO2
emissions. According to the International Energy Agency’s BLUE Map scenario, CCS could account for up to 19% of the global emission reductions
by 2050 (International Energy Agency, 2010). It could thus play a crucial
role in smoothing the transition to truly sustainable energy production from
renewable sources.
Whether CCS will actually be deployed on that large a scale depends on
the one hand on technological advances and on the other on social processes,
such as energy policies and public perception. At least in democratic countries, the public generally has a say in whether large-scale technologies are
adopted; if not at the more strategic national level, they can protest the implementation of specific projects. Therefore, it is important to understand
how the public perceives such technologies, so that stakeholders can make
decisions that are aligned with the public’s views and avoid conflicts. Public
perception of CCS has been a research topic for roughly a decade. Particularly in the last couple of years, there has been an increase in publications.
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We think it is useful to take a step back now and get a comprehensive picture of what we know so far. The aim of this review is to give an overview of
empirical findings regarding public perception of CCS, identify areas where
much research has been conducted and identify areas that are still underresearched. Ultimately, the goal is to inform better policy decisions with
insights from public perception research.
First, we will present a framework of energy technology acceptance. The
variables in this framework will be used to structure the results of our review. This is followed by a description of how the articles discussed in this
review were found and selected. Section 6.4 gives a general overview of the
publications that were included. Section 6.5 presents some key results for
each element of the technology acceptance framework. We then give a brief
summary of the results and point to possible avenues for future research.
The paper concludes with practical implications for CCS implementation.

6.2

Acceptance of new energy technologies

New energy technologies often face skepticism or downright opposition by
the public. Also in the case of renewable and sustainable energy technologies,
acceptance is not guaranteed and depends on many factors (Wüstenhagen,
Wolsink, & Bürer, 2007). Despite growing awareness and an increasing
number of studies of public acceptance of different technologies, there is
still no general psychological model to explain technology acceptance. Most
studies focus only on selected factors and are therefore very hard to compare.
Recently, Huijts, Molin, and Steg (2012) tried to fill this gap by building a
framework that pulls together different psychological theories and concepts
that have been applied in acceptance research of sustainable energy technologies. It includes elements from the theory of planned behavior (Ajzen,
1991) (attitude, perceived behavioral control, social norms), from norm activation theory (Schwartz, 1977) and from theories of affect. These in turn
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are influenced by other variables, such as trust, fairness, perceived risks and
benefits, or knowledge. An overview of the concepts can be found in Table 6.1. The exact causal relationships between those concepts have not yet
been tested empirically. The framework constitutes a good starting point,
however, to identify factors that are relevant for the acceptance of new energy technologies. We have therefore chosen to structure our review article
along those variables. All the variables discussed by Huijts et al. (2012)
apply to the case of CCS, with one exception: We exclude norms (both
personal and social) from our discussion, because we do not think that this
concept can be usefully applied in the CCS context. The technology is so
young and so little known that no norms have been established yet regarding CCS. At the same time, we identified two additional concepts that seem
relevant in the specific case of CCS, but that are not included in the framework; these will be discussed in Section 6.5.12. In the following, we give a
brief overview of the different elements of the energy technology acceptance
framework and their operationalization.

6.2.1

Acceptance and acceptability

Sometimes, a distinction is made between acceptance and acceptability. From
a linguistic point of view, acceptance refers to the act of accepting, whereas
acceptability is a property of the item to be accepted. Huijts et al. (2012,
p. 526) draw a slightly different distinction: They define acceptance as behavior toward an energy technology, and acceptability as an attitude (i.e.,
an evaluative judgment) toward a new technology or toward possible behaviors regarding the technology. We find that in the case of CCS, it is
unclear what behavior should be used as an indicator of acceptance (the
act of not protesting, protesting as sign of non-acceptance, voting behavior,
etc.). We find it more useful to use only the term acceptance, but in certain
cases distinguish between expressed acceptance and revealed acceptance; we
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Table 6.1: Concepts of the energy technology acceptance framework (Huijts
et al., 2012) as used in this article
Concept
Acceptance/attitude

Knowledge
Experience

Trust
Fairness

Affect
Perceived costs
Perceived risks
Perceived benefits
Outcome efficacy
Problem perception

Definition
Both expressed acceptance (“I would accept
CCS”) and revealed acceptance (whether people engage in activities for or against CCS)
Awareness of CCS, self-assessed knowledge and
objectively assessed knowledge
Direct experience with CCS, but also with related technologies (e.g., fossil fuel extraction,
underground gas storage)
Trust in stakeholders. In the case of CCS typically project developers, government, NGOs
Two types: Procedural fairness (fairness of decision processes) and distributive fairness (distribution of costs, risks, benefits)
Feelings towards CCS, with positive and negative affect being two distinct dimensions
Financial costs for individuals and society, and
psychological costs (e.g., effort)
Potential risks to the health and safety of both
humans and nature
All potential benefits attributed to CCS: for oneself, society and the environment
Belief that one’s own behavior affects the implementation of CCS
Awareness of climate change and consequences
if no new technologies are implemented
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borrow this terminology from risk acceptance literature, which distinguishes
between expressed preference and revealed preference regarding risks (Fischhoff, Slovic, Lichtenstein, Read, & Combs, 1978). Expressed acceptance
is the agreement with statements such as “I would accept a CCS project
in my community,” and revealed acceptance is the act of (non)engaging in
activities to promote or prevent CCS. Using this broader definition of acceptance is more consistent with the terminology used in CCS public perception
research. Most studies investigated what Huijts et al. would call attitude,
but the authors themselves call it acceptance.

6.2.2

Knowledge

Knowledge about a technology and how it functions undoubtedly influences
how a person evaluates the technology in question. Knowledge can be operationalized differently: It can range from mere awareness that the technology
exists to subjective knowledge (i.e., self-assessed knowledge) to objective
knowledge (usually measured with true/false-type questions developed by
experts). In this review, we will subsume all of the above under the concept
knowledge.

6.2.3

Experience with the technology

Concrete experiences with a technology influence how people perceive it. In
the case of CCS, only few people have direct experience with the technology.
However, there are related technologies that are more common and that
might also shape the perception of CCS, such as fossil fuel extraction or
underground gas storage. We believe that they are relevant because they
also use the deep subsurface and are related to energy production.
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Trust

Trust in relevant stakeholders has been found to be a reliable predictor of
the acceptance of new technologies. Because knowledge is low, people use
their trust in promoters or opponents of technology as a heuristic for its
acceptability. This relationship is often mediated through perceived risks
and benefits (Siegrist, 2000; Siegrist, Cvetkovich, & Roth, 2000).

6.2.5

Fairness

How fairly people perceive the way a technology is implemented can greatly
affect their acceptance. A distinction can be made between procedural fairness, which relates to the decision processes, and distributive fairness, which
refers to the distribution of costs, risks and benefits (Gross, 2007; Huijts
et al., 2012).

6.2.6

Affect

Feelings toward a technology, or affect, are also relevant for attitude formation (Slovic, Finucane, Peters, & MacGregor, 2007). Positive and negative
affect can be conceptualized as two distinct factors, rather than two ends of
one continuum (Cropanzano, Weiss, Hale, & Reb, 2003).

6.2.7

Perceived costs

Costs refer to financial costs for the individual and society, but also psychological costs, such as effort.

6.2.8

Perceived risks

Perceived risks can be safety risks for humans and nature, but also financial
risks according to Huijts et al. (2012). Because the conceptual difference
between perceived costs and perceived financial risks is not very clear, we
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decided to use the term perceived risks for health and safety risks, and refer
to perceived financial risks as perceived costs.

6.2.9

Perceived benefits

Perceived benefits encompass all potential benefits the public sees in a technology. This includes personal and societal benefits, but also benefits for
the environment.

6.2.10

Outcome efficacy/perceived behavioral control

There are two different types of outcome efficacy according to Huijts et
al. (2012): the belief that the new technology will actually reduce energy
problems, and the belief that one’s own behavior will impact the implementation of the technology. In the case of CCS, the first kind is almost
indistinguishable from benefit perception. Therefore, we use the term outcome efficacy only for the second type – perceived influence on technology
implementation. This in turn is very similar to perceived behavioral control,
which constitutes a separate factor in the framework by Huijts et al. (2012),
but is not discussed separately in this review.

6.2.11

Problem perception

Problem perception is the “awareness of problems related to the current
energy system when no new energy technology is implemented and used”
(Huijts et al., 2012, p. 527). This includes climate change, which is very
relevant in the case of CCS.

6.3

Selection of studies

A literature search was conducted on Web of Science in December 2012. We
searched for CCS (search terms “CCS,” “carbon capture,” “CO2 storage”)
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in combination with each of the following terms: “acceptance,” “acceptability,” “perception,” “attitude,” “public opinion.” Conference proceedings
were excluded from the search. The following criteria were applied to select
an article: a) it dealt with public perception rather than stakeholder perception, and b) it reported empirical findings and was not purely theory-based,
or a commentary.
The initial search yielded 150 hits. Out of these, 51 were eliminated
immediately, because they did not deal with carbon capture and storage.
Many were from the medical field, because CCS apparently also stands for
“Canadian Cardiovascular Society,” “cervical cancer screening,” etc. Of the
remaining 99 publications, 33 dealt with technical aspects of CCS, not public perception. Eleven articles were concerned with stakeholder perception
of CCS rather than the public’s perception, and 17 did not present empirical data, but were based on theoretical reasoning or simply opinion pieces.
This left 38 empirical articles that focused on public perception of CCS.
We decided to further exclude two media analyses, because they did not
directly assess public opinion. It is reasonable to argue that media coverage
is a useful proxy for public perception, but this was not the focus of our
review. One more publication was excluded because it was about public
perception of oceanic carbon sequestration as opposed to geological sequestration. Oceanic disposal is no longer considered a viable option for CCS,
and it might be perceived differently from geological sequestration (Palmgren, Morgan, Bruine de Bruin, & Keith, 2004), which was the (primary)
focus of the remaining studies. Our search therefore identified 35 studies
that were included in this review. Through snowballing, another 7 articles
were found. This led to a total of 42 articles, which will be discussed in the
following sections.
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Table 6.2: Countries where CCS studies were conducted, their CO2 emissions and number of CCS projects
Country
China
US
Japan
Germany
UK
Canada
Australia
France
Poland
Spain
Netherlands
Belgium
Sweden
Switzerland

Emissions1
7711
5415
1168
770
493
488
380
361
316
267
191
115
52
41

CCS projects2
11
23
0
0
6
8
4
1
1
1
2
0
0
0

Studies
1
7
3
3
4
2
5
1
1
4
14
1
1
7

1

CO2 emissions (in million tons) in 2010 (IEA, Paris, 2012)

2

Large scale integrated projects (The Global CCS Institute 2013, 2013)

Note: The number of studies does not add up to the number of
articles considered in this review, because some articles report
on studies conducted in multiple countries.

6.4

Overview of the studies

The earliest article included was published in 2002 (Gough, Taylor, & Shackley, 2002), which shows how young the field of public perception research
of CCS is. There has been an increase in studies over the last years, and
24 articles were published between 2010 and 2012. Where studies on public
perception of CCS were conducted does not necessarily map to where CCS
activities actually take place, as can be seen in Table 6.2. Table 6.2 compares the CO2 emissions of countries with the number of CCS projects and
the number of public perception studies conducted there. The list includes
only countries with at least one public perception study. Two continents
are completely absent: South America and Africa. South America currently
has no CCS activities, and Africa has only the In Salah storage project.
In terms of methodology, the studies in this review covered quite a wide
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range. A third (n = 14) were qualitative. They used interviews, focus groups
and workshops. The remaining studies (n = 28) can be classified as quantitative. They differed in their data collection (paper-pencil surveys, online
surveys, interviews, laboratory experiments) and data analysis (frequencies,
conjoint analysis, regression, structural equation modeling, analysis of variance). They were heterogeneous in their research questions and the variables
measured. A detailed overview of the studies, where they were conducted,
their research methods and key findings can be found in Tables 6.6 and 6.7
in the Appendix.

6.5

Key results

In the following, we give an overview of the most important findings that can
be derived from the studies. The results are structured along the variables of
the technology acceptance framework discussed in Section 6.2 (Huijts et al.,
2012). Tables 6.3 and 6.4 summarize which study included which concept(s).

X
X
X

X

NA

X

X

X

X

X

X

X

PR

X

Wong-Parodi et al. (2011)

X

X

X

X

X

X

X

X

X

X

X

X
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X

X

OE

X

X

X

X

X

X

X

X
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X

X

X

X

X

X

X

X

X

X

X

Ac.

Acceptance

affect, PC = Perceived costs, PR = perceived risks, PB = Perceived benefits, OE = Outcome efficacy, PP = Problem perception, Ac. =

Ex. = Experience, Kn. = Knowledge, Tr. = Trust, PF = Procedural fairness, DF = Distributive fairness, PA = Positive affect, NA = Negative

X

Wong-Parodi and Ray (2009)

Wallquist et al. (2009)

X

X

X

X

PC

X

X

PA

Upham and Roberts (2011)

X

DF

X
X

X

X

PF

Shackley et al. (2005)

Palmgren et al. (2004) (Study 1)

Oltra, Upham, et al. (2012)

X

X

Oltra et al. (2010)

X

L’Orange Seigo et al. (2013)
X

X

Fleishman et al. (2010)

X

Tr.

Gough et al. (2002)

X

Kn.

Ashworth et al. (2009)

X

X

Anderson et al. (2012)

Ashworth et al. (2012)

Ex.

Study

Table 6.3: Overview of concepts investigated in qualitative studies
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X

X

X
X

X
X

X
X
X
X

X
X
X
X
X
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X
X
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X

X

X
X
X
X
X

X

X
X
X
X
X
X
X
X
X
X
X
X
X
X

Ac.
X
X
X

Ex. = Experience, Kn. = Knowledge, Tr. = Trust, PF = Procedural fairness, DF = Distributive fairness, PA = Positive affect, NA = Negative affect, PC
= Perceived costs, PR = perceived risks, PB = Perceived benefits, OE = Outcome efficacy, PP = Problem perception, Ac. = Acceptance

Study
Carley et al. (2012)
de Best-Waldhober et al. (2009)
de Best-Waldhober, Brunsting, and
Paukovic (2012)
de Best-Waldhober, Daamen, et al. (2012)
Duan (2010)
Ha-Duong et al. (2009)
Huijts et al. (2007)
Kraeusel and Möst (2012)
L’Orange Seigo et al. (2011)
Midden and Huijts (2009)
Miller et al. (2008)
Miller et al. (2007)
Moutenet et al. (2012)
Oltra, Sala, and Boso (2012)
Palmgren et al. (2004) (Study 2)
Reiner et al. (2006)
Sharp et al. (2009)
ter Mors et al. (2010)
Terwel et al. (2009a)
Terwel et al. (2009b)
Terwel et al. (2010)
Terwel and Daamen (2012)
Terwel et al. (2012)
Tokushige et al. (2007a)
Tokushige et al. (2007b)
Wallquist, L’Orange Seigo, et al. (2012)
Wallquist et al. (2011)
Wallquist, Visschers, et al. (2012)
Wallquist et al. (2010)

Table 6.4: Overview of concepts investigated in quantitative studies
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Attitude and acceptance

Most studies measured expressed acceptance. There are not many CCS
projects yet where revealed acceptance could be measured, and many studies
were conducted in places where CCS has not been implemented yet, but
where there is interest in gauging public opinion beforehand. Therefore, it
is difficult to interpret and compare levels of reported acceptance. Because
CCS is little known, participants had to be given information about the
technology, and their opinion is likely to be highly sensitive to the content of
that information and to the research context. In our discussion of the results,
we will therefore focus on studies that investigated which variables influence
attitude, rather than reporting absolute levels of attitude. However, CCS is
generally neither extraordinarily popular nor entirely rejected.
Many studies confirmed the typical finding that risk and benefit perceptions are two of the main predictors of the acceptance of a technology
(Kraeusel & Möst, 2012; Terwel & Daamen, 2012; Terwel et al., 2009a;
Tokushige et al., 2007b; Wallquist, Visschers, et al., 2012). Duan (2010)
measured perceived benefits but not perceived risks, and it was the most
influential predictor in their regression. Trust in stakeholders is another
influential variable that can have direct effects on acceptance, or through
perceived risks and benefits (Terwel & Daamen, 2012; Terwel et al., 2009a;
Tokushige et al., 2007b; Wallquist, Visschers, et al., 2012). Studies that
included none of these variables had low explained variance, although they
found some significant other factors. De Best-Waldhober, Daamen, et al.
(2012), for example, concluded that their participants based their evaluations to some extent on the aspects and consequences of the technologies
explained, but that there are clearly other, more influential factors. Sharp
et al. (2009) found that media reports and the extent to which CCS is used
in other countries significantly influenced support for CCS. It is also possible
to influence attitude toward CCS by giving specific information (see Section
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6.5.3 on Knowledge).
Only three case studies measured revealed acceptance as opposed to
expressed acceptance. Anderson et al. (2012) emphasized the importance
of participation, which should live up to certain standards. For project
managers, it is important to know a community’s social characteristics and
to be sure that they might not be mistaking for acceptance what is actually
passive resignation. Ashworth et al. (2012) formulated five success factors
for projects that go in a similar direction. The social context of a site
should be considered, and the project should be flexible enough to adjust to
it; communication experts should be an integral part of the project from the
beginning, and important stakeholders need to be aligned. Oltra, Upham, et
al. (2012, p. 241) saw three issues as most important for acceptance: trust in
the developer, the quality of public engagement activities, and the public’s
and stakeholders’ perceptions of the need for the facility.

6.5.2

Experience

Only five articles discussed the role of experience for acceptance of CCS
(Anderson et al., 2012; Oltra, Upham, et al., 2012; Upham & Roberts,
2011; Wong-Parodi et al., 2011; Wong-Parodi & Ray, 2009). It is interesting that they were all qualitative studies, and three were case studies.
Anderson et al. (2012) discussed farmers’ acceptance of the Otway project
in Australia. They cited experience with the gas industry as a key factor
for initial acceptance. The farmers were familiar with pipelines and gas
wells, and appreciated the extra income they received from compensation
payments. Later on in the project, however, there were negative experiences with the CCS activities, which caused ongoing interruption to farm
management activities. As a consequence, old concerns about the gas industry emerged again, and acceptance dropped. Oltra, Upham, et al. (2012)
also found a relationship between previous experience with the fossil fuel
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industry and acceptance of CCS projects in their analysis of five European
cases. The two projects that did not face strong opposition were located in
communities with prior experience.
Wong-Parodi and Ray (2009) looked at two communities in California
that might have been host sites for a CSS project. Both had previous experience with industrial harm and how it was handled. One community had
been able to stop the construction of a chemical plant near a river, which
strengthened their sense of empowerment; they felt that they would also
be able to exercise their voice in the case of a CCS project, if anything
went wrong. The other community, however, had an unresolved water contamination issue; they felt that if anything went wrong with the proposed
CCS facility, their complaints would go unheard. This feeling of helplessness
would likely have prevented them from actively protesting against the CCS
project; it is important to note, however, that this would not have been due
to real acceptance.
Upham and Roberts (2011) conducted focus groups, and their participants used their experience with natural gas storage and transport as a
proxy for assessing the safety of the transport and storage aspects of CCS.

6.5.3

Knowledge

Numerous studies assessed whether the general public had heard of CCS and
knew what it is used for. Awareness is generally quite low, and only a small
minority had heard of the technology. De Best-Waldhober et al. (2009); De
Best-Waldhober, Daamen, et al. (2012) and Fleishman et al. (2010) assessed
how thoroughly informed participants evaluate CCS. The researchers gave
participants rather extensive background information on climate change,
energy production technologies and how CCS functions. This avoided the
problem that people might report only pseudo-opinions because they are
unfamiliar with CCS. Informed participants were neither overly enthusiastic
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about CCS nor entirely opposed to it. De Best-Waldhober et al. found that
aspects and consequences of the technology itself left much of the variance in
people’s evaluations unexplained. There must be other factors that influence
judgments about CCS. This finding was replicated in a more recent study
by de Best-Waldhober, Brunsting, and Paukovic (2012), which found only a
weak relationship between knowledge of CO2 and CCS, and attitude toward
CCS.
L’Orange Seigo et al. (2011), Moutenet et al. (2012), Oltra, Sala, and
Boso (2012) and Tokushige et al. (2007b) gave their respondents information
about specific aspects of CCS and measured how that influenced attitude.
L’Orange Seigo et al. found that information about monitoring measures
undertaken at CO2 storage sites had an alarming rather than a reassuring effect, at least in men. Moutenet et al. observed lower support for
CCS, after participants were presented with the unfavorable views certain
nongovernmental organizations (NGOs) hold of CCS. This relationship was
likely mediated through trust, although this was not measured in the study.
Oltra et al. found a positive effect for information about the natural character of CO2 , although other manipulations in the study were unsuccessful
at influencing attitudes. Similarly, Tokushige et al. measured increased acceptance after their participants had read about natural analogues of CO2
storage. Information about field demonstrations, however, barely influenced
acceptance.
Only two studies (de Best-Waldhober, Brunsting, & Paukovic, 2012;
Wallquist et al., 2010) assessed objective knowledge of CCS. Typical misconceptions about CCS were widespread and knowledge generally low. Wallquist et al. (2010) found an effect of knowledge on risk and benefit perceptions, but the influence was rather limited.
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Trust

Trust is recognized as a key variable for technology acceptance, and 18 of
the studies we reviewed included it in some way in their analysis (Ashworth
et al., 2012; Gough et al., 2002; Huijts et al., 2007; Midden & Huijts,
2009; Miller et al., 2007, 2008; Oltra et al., 2010; Oltra, Upham, et
al., 2012; ter Mors et al., 2010; Terwel & Daamen, 2012; Terwel et al.,
2009a, 2009b, 2010, 2012; Tokushige et al., 2007b; Upham & Roberts,
2011; Wallquist, Visschers, et al., 2012; Wong-Parodi et al., 2011). The
most trusted stakeholders are researchers and NGOs. Two case studies by
Ashworth et al. (2012) and Oltra, Upham, et al. (2012) found accordingly
that the projects that could be successfully implemented and faced the least
opposition were research projects. Those run by energy companies, however,
often faced strong opposition or were even cancelled. Industry is one of the
least trusted stakeholders. Government organizations tend to fare better
but are often not trusted to manage CCS operations safely.
Quantitative studies have found that the effect of trust on acceptance is
not direct, but is mediated through perceived risks and perceived benefits
(Terwel & Daamen, 2012; Terwel et al., 2009a; Tokushige et al., 2007b).
Wallquist, Visschers, et al. (2012) found an effect on perceived benefits,
but not risks. And Midden and Huijts (2009) further observed that the
relationship between trust and perceived risks operated through affect.
The question is, of course, how trust comes about in the first place.
Huijts et al. (2007) found that trust in a stakeholder was influenced by
the perceived similarity with that stakeholder, which is in accordance with
the wider literature on trust (Earle & Cvetkovich, 1995; Siegrist et al.,
2000). Using experiments, Terwel et al. (2010) examined the effects that
group voice in decision-making has on trust. Authorities were judged as
more trustworthy if they granted different interest groups a voice in the
decision-making process about CCS implementation, which in turn led to
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higher acceptance of the final decision. Knowledge had a moderating effect:
Informed people cared more about group voice, whereas uninformed people
were indifferent. Another study by Terwel et al. (2009b) investigated the
relationship between corporate communications and trust. It was not just
message content that was predictive of trust, but whether the message was
in line with the assumed motives of the organization standing behind the
communication. Industrial organizations, for example, were thought to act
more out of self-serving motives than public interest. When they highlighted
environmental benefits of CCS, trust was low, due to perceived dishonesty.
Trust could be preserved, however, when an honest argument (financial interest) was coupled with a more public-serving message (CCS is good for
the environment).
Ter Mors et al. (2010) looked at when information from stakeholders is
seen as trustworthy and reliable. Information coming from dissimilar but
collaborating stakeholders was seen as more balanced and therefore trustworthy than information coming from one stakeholder alone. Trusted stakeholders were not negatively affected by collaborating with a less trusted
stakeholder.

6.5.5

Fairness

The role of fairness (both distributive and procedural) has not been studied
much in the context of CCS. Some studies touch the topic indirectly, and
only two publications by Terwel et al. (2010) and Terwel et al. (2012) address
the role of fairness explicitly. The first is the same study that was discussed
in the subsection on trust. Procedures that are perceived as fair lead to more
trust and ultimately to higher acceptance. The second one is an analysis
of the Barendrecht case (a project in the Netherlands that was cancelled,
at least partially due to public resistance); local residents there found the
decision-making procedure unfair and thought that Shell (the project de-
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veloper) had undue influence, whereas local residents lacked decision power.
Oltra, Upham, et al. (2012) also analyzed the Barendrecht case and observed
that opposition was partially driven by local stakeholders questioning the
need to select their community and not others as a storage site, particularly
because they had already absorbed many infrastructure projects in previous
years. This is clearly a concern with distributive fairness.
Wong-Parodi and Ray (2009) stressed the importance of the empowerment of a community. This “partly stems from the community’s ability to
exercise voice and have recourse to compensation or damage mitigation”
(Wong-Parodi & Ray, 2009, p. 5), which are aspects of procedural fairness.
Anderson et al. (2012) take a more normative stance: Public participation
should be an integral part of any CCS project, and a good participation
process needs to ensure that the local population has appropriate resources,
also in terms of social capital, to voice their needs and have their concerns
addressed.

6.5.6

Affect

Affect is another variable that has received very little research attention.
Midden and Huijts (2009) included affect in their study and confirmed the
finding that negative and positive affect are two separate dimensions, rather
than two ends of a continuum. Both positive and negative affect were influenced by trust in their sample, and in turn influenced perceived benefits
and risks. Huijts et al. (2007) reported frequencies regarding affect; ratings
of negative affect were higher in their sample than ratings of positive affect.
In a study by L’Orange Seigo et al. (2011), information on CO2 monitoring measures induced higher levels of negative affect compared to a control
group who did not receive the same information.
Wong-Parodi et al. (2011) argued that pro- or anti-CCS messages are
most persuasive if they trigger an emotional reaction. The authors called
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such messages “emotionally self-referent” (ESR). Participants in the study
identified their own ESR triggers and used them to create messages in favor
of or against CCS in their community. These messages were based on different arguments than those created by experts, and they were seen as more
persuasive, although the participants believed the expert messages in terms
of factual content.

6.5.7

Perceived costs

It is not always easy to distinguish perceived costs from perceived risks.
Particularly in the case of CCS, cost estimates are associated with large
uncertainties and might also be framed as financial risks. A few studies explicitly mention costs, however, in particular monetary costs. A number of
participants in qualitative studies brought this issue up. In focus groups conducted by Upham and Roberts (2011), costs were seen as a, if not the, major
disadvantage by participants from the United Kingdom (UK), Germany and
Poland. They thought that increased costs for electricity production should
be shouldered by power companies rather than the consumer. Similar concerns were found by Gough et al. (2002) and Palmgren et al. (2004). In the
case studies discussed by Oltra, Upham, et al. (2012), a potential increase
in electricity prices was one of the concerns raised in Belchatów – a project
faced with some opposition.
Kraeusel and Möst (2012) conducted a conjoint study and included a
monthly price premium as one of the factors. Participants were willing to
pay a premium for an increased share of renewable energy in the electricity
mix, but not for CCS.

6.5.8

Perceived risks

The majority of studies (n = 26) investigate risk in some way (Anderson
et al., 2012; Ashworth et al., 2009; Duan, 2010; Gough et al., 2002;
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Huijts et al., 2007; Kraeusel & Möst, 2012; L’Orange Seigo et al., 2013,
2011; Midden & Huijts, 2009; Oltra, Sala, & Boso, 2012; Oltra et al.,
2010; Oltra, Upham, et al., 2012; Palmgren et al., 2004; Shackley et al.,
2005; Sharp et al., 2009; Terwel & Daamen, 2012; Terwel et al., 2009a,
2012; Tokushige et al., 2007a, 2007b; Upham & Roberts, 2011; Wallquist
et al., 2011; Wallquist, Visschers, et al., 2012; Wallquist et al., 2009,
2010; Wong-Parodi et al., 2011; Wong-Parodi & Ray, 2009). Qualitative
studies can give insights into which kind of risks people are concerned about.
By far the most frequently voiced concern is that the CO2 might leak back
into the atmosphere. This would at the same time undermine the single
largest benefit of CCS. Concerns also exist about how such a leak might
happen. Some people believe there might be sudden blowouts or explosions
(both at the surface level, for example at injection wells, and underground).
Another common concern is that ground movements might compromise the
storage integrity. Multiple studies cite “earthquakes” as a potential risk,
but it is not always clear whether it is meant that earthquakes would cause
faults in the caprock and thus lead to leakage, or whether the pressure of
the injected CO2 might lead to earthquakes. CO2 is also seen as a pollutant
or a toxic substance, and people therefore feel uncomfortable disposing of
it underground. They fear negative effects on ecosystems, although they
cannot specify what these effects would be.
The second big set of potential risks voiced by laypeople revolves around
the unsustainable nature of CCS: It does not tackle the root of the problem
– producing CO2 by burning fossil fuels – and is perceived as an end-ofpipe solution or sweeping the issue under the rug. There are also concerns
that the development of CCS might reduce investments in renewable energy
technologies. We call this set of concerns sustainability concerns.
A concern that was mentioned only in case studies was the potential
impact on property values or tourism. This indicates that different risks
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can become focal once a specific project site has been selected.
When these concerns are measured quantitatively, it seems that sustainability concerns, fears of leakage and fear of overpressurization are the most
influential for risk perception as a whole (Wallquist et al., 2010). Various
studies looked at whether information about different aspects of CCS technology or CO2 can influence risk perceptions (L’Orange Seigo et al., 2011;
Oltra, Sala, & Boso, 2012; Tokushige et al., 2007a; Wallquist et al., 2011),
with mixed results. It seems possible to influence risk perception, but the
effect is rather small, and different kinds of information have different effects.
Consistent with the risk perception literature in other domains, trust
in stakeholders was found to be inversely related to risk perceptions (Terwel & Daamen, 2012; Terwel et al., 2009a; Tokushige et al., 2007b).
Similarly, Midden and Huijts (2009) found an impact of both negative and
positive affect; negative affect increases risk perception, whereas positive
affect decreases risk perception.
Also in agreement with the literature on risk perception and technology
acceptance, a number of studies found that risk perceptions of CCS were
a significant negative predictor of acceptance (Duan, 2010; Kraeusel &
Möst, 2012; Midden & Huijts, 2009; Terwel & Daamen, 2012; Terwel
et al., 2009a, 2012; Tokushige et al., 2007a, 2007b; Wallquist, Visschers,
et al., 2012). Wallquist, Visschers, et al. (2012) found a particularly strong
relationship between perceived risks and acceptance. They measured the
latter as protest potential, in order to be closer to actual behavior.

6.5.9

Perceived benefits

Almost half the articles included benefit perception as their dependent or
independent variable (Ashworth et al., 2009; Duan, 2010; Huijts et al.,
2007; Kraeusel & Möst, 2012; L’Orange Seigo et al., 2013, 2011; Midden
& Huijts, 2009; Oltra et al., 2010; Oltra, Upham, et al., 2012; Shackley
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et al., 2005; Terwel & Daamen, 2012; Terwel et al., 2009a; Tokushige et
al., 2007a, 2007b; Wallquist et al., 2011; Wallquist, Visschers, et al., 2012;
Wallquist et al., 2010; Wong-Parodi et al., 2011; Wong-Parodi & Ray,
2009). Interestingly, not all studies that tried to identify perceived risks
also asked about perceived benefits, although perceived benefits are very
important for acceptance, often even more relevant than perceived risks.
This has also been found in the case of CCS (Kraeusel & Möst,

2012;

Midden & Huijts, 2009; Terwel & Daamen, 2012; Terwel et al., 2009a;
Tokushige et al., 2007a, 2007b; Wallquist, Visschers, et al., 2012).
The obvious benefit of CCS is its contribution to reducing CO2 emissions and thus mitigating climate change. Sometimes this is framed as CCS
allowing the continued use of fossil fuels, while still reducing CO2 emissions.
It thus enables a smoother transition to sustainable energy production. It
could be argued that this is the only reason for and thus the only benefit
of CCS. At a societal level, this might be true. But at the local level, there
can be additional benefits, which were brought up by respondents in case
studies or potential host communities (Ashworth et al., 2009; Oltra, Upham, et al., 2012; Wong-Parodi et al., 2011; Wong-Parodi & Ray, 2009).
They focused on economic benefits, which might come through job creation,
tourism or future investment in the community. Ashworth et al. (2012) also
pointed to the importance of identifying local benefits in order to make a
concrete CCS project successful.
At the broader, societal level, benefit perceptions seem to be positively
influenced by trust (Midden & Huijts, 2009; Terwel & Daamen, 2012;
Terwel et al., 2009a; Tokushige et al., 2007b; Wallquist, Visschers, et al.,
2012) and positive affect (Midden & Huijts, 2009). L’Orange Seigo et al.
(2011) and Wallquist et al. (2011) looked at how information can impact
benefit perceptions. As in the case of risk perceptions, the effect depends
on the exact type of information. Wallquist et al. (2010) found that the
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most influential factor on benefit perception were sustainability concerns –
higher concerns were associated with lower benefit perception. This factor
was more important than actual factual knowledge about how CO2 storage
works.

6.5.10

Outcome efficacy

Outcome efficacy, or the belief that personal actions can actually influence
the implementation of CCS technology, was explicitly addressed in only two
studies. Anderson et al. (2012) showed how a lack of social capital led to
a sort of passive acceptance by farmers, which was less driven by favorable views of the CCS project than by insufficient social resources to make
themselves heard. Social capital was defined as connections and networks
between individuals, and the corresponding trust. Wong-Parodi and Ray
(2009) looked at how a community’s social economic standing and local history can affect their sense of empowerment. They compared a low-income,
mostly Hispanic, community with a wealthier, mostly Caucasian, community
in California. They found that the poorer community felt fairly powerless
and did not believe that they would have much say in the siting process or
that they would receive compensation if anything went wrong. Here also,
the authors pointed out how this passive resignation should not be confused
with acceptance.
Outcome efficacy is also related to perceived fairness. As Terwel et al.
(2012) showed, local residents in Barendrecht thought they did not have
enough influence over the proposed CCS project, which led to low perceived
fairness.

6.5.11

Problem perception

Problem perception was included in many studies we reviewed (Carley et
al., 2012; de Best-Waldhober, Brunsting, & Paukovic, 2012; Duan, 2010;
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Gough et al., 2002; Ha-Duong et al., 2009; Kraeusel & Möst, 2012; Miller
et al., 2007, 2008; Moutenet et al., 2012; Oltra et al., 2010; Palmgren et
al., 2004; Reiner et al., 2006; Shackley et al., 2005; Sharp et al., 2009;
Terwel et al., 2012; Tokushige et al., 2007b; Upham & Roberts, 2011;
Wallquist et al., 2009, 2010). This is not surprising, given that mitigating
climate change is the primary benefit of CCS. It would be hard to argue
in favor of CCS, if the basic tenet that climate change is real and needs
mitigating is not accepted. There seems to be general agreement among
the public that climate change is happening and that action is necessary
to reduce greenhouse gas emissions. The highest number of climate change
deniers was reported by Reiner et al. (2006) for the United States (US),
where 7% of respondents indicated that global warming was not a problem.
In the UK and Sweden, the same statement was endorsed by 3% and 2%,
respectively.
Few studies looked at how awareness of climate change actually affects
perception of CCS. Kraeusel and Möst (2012) found that people with higher
climate change concern also had higher risk perceptions (which in turn would
be expected to lead to lower acceptance). Contrary to that, Wallquist et
al. (2010) found a negative influence of climate change awareness on risk
perception, and a positive influence on benefit perceptions. Similarly, Oltra
et al. (2010) reported that groups that accepted CCS thought that climate
change was an urgent problem. Tokushige et al. (2007b) also looked at
the influence of problem perception on risk and benefit perceptions. They
operationalized the concept slightly differently from other studies, however,
and emphasized the aspect of human interference with nature and going
against nature’s laws. They found a positive influence on risk and benefit
perceptions.
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6.5.12

Other variables

A couple of concepts emerged as important variables for people’s evaluation
of CCS, but are not covered in the technology acceptance framework (Huijts
et al., 2012). We will discuss them in the following.
Energy context
The current energy mix of a country where CCS is to be deployed and the
available alternatives both seem to be very important to people. Within the
technology acceptance framework, it could be argued that this acts through
benefit perception, or it could be framed as a specific kind of risk. But
because these concerns seem so prevalent in the case of CCS and have such
large importance, we feel they deserve their own discussion. Several qualitative studies bring up this issue, which is closely related to the sustainability
concerns mentioned above (see section 6.5.8). Gough et al.’s (2002) participants were concerned about investing in a technology that would be rendered
obsolete by other low-carbon technologies. This could simply be framed as
financial risks, but it also points to the fact that people do not evaluate
CCS in isolation, but consider the availability of other technologies that
might yield equal benefits. The same was found by Palmgren et al. (2004,
p. 6443), who stated that “many respondents indicated a desire to consider
carbon capture and sequestration in the context of a broader set of options
for carbon management.” Similarly, Shackley et al. (2005, p. 395) argued
that results from their focus groups “strongly support[s] the need to embed
CCS within a portfolio of decarbonization options and to promote CCS as a
‘bridging strategy’ to other low- or zero-carbon energy sources.” Oltra et al.
(2010) found that rejection of CCS among participants was partially based
on a preference for other renewable technologies.
Fleishman et al. (2010) studied perceptions of CCS when it was embedded in realistic energy portfolios, rather than looking at the technology in
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isolation. Their results showed a more favorable evaluation of CCS than
other studies. A study that tried to quantify the effects of framing CCS as
a bridging technology was conducted by Wallquist et al. (2011). They gave
participants in a within-subject experiment different types of information
and measured the effect on risk and benefit perceptions. After participants
read a paragraph on how CCS is only part of a solution and should be embedded in a range of other low-carbon technologies, their benefit perceptions
increased and risk perceptions decreased.
Values
One particular set of values has emerged as an important predictor in some
studies; it revolves around interference with nature. Gough et al. (2002)
highlighted two implicit cognitive models that participants seemed to hold
regarding CCS, one of which is the belief that there is a web of interconnected ecosystems that can easily be disturbed, and interference in one place
will cause disastrous chain reactions. Tokushige et al. (2007b) and Wallquist, Visschers, et al. (2012) included interference with nature in structural
equation models to predict acceptance. One called it “perception of interference with the environment for implementation of the geological storage of
CO2 ” and the other “tampering with the subsurface,” which is more specifically about the subsurface rather than nature in general. Tokushige et al.
(2007b) found a significant impact on risk perception and a direct path to
public acceptance. In Wallquist, Visschers, et al. (2012), tampering with
the subsurface was the single best predictor of perceived benefits and perceived risks. The finding that perceived interference with nature affects risk
perceptions is in line with risk perception research in other energy-related
domains (Sjöberg, 2000).
Wallquist, L’Orange Seigo, et al. (2012) also conducted a conjoint study
that looked at the relative impact of each of the three CCS elements (capture/CO2
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source, transport and storage) on overall acceptance of CCS. The factor CO2
source had two levels: CO2 from a gas-fired power plant and CO2 from a
biogas-fired power plant. When the source of the CO2 was biogas, there
was no NIMBY (Not In My Backyard) effect, and participants did not seem
to mind living near a storage site. This might seem irrational, because the
CO2 is the same, regardless of its origin. It is possible, however, that biogas
is perceived as more natural, and therefore, CO2 coming from it is regarded
as less harmful than CO2 from fossil fuels. This effect might have been particularly pronounced, because the study was conducted in German, and the
prefix “bio-” has the meaning of “organic.”
These results point to a potentially important role of the value interference with nature regarding public perception of CCS. Further studies could
try to clarify what the public perceives as (non)interference with nature,
and what its exact role in acceptance of CCS is.

6.6

Summary and outlook

Over the last decade, a diverse body of articles has been published on public
perception of CCS. As we have shown, the technology acceptance framework
by Huijts et al. (2012) is a useful tool for structuring the various results.
Table 6.5 summarizes the most important findings for each variable in the
framework, and the two additional variables we propose for the CCS case.
An aspect that has been well researched is the public’s intuitive reaction
to CCS, their mental models of the technology and the subsurface, which
would be subsumed under knowledge in the technology acceptance framework. Typical misconceptions are that the CO2 is stored as a gas in large
cavernous spaces, and that the applied pressure might lead to explosions.
Although people generally know that climate change is happening, they are
unsure what exactly is causing it or what possible mitigation options are.
Many seem to underestimate the extent of emission reduction that is nec-
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essary, while overestimating how much can currently be achieved through
the use of renewables. There are some small differences between countries,
but overall, the mental models the general public holds of CCS and how it
works are very similar.
What we know about these mental models is enough to draft risk communication that should be understandable and useful. Such communications
are necessary to make sure the public has access to adequate information
and can participate in democratic processes around the deployment of CCS.
One should not expect, however, that risk communication can produce acceptance, or that information is the most influential variable for acceptance.
Knowledge has been shown to have an impact on public attitude, but other
variables are more important.
The best predictor of acceptance of CCS is benefit perceptions. This is
typical for acceptance of new technologies (Siegrist, 2000; Visschers, Keller,
& Siegrist, 2011). In the case of CCS, benefit is intrinsically linked to the
continued use of fossil fuels for electricity production. At least at the societal
level, it is difficult to identify additional benefits to reducing CO2 emissions.
This could be the reason people feel a strong need to view CCS in context.
They want to know about other alternatives, and are concerned about the
unsustainable nature of the technology. CCS is seen as an end-of-pipe solution that might even displace investment in renewable energy technologies.
Such sustainability concerns are among the most important risks people see
regarding CCS. Other relevant risks are leakage or overpressurization of the
CO2 storage formation.
These last concerns are real and quite prevalent. At the same time,
they do not seem to scare people to the extreme. When perceived risks
are assessed quantitatively, the mean scores are typically just above the
midpoint of the scale, and almost nobody uses the scale extremes. This
is consistent with the finding by Tokushige et al. (2007a) that CCS loads

166

Chapter 6

not overly high on the “dread” factor within the psychometric paradigm
(Fischhoff et al., 1978). At the societal level, perceived risks should not
be a major barrier to CCS implementation. At the local level, however,
the picture might look different. People who actively protest CCS sites can
be motivated by perceived risks, and local protest can cause a project to be
cancelled (Ashworth et al., 2012; Oltra, Upham, et al., 2012; Terwel et al.,
2012). At the same time, absence of protest does not necessarily mean that
the local population is happy with the proposed CCS project. They might
simply feel that their voice would not be heard anyway. More case studies
would be useful to further refine our knowledge of what the key factors are
for the success or failure of a project, and how these factors might differ
from those that are crucial for acceptance at the societal level.
To date, many studies have focused on how properties of CCS itself affect
acceptance. Newer research, however, points to the importance of context
for the acceptance of CCS. At the local project level, the social context of the
community plays a large role. We know it is important to take the history
and social structure of a community into account – have there been activities
of the fossil fuel industry in the past and does it form an integral part of
the economy, how empowered do the residents feel, etc. Such questions are
important, but it is not overly well understood in which ways exactly they
contribute to local acceptance of a project, and how knowledge about the
local context can be used to foster support or opposition to a project.
Fairness is another variable that is not specifically related to CCS but
plays an important role in acceptance. Some studies point to the importance
of perceived fairness regarding CCS (see Section 6.5.5). They emphasize
the role of procedural fairness. There is room for more research, however,
to better understand when a procedure is perceived as fair, and whether
fairness is more important at the local level or equally important for societal
acceptance. Research about other energy technologies indicates that the
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latter might be the case (e.g., Visschers & Siegrist, 2012). Almost entirely
neglected so far has been distributive fairness. Because CO2 storage sites
are locally confined but might not necessarily store local emissions, it is very
plausible that this type of fairness influences acceptance, too.
Another set of variables that seems promising but has received very little research attention are values, in particular what we call interference with
nature – the belief that humans should not interfere with natural processes.
Large perceived interference is associated with more negative attitudes. This
concept was highly predictive of acceptance in studies by Wallquist, Visschers, et al. (2012) and Tokushige et al. (2007b). More research is needed to
gain a clearer picture of what people perceive as interference with nature,
and whether it is possible to change that perception, for example by pointing to natural analogues of underground gas storage. Perhaps CCS projects
could be designed in a way that perception of interference is minimized. The
exact role of these values for public perception could also be clarified.
Finally, increasing attention should be paid to dynamic processes that
shape public perception. Understanding individual perceptions is of course
important. Public perception of a technology, however, is not just the sum
of individual perceptions, but the result of a dynamic process in which individuals and organizations interact. Particularly new technologies associated
with certain risks and uncertainties can be subject to a social amplification of risk process (J. X. Kasperson, Kasperson, Pidgeon, & Slovic, 2003;
R. E. Kasperson et al., 1988). The social amplification of risk framework
(SARF) posits that risks are perceived and portrayed through risk signals;
they can be images, signs or symbols. These signals are communicated
among people, and each person or institution involved in this communication process will apply their own filters, heuristics and interpretations as
they pass on the information. Thus, the perception of risks can be amplified
or attenuated, as the information passes through the various “amplification
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stations.” This can lead to so-called ripple effects that affect groups that
were not originally involved with the risk event in question (J. X. Kasperson et al., 2003, p. 15). R. E. Kasperson et al. (1988, p. 184) gave the
example of the Three Mile Island nuclear accident, which led to changes
in management practices for nuclear power plants around the globe. If the
CCS industry were confronted with a similar event that has a large signaling effect, such as a large-scale leak or a blowout at an injection well, this
might tip public opinion of CCS and change which variables are the most
predictive of acceptance.
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Table 6.5: Main findings for each concept
Concept
Acceptance

Main findings
G

G

G

Experience

G

G

Knowledge

G

G

Trust

G
G

G

Fairness

G

G

Affect

Most important predictors are perceived risks, perceived benefits
and trust
Aspects and consequences of technology itself play a role, but the
influence is limited
Social context of project site is influential
Case studies point to the importance of prior experience with the
fossil fuel or other industries for acceptance
Little research, worth exploring more
The public’s mental models and misconceptions about CCS are
understood well enough to produce meaningful information materials
Pre-existing knowledge and information about CCS influence acceptance, but the impact is limited
Important predictor of acceptance
Most trusted are researchers and NGOs, least trusted are industry
stakeholders
Trust can be enhanced through fair procedures, honest communications and collaboration of multiple stakeholders
Case studies point to the importance of both procedural and distributive fairness
Little research, worth exploring more

G

Positive and negative affect are two different dimensions
Affectively loaded messages are more persuasive; their content
might be different from expert messages

Perceived costs

G

Costs are seen as a major disadvantage of CCS

Perceived risks

G

Potential risks that the public sees are quite well understood
Most important perceived risks are leakage and sustainability concerns
Perceived risks are one of the best predictors of acceptance

G

G

G

Perceived benefits

G
G
G

Single best predictor for acceptance
Perceived benefits are influenced by trust
Important for concrete projects to identify local benefits

Outcome efficacy

G

Low perceived outcome efficacy prevents protest, even if acceptance is low

Problem perception

G

General agreement that climate change is real, only small portion
of deniers
Tends to have positive effect on benefit perception, negative effect
on risk perception

G

Energy context

G
G

Interference
nature

with

G

G

People want to discuss CCS within broader context of alternatives
Evaluation in context tends to be more positive than in isolation
Seems to be important predictor for risk perception, benefit perception and acceptance
More research needed to clarify role

170

Chapter 6

6.7

Practical implications

In the previous section, we pointed out some research gaps that should be
addressed. However, the existing body of research on public perception of
CCS can also answer some important questions and allows certain conclusions for practitioners wanting to implement CCS.
Because CCS is such a new technology and very little known, one concern
is often with informing the public. As mentioned in Section 6.6, we now have
a fairly clear picture of what people’s intuitive image of CCS is and which
aspects are most important to correct. The majority of people accept climate
change as real and relevant, which can be built on in communications. There
seems to be considerable confusion, however, about the role of CO2 , where
it comes from and which effects it can have, not just on the climate but
also on human health. This should be explained in an introduction to CCS.
Concerning the technology itself, widespread misconceptions revolve around
geological storage mechanisms and the behavior of the CO2 in the reservoir.
Communication materials should point out these misconceptions and then
correct them.
It is certainly necessary to provide adequate and neutral information
for the general public, and we would argue there is an ethical obligation to
do so. But project developers should not overestimate the effect that such
information materials have on acceptance. Even if people are motivated
and able to process them carefully, the effect of knowledge on acceptance
has been shown to be moderate at best. What is more influential is the
context in which CCS is deployed: What other options for climate change
mitigation are being pursued, who promotes CCS and why, how will costs
and benefits generated by the technology be distributed, etc.
Most countries have no public participation processes for their national
energy strategies or national laws governing the deployment of CCS. At the
local level, however, when it comes to the implementation of specific CCS
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projects, the local population often has a say. If no formal engagement
procedure is applied, they can at least organize local protests.
Case studies point to the importance of experience for acceptance of
local CCS projects. The historical and social context of a potential host
community should be carefully analyzed. If the local population has prior
(positive) experience with the fossil fuel industry, they are more likely to
be positively disposed to a CCS project. But even experiences that are not
directly related to CCS may turn out to be relevant. If there have been other
industrial activities in the past that had negative impacts on the community,
this will shape people’s reaction to a proposed CCS facility.
The latter point is related to aspects of fairness and trust. If people
feel they have already been taken advantage of in the past and had to bear
the negative consequences of industrial facilities, they will most likely not
be willing to accept a CCS project. In a community that is neutral, perceived fairness can be enhanced by involving the local population as early as
possible, giving them decision power wherever possible, and communicating
openly and honestly. A problem that arises here is that project developers are typically energy companies. They are the least trusted stakeholder,
and even honest communication might not achieve its goal. Therefore, it
makes sense for project developers to seek cooperation with a more trusted
stakeholder, such as a local citizen group or an NGO.
Local cooperation partners might also be able to help with the analysis
of the local context and to identify local benefits for the community. This
is an important issue. In studies about both societal acceptance and local
acceptance, perceived benefits are crucial for acceptance. Their role is usually
larger than that of perceived risks. The latter should not be disregarded,
however. Perceived risks do have a significant impact on acceptance. They
can to some extent be influenced by information, but they are also influenced
by trust in stakeholders. What is important to bear in mind in the case of

172

Chapter 6

CCS is that one of the largest risks people see is the displacement of other
efforts to mitigate climate change. This concern cannot be argued away
with scientific findings. A prerequisite for acceptance of CCS in our view is
that it is embedded in a solid energy strategy that people find acceptable.
To conclude, we would argue it is quite well understood which information is necessary to help people form their own opinion of CCS and make
an informed decision. Project developers should pay attention to the local
context of a proposed project site and focus on building an equal and trusted
relationship with the local population.
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Appendix

Qualitative: Interviews about
case studies
Sample: Stakeholders from each
case

Qualitative: Workshops
Sample: Snowball sample from
potentially affected communites

AU, NL,
US

AU

US

GB

Ashworth et al. (2012):
“What’s in store: Lessons from implementing CCS”

Ashworth et al. (2009):
“Public acceptance of carbon dioxide capture and storage in a proposed demonstration area”

Fleishman et al. (2010):
“Informed public preferences for
electricity portfolios with CCS and
other low-carbon technologies”

Gough et al. (2002):
“Burying carbon under the sea: An
initial exploration of public opinions”

Qualitative: Focus groups
Sample: Convenience sample

Qualitative: Workshops with
“homework” material
Sample: From Greater
Pittsburgh Metropolitan area,
recruited through community
organizations

Countries Method
AU
Qualitative: Interviews
Sample: From affected
communities

Study
Anderson et al. (2012):
“Exploring CCS community acceptance and public participation from
a human and social capital perspective”

Table 6.6: Overview of the qualitative studies

G

G

G

G

G

G

G

G

G

G

G

G

G

G

Problem perception: Global warming seen as problem
Perceived risks/costs: High costs for an unsustainable solution, diversion of investment for renewable energy, infrastructure costs, leakage (in particular sudden & large), effects of
seismic activity
Doubts that any institution can monitor stored CO2 for centuries

Participants favored energy efficiency over other low-carbon alternatives
Technologies with CCS preferred over their counterparts without CCS
Preferences were stable, rankings did not change after group
discussions

Facilitated workshops are a useful engagement tool; perceived
positively by participants
Main concerns: Safety, leakage, groundwater contamination
Perceived benefits: Employment and business opportunities,
apart from climate change mitigation (which should not happen
at the expense of renewables)

Critical success factors for projects: Alignment of government
and development team; communication expert; consideration of
social context and ability to adapt to changing social context
Components of effective stakeholder communication: Timing
(early); knowing the community; identifying local benefits; use
of appropriate information channels

Farmers had a closed social network and therefore closed information loop; proponent message thus reinforced
Farmers’ acceptance declined during the project, but they remained passive and did not coordinate with their neighbors
Farmers would have been in need of capacity-building for human and social capital for a fairer and more transparent participation process

Key Findings
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Qualitative: Focus groups
Sample: Quota sample from
general population

Qualitative: Interviews,
document analysis
Sample: Stakeholders (including
public)

Qualitative: Interviews
Sample: Convenience sample

ES

DE, PL,
ES, NL

US

GB

Oltra et al. (2010):
“Lay perceptions of carbon capture
and storage technology”

Oltra, Upham, et al. (2012):
“Public responses to CO2 storage
sites: Lessons from five European
cases”

Palmgren et al. (2004):
“Initial public perceptions of deep
geological and oceanic disposal of
carbon dioxide” (Study 1)

Shackley et al. (2005):
“The public perception of carbon
dioxide capture and storage in the
UK: results from focus groups and a
survey”

Qualitative (focus groups) and
quantitative (interviews)
Sample: From York and
Manchester, skilled working
class to middle class (focus
groups); people at Liverpool
airport (interviews)

Method
Qualitative: Interviews
Sample: Convenience sample

Country
CH

Study
L’Orange Seigo et al. (2013):
“The effect of figures in CCS communication”

Table 6.6: continued

G

G

G

G

G

G

G

G

G

G

G

G

G

G

“Lukewarm” support; conditional on implementation of other
options
Benefits: Can mitigate climate change, buys time to develop
other solutions
Perceived risks/costs: “Technical fix” that reduces incentives
for other activities, blowouts

Problem perception: Most agree that global warming is problem
Perceived risks/costs: Costs, efficacy, unforeseen negative consequences
Desire to consider CCS in broader set of options

No single factor can guarantee success or failure
Higher likelihood of positive community reaction if project: is
at research scale; is managed by research organization; engagement strategy is proactive; trusted experts are involved; local
benefits are seen; project is located in area with low population
density with positive relationship with fossil fuel industry

Dominant reaction in groups: rejection
Rejection driven by: perceived risks, preference for renewable
energy technologies, perception that CCS does not contribute
to solving climate change and energy problems
Perceived benefits very limited. If benefit from climate change
mitigation seen as very high, then reluctant acceptance

Incorporation of mental models into illustrations of CCS does
not aid comprehension
Suboptimal illustrations do not interfere with comprehension
Strong misconceptions cannot be corrected implicitly, by giving
correct information; they need to be addressed explicitly

Key Findings

183

Qualitative: Focus groups and
interviews
Sample: From potentially
affected communities, one high
status and one low status

US

US

Wong-Parodi and Ray (2009):
“Community perceptions of carbon
sequestration: Insights from California”

Wong-Parodi et al. (2011):
“Influencing attitudes toward CCS.
A social marketing approach”

Qualitative: Interviews
Sample: Snowballing, started
with carefully identified “key
informants” in 4 Wyoming
communities

Qualitative: Interviews
Sample: Convenience sample

CH

Wallquist et al. (2009):
“Lay concepts on CCS deployment
in Switzerland based on qualitative
interviews”

Method
Qualitative: Focus groups
Sample: “Representative of
national populations”
(unspecified)

Country
BE, DE,
ES, GB,
NL

Study
Upham and Roberts (2011) :
“Public perceptions of CCS: Emergent themes in pan-European focus
groups and implications for communications”

Table 6.6: continued
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G

G

G

G

G

G

Emotionally self-referent (ESR) triggers are the same for pro
and anti CCS messages (but different “spin”)
ESR triggers are the same across different subgroups, but their
relative important changes
Citizens feel ESR messages should be coupled with expert messages

Primarily negative attitudes towards hosting CCS site
Perceived risks/costs: Catastrophic leak; induced seismicity;
technical risks might change nature of the town (e.g. property
values)
Poorer community felt resigned and powerless
Sense of empowerment influenced by past experiences with
industry-caused environmental damage

Knowledge/problem perception: Knowledge about CCS very
low; agreement that climate change is a problem
Benefits: Mitigate climate change
Perceived risks/costs:
Leakage (both slow and sudden
blowouts); induced seismicity; diffuse harm to ecosystems; unsustainable technology; crowding out of renewable energy; rebound effect
CO2 perceived as unhealthy and smelly

Knowledge/problem perception: people are concerned about
climate change, low knowledge of CCS
More familiar energy technologies are taken as reference points
– influenced by local context
Risk perception: 3 groups of risks: physical risks (especially
leakage, supposed flammability of CO2 , seismicity), financial
risks (cost seen as major disadvantage), governance risks
Trust: Many trust neither government nor industry; scientists
regarded as reliable information source
Perceptions across countries are very similar

Key Findings
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Countries Method
US
Quantitative: Phone and mail
survey
Sample: Random digit dialing
with stratification
Analysis: Regression (probit)

Quantitative: Electronic survey,
Information-Choice
Questionnaire
Samples: 2 representative
samples
Analysis: Regression

Quantitative: Electronic survey
(informed by previous
interviews)
Sample: “similar to the Dutch
population” (unspecified)
Analysis: Frequencies and
ANOVA
Quantitative: Electronic survey,
Information-Choice
Questionnaire
Sample: Representative
Analysis: Frequencies and
regression

NL

NL

NL

Study
Carley et al. (2012):
“Early public impressions of
terrestrial carbon capture and
storage in a coal-intensive state”

de Best-Waldhober et al. (2009):
“Informed and uninformed public
opinions on CO2 capture and
storage technologies in the
Netherlands”

de Best-Waldhober, Brunsting, and
Paukovic (2012):
“Public concepts of CCS:
Understanding the Dutch general
public and its reflection in the
media”

de Best-Waldhober, Daamen, et al.
(2012):
“Informed public opinion in the
Netherlands: Evaluation of CO2
capture and storage technologies in
comparison with other CO2
mitigation options”

Table 6.7: Overview of the quantitative studies
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G

G

G

G

G

G

Informed participants evaluate CCS options not very favorably
(below “acceptable” in Dutch school grading system)
Despite this, large-scale implementation would be passively accepted by most people; does at least not spur protests
Consequences of each electricity portfolio are relevant, but also
leave much variance unexplained – other factors must influence
people’s judgments

Many people unsure about characteristics, effects and sources
of CO2
Confusion about current energy production and its relation
with climate change
Effect of knowledge about CO2 and CCS on attitude is small

Knowledge: Most have very basic understanding of greenhouse
gas effect (objective measures), but very low awareness of CCS
technologies (subjective measures)
Half the respondents who had never heard of CCS gave evaluation anyway (pseudo-opinions); these opinions were unstable
Informed respondents were somewhat positive towards CCS
Aspects and consequences of technology could explain 35% of
variance in evaluations of informed respondents

Knowledge: 80% have not heard of CCS
More positive view of CCS if respondent: believes human activities contribute to climate change, supports expanded use of
low-carbon electricity sources, holds egalitarian worldview
More negative view of CCS if respondent: is a political conservative
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Quantitative: Survey
Sample: From potentially
affected communities (sampling
method not specified)
Analysis: Frequencies and
regression

NL

DE

CH

Huijts et al. (2007):
“Social acceptance of carbon
dioxide storage”

Kraeusel and Möst (2012):
“Carbon Capture and Storage on its
way to larges-scale deployment: Social acceptance and willingness to
pay in Germany”

L’Orange Seigo et al. (2011):
“Communication of CCS monitoring activities may not have a reassuring effect on the public”

Quantitative: Online
experiment
Sample: Internet panel

Quantitative: Conjoint study
(+ survey)
Sample: University students
Analysis: Regression and
conjoint analysis

Quantitative: Interviews
Sample: quota-based
Analysis: Frequencies

FR

Ha-Duong et al. (2009):
“A survey on the public perception
of CCS in France”

Method
Quantitative: Interviews
Sample: Residents and visitors
of Xiamen city
Analysis: Frequencies and
regression

Country
CN

Study
Duan (2010):
“The public perspective of carbon
capture and storage for CO2 emission reductions in China”

Table 6.7: continued
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G

G

G

G

G

G

Information about CCS monitoring can be alarming
Men’s risk perception is heightened to the level of women, their
acceptance is lowered

Knowledge: High awareness, only 28% reported no/little prior
knowledge
Risk and benefit perceptions can explain 77% of variance in
acceptance, benefit perception more influential
Factors conjoint study: Share of CCS power; share of green electricity; monthly price premium. Most important is increased
share of green electricity
Respondents who are more concerned about climate change
perceive higher CCS-related risks

Knowledge: 76% know nothing or very little about CCS
Risks rated higher than benefits; safety concerns
Trust: Highest in environmental NGOs, lower in government,
lowest in industry
Trust predicted by perceived competence and perceived intentions; respective influence of each predictor depends on actor

Knowledge: High awareness of climate change mitigation options
CCS not seen as overly effective, compared with other strategies
Majority agrees with statement that CCS discourages development of renewable energy technologies
Women are less accepting, but not more opposed (many “don’t
know” answers)

Knowledge/problem perception: 24% had heard about CCS,
high awareness of climate change
Predictors of attitude: Sociodemographics not significant,
CCS-related attitudes most important, benefit perception best
predictor (66% explained variance)

Key Findings
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CA

ES

Oltra, Sala, and Boso (2012):
“The influence of information on individuals’ reactions to CCS technologies: results from experimental
online survey research”

Quantitative: Online
experiment
Sample: Internet panel

Quantitative: Online survey
Sample: Commercial online
panel, weighted
Analysis: Frequencies

Quantitative: Online survey
Sample: Commercial online
panel
Analysis: Frequencies

AU

Moutenet et al. (2012):
“Public awareness and opinion on
CCS in the province of Qubec,
Canada”

Quantitative: Online survey
Sample: Commercial online
panel
Analysis: Frequencies

AU

Miller et al. (2007):
“Public understanding of carbon
sequestration in Australia:
Socio-demographic predictors of
knowledge, engagement and trust”
Miller et al. (2008):
“Initial public perceptions of
carbon geosequestration:
Implications for engagement and
environmental risk communication
strategies”

Method
Quantitative: Survey
Sample: Random sample from
potentially affected communities
Analysis: Structural equation
modeling

Country
NL

Study
Midden and Huijts (2009):
“The role of trust in the affective
evaluation of novel risks: The case
of CO2 storage”

Table 6.7: continued
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G

G

G

Participants who read information on the natural character of
CO2 have more positive initial reaction

Knowledge/problem perception: Climate change seen as important issue; CO2 identified as greenhouse gas; green technologies
well known, but CCS awareness at 13%
Only 8% fundamentally opposed
Opinion very sensitive to new information; after NGO views
were presented, support declined substantially

Majority finds reduction of greenhouse gas emissions important;
few, however, follow debate
Knowledge: Majority (82%) have not heard of CCS
Trust: Commonwealth Scientific and Industrial Research Organisation (CSIRO) trusted most, national government trusted
least

Women more likely to think that reducing greenhouse gas emissions is important, but less likely to have followed public debate
Men more accepting of CCS

2 factors found for affect: positive and negative
Attitude towards nearby storage influenced only by affect, attitude towards storage in general more influenced by perceived
benefits
No effect of perceived risk on attitude
Trust influenced perceived benefits but not risks; effect of trust
on attitude via affect

Key Findings
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Method
Quantitative: Survey
Sample: Convenience sample
Analysis: Frequencies, t-tests

Quantitative: Survey
Samples: Online panels and
random samples
Analysis: Frequencies

Quantitative: Online survey,
conjoint study
Sample: Random digit dialing
with quotas
Analysis: Conjoint analysis,
regression
Quantitative: Experiments
Samples: University students

Quantitative: Quasi-experiment
Sample: general public
convenience sample

Country
US

GB, JP,
SE, US

CA

NL

NL

Study
Palmgren et al. (2004):
“Initial public perceptions of deep
geological and oceanic disposal of
carbon dioxide” (Study 2)

Reiner et al. (2006):
“American Exceptionalism? Similarities and differences in national
attitudes toward energy policy and
global warming”

Sharp et al. (2009):
“Anticipating public attitudes toward underground CO2 storage”

ter Mors et al. (2010):
“Effective communication about
complex
environmental
issues:
Perceived quality of information
about CCS depends on stakeholder
collaboration”
Terwel and Daamen (2012):
“Initial public reactions to carbon
capture and storage (CCS): differentiating general and local views”

Table 6.7: continued
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G

G

G

Initial reactions to local CCS plans not necessarily dominated
by NIMBY sentiments
Onsite residents put greater emphasis on risks to local population
Trust in government indirectly affects attitude towards CCS,
no effect of concern about climate change

Information from different/dissimilar stakeholders expected to
be more balanced than info from one single stakeholder
If a credible and a less credible stakeholder communicate together, their respective reputations are not affected

Knowledge/problem perception: Agreement that climate
change is a problem; low awareness of CCS
Respondents slightly supportive; influenced by extent to which
CCS is used in other countries and media reports
Those opposed seem to be concerned about risks, rather than
being fundamentally opposed

Knowledge/problem perception: Climate change recognized as
problem; CCS mostly unknown
Similar preferences across countries for how national energy
agencies should allocate funding
Information on cost & environmental impact of renewable energy technologies decreased support for renewables

CCS is least favored mitigation option; respondents want efficacy of storage better demonstrated
Possibility for continued use of fossil fuels not seen as compelling argument
Higher pro-environmental values associated with lower acceptance of CCS

Key Findings
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Quantitative: Experiments
Samples: University students

Quantitative: Experiments
Samples: University students

NL

NL

NL

Terwel et al. (2009a):
“Competence-based and integritybased trust as predictors of acceptance of carbon dioxide capture and
storage (CCS)”

Terwel et al. (2009b):
“How organizational motives and
communications affect public trust
in organizations: The case of CCS”

Terwel et al. (2010):
“Voice in political decision-making:
The effect of group voice on perceived trustworthiness of decision
makers and subsequent acceptance
of decisions”

Quantitative: Experiments
Samples: University students

Method
Quantitative: Phone survey
Sample: Residents of
Barendrecht
Analysis: Frequencies and
regression

Country
NL

Study
Terwel et al. (2012):
“It’s not only about safety: Beliefs
and attitudes of 811 local residents
regarding a CCS project in Barendrecht”

Table 6.7: continued

G

G

G

G

G

G

G

G

G

G

Procedural information is used to judge trustworthiness of
decision-makers; higher acceptance of outcome if decisionmaker is trusted.
The mere presence of group voice affects reactions to authorities and their decisions, even when people are not involved
themselves.
Equal treatment of different groups more important than giving
specific groups a voice

Motives ascribed to a stakeholder mediate trust in that stakeholder
When stakeholder argues in favor of CCS, congruence between
communication and inferred motives is predictive of trust, not
message content alone

Stakeholder positions about CCS influence risk and benefit perceptions differently, depending on type of trust (integrity-based
or competence-based)
Stakeholder position adopted when competence-based trust is
high
Opposite position than that of stakeholder adopted when
integrity-based trust is low

Most residents were indeed opposed to the CCS project, and
the issue was important for them
Predictors of attitude: Perceived safety of CO2 storage, trust
in decision makers, anticipated fall in property value, influence
of Barendrecht residents, perceived fairness of decision-making
process, influence of Shell

Key Findings
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Quantitative: Survey
Sample: University students
Analysis: Path analysis

JP

CH

CH

Tokushige et al. (2007b):
“Public perceptions on the acceptance of geological storage of CO2
and information influencing the acceptance”

Wallquist, L’Orange Seigo, et al.
(2012):
“Public acceptance of CCS system
elements: A conjoint measurement”

Wallquist et al. (2011):
“Adapting communication to the
public’s intuitive understanding of
CCS”

Quantitative: Experiments
Samples: Respondents from a
previous survey (mail survey
experiment) and university
students (lab experiment)

Quantitative: Conjoint study
Sample: Online panel of
research group

Method
Quantitative: Survey
Sample: University students
Analysis: Factor analysis

Country
JP

Study
Tokushige et al. (2007a):
“Public acceptance and risk-benefit
perception of CO2 geological storage for global warming mitigation in
Japan”

Table 6.7: continued
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G

G

Follow-up mail survey: more detailed information led to lower
risk perception, higher benefit perception, lower sustainability
concerns
Lab study: Information on reservoir pressure increased risk perception and decreased benefit perception; information on the
liquid form of CO2 in the reservoir and the role of CCS as
a bridging technology decreased risk perception and increased
benefit perception

All 3 factors (plant, storage, pipeline) had main effect on acceptance
Pipeline most important, then plant, then storage
Participants could be clustered into 3 groups, each focusing on
one aspect (plant/storage/pipeline)
NIMBY effect disappeared, if CO2 source was a biogas power
plant

83% explained variance in acceptance with risk perception, benefit perception, trust, perception of human interference with
regard to global warming and with regard to CCS
Largest influence: benefit perception
Main concerns of people with high risk perception: leakage and
earthquakes
Information on natural analogues decreased risk perception, increased acceptance; information on field demonstrations had
little influence

92% of variance in attitude could be explained with risk and
benefit perceptions
Benefit perception and acceptance increased after information
provision, risk perception decreased somewhat
In comparison to nuclear power, CCS loads much lower on the
dread factor and much higher on the unknown factor within the
psychometric paradigm; additional information reduces dread
dimension, but not unknown dimension

Key Findings
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Country
CH

CH

Study
Wallquist, Visschers, et al. (2012):
“The role of convictions and trust
for public protest potential in the
case of carbon dioxide capture and
storage (CCS)”

Wallquist et al. (2010):
“Impact of knowledge and misconceptions on benefit and risk perception of CCS”

Table 6.7: continued

Quantitative: Survey
Sample: Random phone book
sample
Analysis: Regression

Method
Quantitative: Survey
Sample: Random phone book
sample
Analysis: Structural equation
modeling

G

G

G

G

G

G

G

Knowledge: 36% had heard of CCS, some misconceptions
widespread
Risk perception: Strongest predictors are sustainability concerns, concerns about leakage and about reservoir overpressurization
Benefit perception: Sustainability concerns strongest predictor

Influence of risk perception on acceptance (“protest potential”)
larger than in other studies
“Tampering with the subsurface” best predictor for risk and
benefit perception
Value conflict between “cutting emissions” and “tampering
with the subsurface”: both positively correlated, but opposite
effects on benefit perception
Trust not significant for risk perception – perhaps because
stakeholder positions are still unknown

Key Findings
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General discussion

7.1

195

Discussion

CCS is regarded as one of the key technologies to mitigate global climate
change (IEA, Paris, 2012). Its adoption depends on technological advances
as well as public perception. The public can influence technology implementation in multiple ways, and it is therefore important to understand
how they perceive CCS. This enables stakeholders to make decisions that
are well aligned with public views. The present research contributed to the
understanding of lay perceptions of CCS by differentiating existing findings
and exploring new aspects.
Chapter 2 presented an experiment that tested the effect of specific information on perceptions of CCS. Some CCS experts recommend that monitoring measures should be communicated in detail, assuming that this has
a reassuring effect. This notion is challenged by the results of the experiment. They suggest that communications can benefit from a systematic
study of lay people’s perceptions, because intuitive assumptions about what
should be communicated might be inaccurate. Such assumptions are not
only made about the content, but also about the format of communications.
Illustrations, for example, are part of virtually all information materials, but
little attention has been given to a systematic study of how they might support understanding of CCS. An interview study was, therefore, conducted
to explore this question (Chapter 3). Chapter 4 presented a study about
acceptance of the entire CCS chain. Most research attention has been given
to public perception of CO2 storage, whereas the other parts of the CCS
chain have been largely neglected. In a conjoint study, all three aspects
of capture, transport, and storage as well as their relative importance for
acceptance were examined. The study of predictors of CCS acceptance is
challenging, because there are still only few CCS projects, and the public
is unfamiliar with the technology. This raises the question whether results
from acceptance studies are predictive of actual perceptions, once CCS has
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been deployed. To shed some initial light on this question, a survey was conducted that compared important antecedents of acceptance in regions that
are at different stages of CCS deployment, but that share the same cultural
background (Chapter 5). In the last chapter, a comprehensive review was
given of public perception studies of CCS that have been published thus far.
In the following, the central findings from these studies will be summarized. This is followed by a discussion of implications for risk communication.
Finally, limitations and possible future research are discussed.

7.2
7.2.1

Central findings
Communication should be adapted to the audience’s
mental models

It seems straightforward that risk communication should take its audience’s
prior knowledge into account. However, as Morgan, Fischhoff, Bostrom,
and Atman (2002, p. 19) point out, this rule is often neglected. It is timeconsuming and expensive to repeat the entire mental models process for
each new risk communication topic, and communicators might not see the
need. However, it is not sufficient to rely on intuitive assumptions about
what should be communicated to laypeople. Communicating monitoring
measures, for example, is frequently encouraged, because it is thought to reassure people about the safety of CCS. This does not seem to be the case, as
the results from the experiment in Chapter 2 suggest. At best, information
about monitoring measures had no effect. Men in the experimental condition (information about monitoring was given) even expressed higher risk
perception and lower acceptance than men in the control group (only basic
information about CCS was given). Rather than to reassure, information
about monitoring seemed to alarm.
Monitoring is directly linked to the concepts about which people are
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most concerned: It relates to potential leakage, to pressure, and the possibility of earthquakes. Mentioning that these aspects need monitoring,
might heighten the salience of these critical concepts and thus increase risk
perceptions. Understanding which concepts are influential for people’s risk
perception is therefore important.
This is not only important because information materials might inadvertently reinforce existing misconceptions, but also because misconceptions
need to be pointed out explicitly, before they can be corrected. Providing
accurate information is not sufficient to adjust false mental models (Morgan
et al., 2002; Muller, 2008). The study about CCS illustrations presented
in Chapter 3 reinforces this notion. Although pictures are a powerful way of
communicating, no difference was found between optimized and suboptimal
illustrations in terms of how well participants understood CCS, or which
misconceptions were most prevalent. Simply presenting participants with
correct information was not enough to reduce the prevalence of common,
but false, mental models.

7.2.2

All parts of the CCS chain are relevant for acceptance

Most studies of public perception of CCS focus on the storage part of the
chain. This is perhaps due to the fact that storage is the newest and least
known part of CCS to science. Capture and transport are more developed,
and particularly the transport of CO2 in pipelines is a well-proven technology
(Dooley, Dahowski, & Davidson, 2009). This does not necessarily mean,
however, that the public is familiar with pipelines, or that pipelines are
irrelevant for acceptance. In order to test the impact of all three elements
of CCS – capture, transport, and storage – on public acceptance, a conjoint
study was conducted (Chapter 4). Conjoint analyses make it possible to
test complete configurations of products, or in this case CCS systems, and
then calculating the relative importance of each factor. This method can
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be more reliable than directly asking participants how they would rate the
importance of individual factors.
The results of the conjoint study revealed that all steps of CCS contributed to acceptance. The most influential factor was pipelines; storage
had an even lower utility than capture. The latter was operationalized as
type of power plant – biogas-fired or natural gas-fired. Participants clearly
preferred CO2 that originated in a biogas-fired power plant. For the hypothetical scenarios in which CO2 from biogas was stored near a respondent’s
home, no NIMBY effect was observed, whereas a NIMBY effect was found
for the scenarios in which the CO2 came from natural gas.
Overall, the results point to the fact that all aspects of the CCS chain
should be considered for public acceptance. That a technology is well known
to science does not mean that the public is equally familiar with it or that
it is irrelevant for public perception.

7.2.3

Perceptions of CCS are likely to be stable before and
after implementation

The majority of studies that have been published about public perception of
CCS have been conducted in areas where there are no CCS activities. This
raises the question whether the results will still apply after the introduction
of CCS. To gain first insights into this question, a survey was conducted
in three regions that are at different stages of CCS deployment. Because
they were all provinces of English-speaking Canada, they were culturally
fairly homogenous. As would be expected by the presence or absence of
CCS industry, there were large differences between participants in terms of
familiarity with CCS. This familiarity, however, was unrelated to objective
knowledge about CCS or to risk and benefit perceptions. The same predictors of risk and benefit perceptions were found in all three provinces, and
their relative importance was very similar across provinces. Predictors of
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risk perception were also very similar to those found in a comparable Swiss
study (Wallquist, Visschers, & Siegrist, 2010). Fear of reservoir overpressurization and concerns about CCS being unsustainable had the highest
impact. Results for benefit perception were consistent across provinces, but
different from those found by Wallquist et al. (2010). Sustainability concerns
were much more influential for benefit perceptions in Switzerland than for
benefit perceptions in Canada. This could be explained by differences in
the national energy mix. The study allows no firm conclusion on this, but
it suggests that particularly the benefits of CCS might be viewed against
the national energy context. If electricity production relies heavily on fossil
fuels, and adding CCS would considerably improve the status quo in terms
of CO2 emissions, it is probably perceived as more beneficial than if the
share of fossil fuels in electricity production is low. Risk perceptions seem
less susceptible to such regional context variables. This tentative conclusion applies at least in the absence of negative events associated with CCS
deployment.

7.2.4

Context matters

In the previous section, it was suggested that benefit perceptions of CCS
might change, depending on the context in which CCS is deployed. A review
of the wider public perception literature indicates that context is indeed
important for the acceptance of CCS. People express a strong preference for
evaluating CCS in context and comparing it to other options for climate
change mitigation (Palmgren, Morgan, Bruine de Bruin, & Keith, 2004;
Shackley, McLachlan, & Gough, 2005). They want to know which other
technologies or policy options are available to achieve similar benefits, and
they are concerned that CCS might negatively impact the implementation
of renewable energy technologies. There are concerns that politicians might
think of CCS as a cheap and convenient “quick fix” that makes it unnecessary
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to fundamentally change energy policies.
The national policy context is probably particularly important for acceptance at the societal level. Acceptance at the local level, for specific
CCS projects, is also influenced by context. Case studies suggest that it is
mostly the social context that is relevant: the history of a community, its
social structure, its relationship with relevant stakeholders and with the fossil fuel industry. If a community feels empowered, has been able to exercise
its voice in the past, and has benefited from projects implemented by the
fossil fuel industry, it is more likely to also be positively disposed towards
a CCS project. Such previous experiences interact with other contextual
variables, such as perceived fairness regarding siting and decision-making
procedures. If a trusted stakeholder is involved, with whom good relations
have been established, decision-making procedures have a better chance of
being perceived as fair.

7.3

Implications for risk communication

The present research has important implications for the communication of
CCS, which will be presented in the following.

7.3.1

Communication materials

Risk communication can have many different purposes and audiences, and
there is no approach that fits all (cf. Lundgren & McMakin, 2009). One
obligation that policy makers wishing to implement CCS have, is to provide
neutral information materials that can be consulted by citizens who are willing to learn about the technology and are trying to form their own opinion.
The present research makes it possible to deduce some general recommendations of what should be included in such communication materials.
Communication materials can build on the fact that most people are
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aware of climate change and acknowledge that action should be taken to
mitigate it. There is a group of climate change deniers, whose size varies
between countries (Reiner et al., 2006), but they are clearly a minority.
The majority of the public seems to be aware of the relevance of the topic.
When it comes to more detailed knowledge, however, about the causes of
climate change and the role of CO2 , there is considerable confusion (de BestWaldhober, Brunsting, & Paukovic, 2012). Communication materials about
CCS could reiterate the key points about anthropogenic CO2 emissions:
What their main sources are, why they need to be curbed drastically, and
how this could be achieved. This part could be designed with the help of
existing literature about how to communicate climate change (e.g., Moser,
2010; Pidgeon & Fischhoff, 2011).
One part of communication materials should be dedicated to explaining
CCS itself and its different steps. All three steps of capture, transport,
and storage should be addressed. Regarding storage, there are a number
of widespread misconceptions that are known to influence risk and benefit
perceptions of CCS. They should be spelled out and then corrected. One is
the frequent belief that the CO2 is stored in a cavernous space. Related to
this is the misconception that the CO2 is stored as a gas. Communication
materials should point out that this picture of a “subterranean balloon” is
false and that the CO2 is actually stored in liquid form in the tiny pores of a
rock – not unlike water in a sponge. Some concerns about sudden blowouts
are also unrealistic and rooted in the erroneous belief that CO2 is explosive.
This misconception could also be addressed.
Blowouts at injection wells, however, are not inconceivable, and such
risks and possible consequences should be discussed honestly. It should
also be mentioned where there are still scientific uncertainties regarding
CCS. This is for example the case for seismic events. Their occurrence
and magnitutde are very hard to predict and no guarantee can be given
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that CO2 injection might not cause perceptible seismic activity. Such frank
communication is not only an ethical obligation, but also helps to maintain
credibility and trust in the communicator (Morgan et al., 2002; Terwel,
Harinck, Ellemers, & Daamen, 2009).
Finally, information materials about CCS should not only focus on technical aspects that directly relate to CCS. They should also discuss how CCS
fits into the energy context of the region, which other options for emission reduction are pursued, and how it is ensured that CCS does not displace other
efforts for climate change mitigation. These considerations have emerged as
essential for public acceptance.

7.3.2

The communication context

Not only the content of communication is relevant but also context variables,
such as who communicates and how. Ideally, several diverse stakeholders
should communicate together for maximum credibility (ter Mors, Weenig,
Ellemers, & Daamen, 2010). This might not always be possible, however.
Single stakeholders that are trusted most are NGOs and research institutions, probably because they are perceived to pursue public-serving motives
and not act out of self-interest (Terwel et al., 2009). Often, it will be project
developers who have to communicate about CCS. They are typically from
industry and therefore among the least trusted stakeholders (Terwel et al.,
2009; Wallquist, Visschers, Dohle, & Siegrist, 2012). They can enhance
trust in their communication, if they do not conceal their self-interest in
CCS development (Terwel et al., 2009).
For communication of a specific CCS project, it is important to engage
the public as early as possible and to make sure not only oneway communication is used (Anderson, Schirmer, & Abjorensen, 2012; Ashworth et al.,
2012; Oltra et al., 2012). Technical and legal aspects put constraints on
how much decision power can be given to the public, but it seems impor-
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tant to leave flexibility wherever possible. Local residents do not like being
confronted with a detailed project plan that leaves no room for their input,
even if it is communicated early and extensively (Oltra et al., 2012; Terwel,
ter Mors, & Daamen, 2012).
It is also important to identify and communicate local benefits that a
CCS project might generate. Benefit perceptions are the most influential
predictor of acceptance (e.g., Midden & Huijts, 2009; Tokushige, Akimoto,
& Tomoda, 2007;

Wallquist et al., 2012). The main benefit of CCS,

climate change mitigation, is neither tangible nor local. Participants in case
studies and in communities that might potentially host a CCS site, typically
point out economic benefits that a CCS project might generate, through
job creation or tourism. Involving the local population in identifying and
communicating such benefits can make messages more persuasive (WongParodi, Dowlatabadi, McDaniels, & Isha, 2011).

7.4

Limitations and future research

The present research offers important insights into public perception of CCS
and how the technology could be communicated. The studies that were conducted in Switzerland, however, share the limitation of many CCS studies:
They were conducted with participants who were largely unaware of CCS
prior to being surveyed, and for whom the topic is rather abstract. The
Canadian study (see Chapter 5) suggests that the results might nonetheless
be robust. However, this conclusion should not be overgeneralized. The
picture might look different in other countries. In addition, it might only be
true in the absence of negative events in connection with CCS deployment.
CCS operations have been running smoothly in Canada, and the oil and
gas industry is an essential part of the economy in the surveyed provinces
of Alberta and Saskatchewan. If there was a confirmed leak, a blowout at
an injection well, or a similar event, this might have a significant and last-
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ing impact on public perception. Particularly, because such an event would
seemingly confirm erroneous mental models that people hold of CO2 and
the subsurface.
In general, more research could be dedicated to such dynamic processes
that shape risk perceptions and acceptance. A theoretical starting point
might be the social amplification of risk framework (SARF) (J. X. Kasperson, Kasperson, Pidgeon, & Slovic, 2003; R. E. Kasperson et al., 1988). It
postulates that risks are perceived through images, signs and symbols that
act as risk signals. When these signals are passed along between people,
each communicator acts as an “amplification station” that might amplify
or attenuate risk perceptions, because they interpret risk signals based on
prior knowledge and experience. This makes it possible for so-called ripple
effects to occur; the image is that of a stone that is dropped into water and
causes ripples that might be quite remote from the spot where the stone hit
the water. An example is the Three Mile Island nuclear accident. It was
locally confined, but reports of it went around the globe and led to changes
in management practices of nuclear power plants worldwide (R. E. Kasperson et al., 1988). In the case of CCS, there has been only one incident that
had the potential to trigger such an amplification process. In 2011, a farm
couple from Saskatchewan claimed that CO2 from the Weyburn project had
leaked onto their land. This claim was refuted by the subsequent investigation. Additionally, coverage of the event was mostly limited to Canadian
media, and quickly ebbed off (Boyd et al., 2013). Therefore, the event did
not lead to a risk amplification process.
Not only risk perceptions should be studied more thoroughly, but also
benefit perceptions. They are the most influential predictor of acceptance
of CCS. The factors that shape benefit perceptions, however, are only partially understood. In the study presented in Chapter 5, less than 40% of the
variance in benefit perceptions could be explained. Future research could
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try and identify additional factors that are relevant. One such factor might
be values related to the use of the subsurface and interference with nature.
Wallquist et al. (2012) found a strong relationship between “tampering with
the subsurface” (the conviction that humans should not interfere with natural structures in the subsurface) and benefit perceptions.
More research could also be dedicated to understanding acceptance of
concrete CCS projects. This thesis dealt with societal acceptance, but ultimately specific CCS projects need to be implemented. It is not likely that
entirely different predictors are relevant at the local level, but their relative
importance might change. Terwel and Daamen (2012), for example, found
that persons who believed to live on top of a planned CO2 storage site attached greater weight to the risks to health and safety of local residents
than did persons who thought storage was going to happen somewhere else.
In case studies of real CCS projects (Ashworth, Pisarski, & Thambimuthu,
2009; Oltra et al., 2012), local residents mentioned economic benefits of
CCS, which were not brought up in studies whose participants were not
directly affected by a CCS project. It might therefore be worthwhile to differentiate between local and societal acceptance and learn more about which
factors impact each.
Another interesting question regarding acceptance is whether “positive
acceptance” and “negative acceptance” (i.e., opposition) are two ends of
a continuum, or whether they might be two different dimensions, similar
to positive and negative affect (Cropanzano, Weiss, Hale, & Reb, 2003;
Midden & Huijts, 2009). Most studies frame acceptance positively (e.g.,
“I would find a CCS project in my community acceptable”). Wallquist et
al. (2012), however, operationalized it as “protest potential”, which could
be interpreted as negative acceptance. They found a higher impact of risk
perception on (negative) acceptance than other CCS studies. The question
has practical relevance, because protest is a common way for the public to
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express non-acceptance, and it has stopped CCS projects in the past (Ashworth et al., 2009; Oltra et al., 2012). It is, therefore, important for CCS
developers to avoid public protest, even if they do not seek active support
from the public. This is somewhat different in a country like Switzerland;
if a referendum is to pass, it needs active approval of a majority, not just
the absence of opposition. It would thus be interesting to better understand
different aspects of acceptance, how they relate to each other, and which
variables influence them.
Finally, it is important to apply the results of public perception research
in practice. The options for mitigating climate change are becoming increasingly limited as global warming continues, and action needs to be taken.
Only a portfolio of different technologies and policy options can succeed in
reaching the 2◦ C target. The public should be given the opportunity to
make informed decisions about if and to what extent they want CCS to be
part of such a portfolio.
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