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a b s t r a c t

Sustainability considerations guide political decisions concerning energy supply options. In

this article a start has been made for the development of a sustainability framework for

carbon capture and storage (CCS) systems in the Netherlands. Using a participatory

approach (which includes an exploratory workshop, two interactive meetings, an interna-

tional survey and in-depth interviews), nine sustainability criteria for CCS based energy

systems were defined and 36 main concerns about the sustainability of carbon, capture and

storage systems (by criterion) were identified. Analysis shows that concerns related to the

following criteria are most relevant: clean, flexible, just, competitive and publicly accep-

table. Furthermore, via stakeholder consultations and through interviews, a list of actions to

tackle the concerns was developed. These actions can be clustered into three groups: (i)

increasing research and development, (ii) including CCS in a policy portfolio, and (iii) raising

public awareness. Finally, actions that should take place in the next 2 years were identified.
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1. Introduction

Sustainable development has become the main policy para-

digm since the nineties. Ever since the publication in 1987 of the

Brundtland report (WCED, 1987), sustainable development has

been taken up by many authorities and interest groups and

translated into policy targets. In the discussion of how to reach

sustainability, the central role that energy plays is increasingly

recognized1 because (i) lack of access to diverse and affordable

energy services means that the basic needs of billions of people

are not being met; (ii) energy services are a key motor of

economic growth, needed to create jobs, develop industries,
* Corresponding author. Tel.: +31 30 2537639; fax: +31 30 2537601.
E-mail address: c.a.ramirez@uu.nl (A. Ramı́rez).

1 The role of energy in reaching sustainability has been affirmed a
Framework Convention on Climate Change (1992); the Global Conferen
(1994); World Summit on Social Development (1995); the UN Confe
Millennium Declaration (2000); the Third United Nations Conferenc
Sustainable Development, 9th session (2001); and the World Summit
1750-5836/$ – see front matter # 2007 Elsevier Ltd. All rights reserve
doi:10.1016/S1750-5836(07)00097-7
enhance value added activities and support income-earning

activities; and (iii) the environmental effects of energy use can

occur at many levels, from the household to global, and include

consequences such as desertification, acidification, air pollu-

tion and climate change (WEHAB, 2002). Furthermore, the

potential of climate change has been characterized as one of the

main threats for sustainable development due to its severity,

time dimensions and irreversibility.

Our current energy system is highly dependent on fossil

fuels and unsustainable. It is therefore not surprising that

changing these conditions has become a target in energy

policy. For instance, the last European Union Green Paper on
t a number of UN conferences/agreements. For instance: the UN
ce on Sustainable Development of Small Island Developing States
rence on Human Settlements (1996); Kyoto protocol (1997); the
e on the Least Developed Countries (2001); the Commission in
on Sustainable Development (2002).

d.

mailto:c.a.ramirez@uu.nl
http://dx.doi.org/10.1016/S1750-5836(07)00097-7
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energy identifies three main objectives for the European

energy policy: (i) sustainability, (ii) competitiveness, and (iii)

security of supply (EC, 2006). Energy efficiency improvements

and further implementation of renewables are valuable

options in the development of a more sustainable and secure

energy system, but their introduction may take long. Since the

early 1990s, carbon capture and storage (CCS) has entered the

policy debate. CCS involves the recovery of CO2 from (fossil

energy) conversion processes and its disposal away from the

atmosphere, e.g. in depleted oil or gas fields, aquifers or deep-

ocean. This concept enables the prolonged use of fossil fuels

but with reduced carbon dioxide emissions, thus providing the

time needed for the large-scale deployment of renewables and

the implementation of efficiency improvements (e.g. Hen-

nicke and Fischedick, 2006; Turkenburg, 1997).

The following arguments in favour of CCS can be found in

the literature (e.g. Bachu, 2000; Metz et al., 2005; Turkenburg,

1997):
� C
CS could be deployed at a considerable scale in the coming

decades;
� T
he CO2 storage capacity is large;
� C
CS could be a cost-effective answer to high carbon-tax;
� C
CS allows for continuing large scale use of fossil fuels

giving the time to switch to other forms of energy supply;
� C
CS can be a low cost mitigation option if hydrogen were to

become a major energy carrier; it could be necessary on

longer terms if other options fail (e.g. if energy sources such

as wind or nuclear energy cannot gain sufficient market

share and/or acceptance);
� C
CS does not depend on local climate conditions, does not

compete with agriculture, fishing, other industries and land

use;
� P
rovided that the storage location is chosen carefully, CCS is

auditable.

Nonetheless, CCS also has a number of less attractive

features for example that it is essentially an end-of-pipe waste

management response for CO2 emissions, it does not reduce

CO2 production itself and the reliance on fossil fuels remains (a
Table 1 – A sustainability framework as defined in this article
security of supply issue). Hence it is not clear how CCS systems

will fit into a transition to a sustainable energy supply. Despite

this, CCS in some form is increasingly considered to be

necessary if the CO2 abatement targets in the medium to

longer term are to be met. At the moment there are only a

handful of publications dealing with the sustainability of

energy systems still based on fossil fuel sources (e.g. German

Council for Sustainable Development, 2003; Jaccard, 2005;

PowerClean et al., 2004). In the Netherlands, the government

envisions achieving a sustainable energy system in the long

term via an energy transition which may include CCS (EZ,

2005). In this paper, we do not argue that CCS is per se a

sustainable option but that its implementation could play an

important role in the transitions towards the development of a

sustainable energy supply. In this context, the research

question that guides this paper is: if CCS is to play a substantial

role in the development of a sustainable energy system in the

Netherlands,which criteria should be fulfilled?To be able to answer

this question, we developed a sustainability framework for the

implementation of CCS. This framework is made up of a set of

clear sustainability criteria that can be subsequently oper-

ationalized by indicators. Such a framework has not yet been

developed. The following sub-questions have been posed to

address the issue effectively:
1. W
hich criteria determine the sustainability of an energy

system?
2. W
hat concerns should be addressed if CCS is to be part of a

sustainable energy system or a transition towards a

sustainable energy system?
3. W
hich actors should undertake what actions to overcome

these concerns?

2. Methodology

The development of such a framework has been divided into

two phases (Table 1). The first phase aims to define

sustainability criteria, identify main concerns that would

make a CCS system unsustainable, and identify early actions

that need to be made in order to overcome the concerns. This



Fig. 1 – The chain of CCS as used in this study, indicating the different elements.
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phase also includes a preliminary prioritization of the criteria

as well as an inventory of the opinions and visions of different

stakeholders with respect to CCS. In a second phase, the

criteria will be made operational by developing indicators,

assigning weights and identifying trade-offs. Also in the

second phase an analysis of several case studies will be made

in order to identify robust methodologies that can be used to

monitor the sustainability of CCS systems. This paper reports

the results of Phase 1 which was conducted between March

2005 and September 2006. Results of the second phase are

expected by end of 2008.

The starting point for this research is the recognition that

formulating a sustainability framework cannot only be the

result of a scientific exercise made by a single institution. The

importance of early stakeholder involvement in the for-

mulation of targets for sustainability assessments of com-

plex systems has been pointed out in several studies (e.g.

Lewandowski and Faaij, 2004; United Nations, 2001). There

are two main reasons: (i) a sustainability definition must be

developed context specific and according to the priorities

and perceptions of the relevant actors towards sustainability

(the importance assigned to various criteria may differ

depending on specific regional conditions and needs), and (ii)

many sustainability criteria, especially concerning social

issues, require normative decisions which cannot be made

by scientific judgment alone (e.g. descriptions of criteria

which contain aspects such as fairness, equity and justice).

Furthermore, for systems such as CCS where uncertainty is

prevalent, information is incomplete and knowledge is

diverse, the involvement of different actors allow for a

better treatment of information because it is unlikely that

one actor possesses the perfect overview. Taking all these

aspects into account, we selected a participatory approach

for the development of a national sustainability framework

for CCS.

A participatory approach should fulfill a series of char-

acteristics (Geurts and Mayer, 1996):
� T
he analysis should be decision-oriented and stimulate

broad framing of the policy problem. A broad overview of

available scientific insights should be developed;
� O
ptions should be developed which are different, relevant

and internally consistent;
� T
he method should allow step-by-step learning and should

allow for the participation of the relevant stakeholders;
� It
2 Stakeholders are defined as agents which have a professional
should facilitate communication in which the judgments of

experts and stakeholders are taken into account; and finally
interest in CCS through employment or personal engagement in a
� T
voluntary capacity (Coninck et al., 2006).
he method should allow for the integration of scientific

data and judgment of experts and stakeholders.
The Dutch stakeholders2 involved during the development

of the sustainability framework were: the government

(Ministry of Economic Affairs, Ministry of Environment,

SenterNovem); industry (steel industry (Corus), oil and gas

industry (Shell international, NoGePa)); the power sector

(Electrabel Nederland, Nuon and Delta); research institutions

(Clingendael International Energy Programme, the Energy

Center of the Netherlands, the Netherlands Environmental

Assessment Agency, the Netherlands Organization for

Applied Scientific Research, the Rathenau Institute, Groningen

University, Technical University of Delft, University of

Twente, University of Leiden and Utrecht University); and

environmental NGOs (Netherlands Society for Nature and

Environment and Greenpeace).

Before describing the different activities in detail, it is

important to define the system boundaries of the mitigation

option as it is used in this article. The IPCC Special Report on

CCS gives the following definition: ‘‘CCS is a process consisting

of the separation of CO2 from industrial and energy-related

sources, transport to a storage location and long-term

isolation from the atmosphere’’ (Metz et al., 2005). In setting

up the framework for sustainability, we expanded the

definition of CCS because the influence of capture and storing

CO2 is not limited to the actual separation, transport and

storage activities. The other important elements we included

were the (continuing) extraction, transport and use of fossil

fuel. The boundaries of CCS used in this analysis are depicted

in Fig. 1. The following CCS chain elements are distinguished:

Elements 1–3 represent the fossil fuel or biomass production,

transportation and conversion to secondary energy carriers,

e.g. electricity, heat or hydrogen. During or after the conver-

sion, the CO2 is captured from the process and compressed

(element 4), transported (element 5), and stored or used

(element 6). It should also be noted that ideally the transport

and use of secondary energy carriers should be taken into

account because hydrogen, in particular, may have further

implications for the system. However, this aspect has been

neglected in this research.

In this research, we opted for a multi-method approach

consisting of the following activities: (i) a literature review, (ii)

an exploratory workshop, (iii) two interactive meetings, (iv) a

survey, and (v) in-depth interviews. Fig. 2 depicts how the

different activities are linked to each other and to the results.

An overview of the stakeholders involved by type of activity is

shown in Table 2.



Fig. 2 – Links between the different activities and their results.
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2.1. Exploratory workshop

A small exploratory workshop was held in July 2005. It aimed

to point out the main issues of concern regarding the role of

CCS in a sustainable energy system and targeted a select

number of stakeholders (three people from the power

industry, two from the government, two from academia and

one from an environmental NGO). The results of the work-

shop, in combination with the literature scan, were used to

shape the interactive meetings.

2.2. Interactive meetings

Two interactive meetings were conducted in November 2005

and March 2006 using a Group Support System (GSS—also

known as policy lab or collaborative computing). GSS brings a

decision-making group together in a room outfitted with a set of

hardware (a network system and a computer for each

participant involved), software (tools which enable electronic
Table 2 – Overview of the stakeholder consultations within th

Activity Number of participants

Industry

Exploratory workshop 7

Interactive meetings

First policy lab 14

Second policy lab 10 x

Survey 231

Interviews 3
brainstorming and structuring of ideas—for the two interactive

meetings we used the software GroupSystems1) and process

facilitation (preparation and management of the electronic

meeting). GSS addresses typical problems of face-to-face

meetings such as domination by one or a few members (which

tends to inhibit participation), poor interpersonal communica-

tion, poor planning and organization of the meeting, and

reluctant to express innovative ideas. GSS enables teams to

reduce their efforts in applying quality improvement methods

by providing automated means to enter, record and build on

team members ideas during face-to-face meetings. It enables

stakeholders to comment on others’ ideas in parallel and

anonymously (the anonymity should encourage participants to

speak freely) and it records automatically all information that

process through the system for future analysis. In addition to

the electronic exchange of information, ‘normal’ conversation

also takes place. GSS has been used since the mid-1980s.

Applications include arriving at potential solutions to financial

problems at a university (Lewis, 1982), evaluating the future
is project

Stakeholder type

Power sector Government Research NGO

x x x x

x

x x x

x x x x

x x



Fig. 3 – Agenda points and main output expected of the interactive meetings.

3 The survey was distributed during the first Dutch National
Clean Fossil Fuel Day (1 November 2005) and by Internet to students
of the Master Program on Sustainable Development (Utrecht Uni-
versity); participants to the 8th International Conference on Green-
house Gas Control Technologies; and to experts linked to the IPCC
report on climate change. The response rate was of about 45%.

4 To investigate the view of the ‘common’ citizen on the sustain-
ability of CCS a different kind of approach has to be designed (e.g.
information choice questionnaires). Research has shown that
‘current public opinions on CCS, assessed by traditional question-
naires, are mostly pseudo-opinions: they are unstable, and are
affected by tiny amounts of non-diagnostic information and by
the mood of the respondent’ (Best-Waldhober et al., 2006, p. 14).
For detailed information we refer to Best-Waldhober et al. (2006),
Reiner et al. (2006) and Schackley et al. (2005).
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European automobile industry (Vickers, 1992), assessing

uncertainty in communicating information (Wardekker and

van der Sluijs, 2006), and developing alternative future

scenarios for international biomass trade (Heinimö et al.,

2007). Further information on GSS can be found in Bigdoli (1996),

Colleman and Khanna (1995), Dennis and Wixom (2001),

DeSantics and Gallupe (1987) and Huber (1984).

In the first interactive meeting 14 specialists in different fields

of expertise participated (e.g. pollution, risk assessment,

transition management, energy infrastructure, energy econ-

omists, and public acceptance). The goal of the meeting was

two-fold. First, to define the criteria that an energy system

must fulfill in order to be considered sustainable. Second, to

identify the main concerns (by criterion) that would make the

implementation of CCS unsustainable.

The second interactive meeting was designed for stake-

holders (i.e. 10 policy-makers from organizations such as

power utilities, chemical companies, research institutions,

local associations, etc.). Departing from the sustainability

criteria and concerns generated in the first interactive

meeting (see Fig. 2), the second GSS aimed to (i) obtain the

visions of different stakeholders on the main concerns for

the sustainable implementation of CCS, and (ii) to identify

the responsibilities (which actors are responsible for what)

and actions that need to be implemented if CCS is to be

deployed in a sustainable way. An overview of the main

agenda points of each session and the expected results are

shown in Fig. 3.

2.3. An international survey

An international survey was conducted between December

2005 and March 2006 to obtain a preliminary hierarchy among

the concerns about the sustainability of CCS expressed by the

stakeholders in the workshop and the interactive meetings.

The survey was also used to gather data on the visions and

preferences of the respondents with respect to the role of CCS
in reducing CO2 emissions. The survey was conducted in both

paper form and through the Internet.3

2.3.1. Survey design and coverage
The target group of the survey was people working in climate

policy, energy analysis, energy policy, climate change, carbon

capture and storage, and development of technologies for

carbon dioxide abatement. It is important to highlight that this

group already has (some) knowledge of climate change related

issues (i.e.what isclimatechange,whatoptionsareavailable for

theabatement of greenhouse emissions, what is carboncapture

andstorage)and therefore it isnotarepresentativesampleofthe

‘common’ citizen in the Netherlands or abroad.4 The main

characteristics of the survey sample are shown in Box 1.

The survey consisted of three parts. The first part (six

questions) aimed to gather data on the background of the

respondents. The second part (five questions) addressed the

vision on the role of CCS in the energy system during the next

century. In the final part (nine questions), respondents were

asked to select their main concerns regarding CCS and the

sustainability of the energy system. The survey questionnaire

can be found in Appendix A. The time designed to complete



Box 1. Characteristics of the survey sample
� Number of respondents: 231 (116 from the Netherlands

and 115 distributed among 29 different nationalities).

� Employed by: scientific/research sector (48% TS, 35%

DR), the power sector (10% TS, 14%DR); the oil and

chemical industry (9% TS, 10% DR), the government

(7% TS, 9% DR), consultancy/an engineering company

(12% TS, 13% DR), environmental organization (4% TS,

3% DR), other (10% TS, 17% DR).

� Work orientation: technical (52% TS, 46% DR), econom-

ical (6% TS, 6% DR), social (5% TS, 9% DR), policy (17%

TS, 18% DR), environmental (12% TS, 9% DR), others (8%

TS, 12% DR).

� Field of expertise: technology (53% TS, 41% DR), legal

issues (2% TS, 3% DR), economic feasibility and

finances (9% TS, 10% DR), risk aspects (5% TS, 3%

DR), policy (15% TS, 16% DR), management (3% TS,

5% DR), others (13% TS, 22% DR).

� Working time spend on CCS issues: less than 25% time

(52% TS, 67% DR); 25–50% time (11% TS, 9% DR); 50–75%

time (11% TS, 10% DR), and more than 75% time (26%

TS, 13% DR).

Note. TS: total sample; DR: Dutch respondents

5 This test compares the cumulative distribution of the data with
the expected cumulative Gaussian distribution, and bases its P
value on the largest discrepancy.

6 The Mann–Whitney Rank Sum Test is used to test for a difference
between two groups that is greater than what can be attributed to
random sampling variation. The null hypothesis is that the two
samples were not drawn from populations with different med-
ians. This test ranks all the observations from smallest to largest
without regard to which group each observation comes from. The
ranks for each group are summed and the rank sums compared. If
there is no difference between the two groups, the mean ranks
should be approximately the same. If they differ by a large amount,
one can assume that the low ranks tend to be in one group and the
high ranks in the other, and conclude that the samples were drawn
from different populations. The Kruskal–Wallis Analysis of Var-
iance on Ranks is essentially the same as a Mann–Whitney Rank
Sum Test, except that there are more than two experimental
groups. The null hypothesis tested is that there is no difference
in the distribution of values between the different groups.
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the survey was around 10 min and included 20 multiple-

choice questions.

We use the third part of the survey to obtain a preliminary

hierarchy among the criteria. Note that we did not ask the

respondents to select between criteria such as clean or safe

because each respondent can have a different understanding

of what each criterion exactly means and hence we will be

unable to obtain comparable results. Instead, we opted for

translating the criteria into concerns (those expressed by

stakeholders during the exploratory workshop and the

interactive meetings) and asking the respondents to select

among four concerns at a time, which is in their opinion the

most relevant. In all cases the respondents were obliged to

select one of the concerns over the others since the option

‘none of them’ was not available. A list of the questions and

concerns used is shown in Table 4.

The results cannot only be analyzed per question, but also

by the number of times that each criterion was chosen. This is

accomplished by developing frequency distributions for each

respondent and for the total sample. For instance, respondent

X chooses concerns linked to the criterion clean three times,

safe two times, public acceptance one time, competitiveness three

times (the other criteria were not selected). Note that adding

all frequencies will give a 9. In other words, among nine points,

respondent X has given three points to the criterion clean,

three to competitiveness, one to publicly acceptable, two to safety

and zero to the rest. The distribution of nine points among the

different criteria will be used to interpret the survey’s results

in Section 4.

2.3.2. Statistical analysis
Sigmastat for Windows (version 3.11) was used to analyze the

results of the survey. In order to decide which statistical tests

would be applied to the sample, we tested whether the
population followed a standard bell shaped Gaussian dis-

tribution. Sigmastat uses the Kolmogorov–Smirnov test (with

Lilliefors’ correction) to test data for normality.5 The results

pointed out that the population did not show a normal

distribution and therefore, when comparing the differences

among variables we selected tests that do not assume the

samples to be drawn from normal populations: the Mann–

Whitney Rank Sum Test and the Kruskal–Wallis Analysis of

Variance on Ranks.6

2.4. In-depth interviews

Finally, three in-depth interviews with stakeholders from the

Ministry of Economic Affairs, the Ministry of Housing,

Planning and the Environment, and the Netherlands Society

for Nature and Environment were conducted to further

understand specific issues of concern that emerged during

the workshop and the interactive meetings. The interviews

focused on the identification of the most important concerns,

actions and responsible actors for the sustainable implemen-

tation of CCS. Of special importance was to obtain a list of

actions (together with the responsible actors) that should be

implemented in the next 2 years.
3. Visions and preferences for the role of CCS
in the energy system

What is the vision of the stakeholders involved in this project on

the role of CCS? Perception affects the way in which sustain-

ability is defined and which trade-offs are considered accep-

table. Therefore a part of the research has focused on extracting

the visions and preferences withrespect toCCS among different

groups. From the survey’s results we found that:
� T
he majority of respondents (58% total sample; 63% Dutch

respondents) considered CCS an important option because it

creates greater lead-time to develop cost-effective renewables.

Twenty-nine percent of the total respondents (22% from the

Dutch sample) perceive the importance of CCS lies in that it

can be deployed on a large scale, while the minority

considers the opportunities to exploit technical know-how
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at the national level a key factor (12% of the total sample,

16% of the Dutch respondents).
� T
he role of CCS in reducing CO2 emissions is considered comparable

to the role of energy saving and renewables by the majority of

respondents (80% total sample; 76% of the Dutch sample),

while 14% of the total responders and Dutch respondents

consider it THE solution to combat climate change, and 6%

of the total sample (10% of the Dutch respondents) see it as a

futile solution.
� S
eventy percent of the total respondents and 67% of the Dutch

respondents expect that in the coming century CCS will play an

important role as long as fossil fuels and storage capacity are

available, while 26% of the respondents (29% of the Dutch

sample) expect it to play a temporary role and only 4% of the

total sample (35% of the Dutch respondents) expect that it

will not play an important role at all.
� W
hen asked for how long they hope that CCS will play a

role, only 50% of the total respondents (36% of the Dutch

respondents) answered that they hoped CCS will play an

important role as long as fossil fuels and storage capacity are

available, 43% of the total sample (58% of the Dutch

respondents) hoped that it will play a temporary role and

7% of the total sample (6% of the Dutch respondents) hoped

that it will not play a major role.

The last two bullets showed that there is a significant

difference between what the respondents expect and hope the

role of CCS to be in the coming century. This corroborates the

notion that although energy generation by means of fossil

fuels with CCS is considered a necessary option to achieve CO2

abatement targets, it is far away from being considered an

ideal one. The position of the main stakeholders in the

Netherlands can be summarized as follows7:
� G
overnment. Although it recognizes the importance of

advanced technologies, including CCS, in addressing cli-

mate change, there is not a unified vision about the role that

CCS could play. Different views also emerged for example

between the Ministry of Housing, Planning and the

Environment and the Ministry of Economic Affairs (which

in the Netherlands is the entity responsible for designing

and implementing energy policy).
� E
nvironmental NGOs. Their role is to critically examine the

option and the conditions under which CCS would be

implemented in order to guarantee that the energy system

will develop into a sustainable one. On average, NGOs

perceive CCS as an option that may be necessary in a

transition phase in order to obtain a significant share of the

CO2 emissions reduction necessary for the medium term

(e.g. 2020–2030), but stress than in the long term (2050–2100)

the energy system should be kept within desired limits by

means of increased energy efficiency and renewables.8 An

important point is that CCS should not hinder in any way the

(further) development and implementation of renewables
7 The inventory of positions of the different stakeholders in the
etherlands was made during the exploratory workshop, second
licy lab and the in-depth interviews.

8 Typical examples of the NGOs position can be found on: Cli-
ate Action Network Europe (2006), Friends of the Earth et al.
005) and Froggatt and Teske (2005).

(2
1

su
and energy efficiency, for example by possible lower

investments in renewables due to capital flowing to

CCS.
� S
cientists/research centers. The scientific and research com-

munities recognize the potential role that CCS can play

in addressing greenhouse gas emissions. They highlight the

need for further research on economics, development of

monitoring systems and technologies for CO2 capture.
� O
il and power companies. These companies play a major role

in the implementation of CCS. They are cautious to take any

definitive decision about CCS as long as there is no clarity on

the CO2 policy (at the national and European level) and the

value of CO2 reduction in the post Kyoto period. There is also

a strong need to obtain and evaluate results from current

demonstration projects.
4. Criteria for sustainability and concerns for
the CCS system

Because of the threat of climate change and the social and

economic importance of energy, the sustainability of energy

systems has been a recurring subject of research. A literature

scan of 53 papers and books published in the area shows

several trends9:
� A
bout one third of the papers revised do not explicitly define

sustainable development or a sustainable energy system.

Among those that do, the most quoted definition comes

from the Brundtland report: ‘‘Sustainable Development is

development that meets the needs of the present without

compromising the ability of future generations to meet their

own needs’’ (WCED, 1987).
� D
espite the many interpretations of sustainability, there is a

broad consensus that sustainable development captures

two important ideas:

� Sustainable development is a concept that involves at

least three dimensions10: economic, social and environ-

mental.

� There is an obligation of the current generation toward

future generations so that their well-being will be at least

as high as our own.
9 R
00
0 I
ch
� D
espite a long list of characteristics, most authors empha-

size a combination of the following aspects when char-

acterizing a sustainable energy system:

� Security of supply: an energy system should be able to

supply the basic energy needs of the population (for

current and future generations).

� Minimization of environmental damage: the impacts of an

energy system should not exceed the capacity of the

ecosystems to absorb the effect without permanent

damage.

� Resource availability: an energy system should use

resources in such a way that the prospects of future

generations to have (at least) access to energy services at

the same level as current generations, are not threatend.
esults of the review are worked out in detail in Ramı́rez et al.
7).

n the literature there are also references to other dimensions,
as cultural, institutional and technological.



Table 3 – Criteria and concerns for the sustainability of CCS systems

Criteria Definition Examples of concerns named by
stakeholders about CCS

Clean Minimum burden for the environment in the

broad sense; reduction of emissions to the air,

soil and water. This includes amongst others

emissions that may contribute to the enhanced

climate change effect and air pollution. Clean

also includes the reduction of transport of

(dangerous) waste. This criterion has a time

and geographical dimension (no pollution for

future generations and other countries)

CCS may lead to long environmental effects associated to

fossil fuel use that are not solved by the use of this technology

(e.g. mining, other pollutants such as aerosols, NOx, SOx, etc.)

At different parts of the CCS chain, but especially during

storage, small losses of CO2 can occur that still can

lead to significant emissions over longer time periods

There is a large demand for land area (which will be

adversely affected) during the mining of coal

Safety Minimization of the negative health impacts

for humans and the prevention of catastrophe

occurrences. Special attention should be given

to the product of change and impact

The possible consequences of unexpected releases of gas

are uncontrollable. Even if there is little change, the

consequences for humans and animals might be large

When CCS is used at large scale, the probability of leakage,

especially during transport and storage, might increase

The use of coal on a large scale is unsafe when considering

the accidents/deaths during mining

Just Implies that there is both equity and

manageability between regions and generations.

The availability and accessibility of energy

should be the same for all regions and current

and future generations. Next to this, the risks

and possible negative impacts of the energy

system should also be equal. The energy supply

of the future should not lead to (increased) poverty

Building a sustainable energy supply is postponed for future

generations when CCS is introduced on large scales

CCS is less accessible for less developed countries because

of the higher costs involved

There could be increased negative environmental impacts due

to extraction of fuels (especially coal) in other regions

(outside the Netherlands)

Flexible Implies that the energy system has a diversity

of energy sources and carriers to decrease the

dependency on other regions for the current and

future energy supply system

Investments in CCS could lead to reduce investments in

other (more sustainable) options. It could optimize the current

situation further resulting in a suboptimal energy supply

system in the longer term

The choices regarding the energy systems

that are made at this moment should not

cause any lock-in for future technologies

or institutional aspects

Continuity Implies that energy sources are available

for longer timeframes and that there is

sufficient time for and insight in the

development of alternative sources

CCS will lower the efficiency of the conversion process which

would deplete fossil fuels earlier

In the Netherlands, the potential for CO2 storage could be limited

CCS will probably be implemented on a large scale making

more difficult to implement decentralized supply systems

Independence Implies that an energy system is not (too)

dependent on other regions for its

energy supply

Because fossil fuels will still be the main energy carrier,

CCS will not contribute to a less fossil fuel dependent

energy system. It may even increase

Competitive position

or affordability

Implies that energy is available at low costs

for consumers and that there is a level playing

field for industry and power companies

CCS has high investment costs. It increases the electricity

production costs

CCS should especially play an important role in countries with

significant amount of coal as China and India. In these

countries affordability is especially a potential bottleneck

Although CCS is more expensive than energy saving measures,

it may decrease pressure to improve energy efficiency and

as a result lead to additional costs

If the investments in CCS technologies are not done at an

international scale, this might be adverse for the economy.

CCS is only possible if there is an international incentive

or policy for climate neutral energy supply

Publicly acceptable The system should be acceptable for large

parts of the society, should be transparent

and guarantee the common interest

CCS can have large local impacts (compression, transport

and storage). This is potential undesirable for local

environment and habitants

Parallels to nuclear waste disposal can be made by the public,

which could increase opposition by local communities

Reliability Implies that the energy system supplies a

continue flow of energy. The complexity of the

system should not reduce the constant supply

of energy

CCS Increases the complexity of power production which

could lead to increasing black-outs or increase the need

for more back-up power generation capacity
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� Price affordability: there should be equal opportunities to

access energy services for all society members and those

services should be provided in such a way that support

economic growth and employment.
� In
 comparing the multifaceted visions of sustainable

development, the way the concept is framed in most papers

places greater emphasis on the environmental pillar

(compared with the economic or social pillar).
� A
ttempts to operationalize sustainable development assess-

ments of energy systems usually involve a conceptual

division into particular sustainabilities, excluding the

integration of the ecological, economic and social dimen-

sions. There is a lack of a conceptual framework that can

reconcile the goals formulated in all of them.
� D
11 The manner in which the survey was designed implies that
each concern statement is presented along with three other con-
cern statements and respondents should select their biggest
worry (i.e. forced to choose one out of four). Note that each
concern (indicating a specific criterion) on its own provides no
information about the importance of the chosen criterion; it
merely indicates that the chosen worry is ‘‘bigger’’ than the three
others (e.g. all four worries can be totally unimportant in the eyes
of a respondent). Hence, although the data allows for a prelimin-
ary comparison of the frequency with which certain worried are
selected, it is not suited to derive specific weights that could be
used in multi criteria analysis.
espite frequent criticisms of sustainability implementa-

tion strategies developed without active participation of the

stakeholders involved including local communities, most

definitions, strategies, characteristics and/or indicators

developed in the literature nonetheless did not include

public participation as an active element during the

formulation process.

In this context, the development of a sustainability

framework for CCS systems in the Netherlands should at

least: (i) make explicit the definition of sustainability used, (ii)

include public participation as an active element, and (iii) give

balanced attention to the three pillars of sustainable devel-

opment (economic, social and environment).

In this research, to derive a consistent definition of a

sustainable energy system, we focused on the criteria that a

sustainable energy system must fulfill. Furthermore, the

definition of the criteria used to characterize a sustainable

energy system is the result of the participatory process with

experts using a bottom up procedure during the first

interactive meeting (first, brainstorming desired character-

istics of a sustainable energy system, then grouping them into

clusters and thirdly providing a name for each cluster). In this

way, what is considered in each group (hereafter criterion) is

explicitly formulated and thus avoids confusing terminology.

The result is a list of nine criteria that together defines a

sustainable energy system: ‘‘a sustainable energy system is a

system that is clean, safe, reliable, just, affordable, and accepted by

the public, and guarantees flexibility, continuity and independence’’.

The following step was to understand what concerns (per

criterion) could make an energy supply system with CCS

unsustainable. When this is known, it becomes possible to

evaluate whether or not actions can be taken to overcome or

prevent such problems. Table 3 shows the list of the

sustainability criteria, the definitions of each criterion (as

resulted from the first interactive meeting), and representative

examples of the main concerns related to the implementation

of large scale CCS (as resulted from the two interactive

meetings). The concerns were provided by experts (first

interactive meeting) and stakeholders (second interactive

meeting and in-depth interviews). Note that the list of

concerns does not imply that every concern is justified, valid

and/or based on scientific evidence. It simply means that a

(group of) stakeholder(s) in the Netherlands think those points

need to be addressed because they could make a CCS system

unsustainable.
5. Preliminary hierarchy of sustainability
criteria

Implementing a CCS system that fulfils at once all sustainability

criteria will be a daunting task to achieve. To implement a

system that step-wise fulfills thecriteria is a more realistic view.

For this reason, we have used the results to gain preliminary

insights into which concerns and related criteria are considered

a priority. Table 4 shows the results of the selection of concerns

by the respondents of the total sample (third column). Note

that concerns associated with the criteria continuity, reliability,

and safety were not selected as main worries (independent

of the country of origin of the respondent) when compared

with those associated with other sustainability criteria.

Table 4 is, in fact, a contingency table which also

summarizes the concerns according to the type of organization

the respondents were working for. Strong conclusions from the

table are not easily derived, and although it is evident that the

way participants selected concerns is influenced by the kind of

organization they represent, to what level this influenced the

selection made is not clear. In order to have a better

understanding of the results, we have ‘translated’ the answers

to the individual questions into frequencies as described in

Section 2. This grouping provides a preliminary clustering of

the sustainability criteria (see Figs. 4 and 5). It is important to

highlight that the results of this ‘translation’ can only be used

as a first guide of the relative importance of each criterion.

To use these results for other purposes (e.g. by applying

directly the distribution of weights to a multi criteria analysis)

would go beyond a reasonable interpretation of the data.11

Fig. 3 depicts how the respondents of our survey prioritized

the various criteria of Table 3. The bars represent confidence

intervals of 95%. At a first sight, three clusters can be distin-

guished, with clean, flexible, just, competitiveness and publicly

acceptablebeing prioritized the highest, followed by independence

and continuity, and in last place, safe and reliable. These results at

the cluster level are in agreement with the results provided in

Table 4. Fig. 4 also shows whether the Dutch respondents would

prioritize the criteria differently. We found that, statistically,

the differences between the means of the groups ‘Dutch res-

pondents’ and ‘Other nationalities’ are only significant for the

criteriapubliclyacceptableand independence (Pvaluesare shown in

Appendix B). In other words, the differences in the means for

publicly acceptable and independence obtained for ‘Dutch respon-

dents’ and ‘Other nationalities’ is greater than would be

expected by chance (as is the case with the other seven criteria).

Nonetheless, despite the statistic difference, the variability of

the means is not big enough to change the rank order.



Table 4 – Results Part III of the survey

Q My greatest concern regarding CCS Related
criteriaa

Concern
selected
(% total
sample,
N = 231)

Concern sele ed by respondents according to the type of
rganization they work for (%)

Power
sector
(n = 23)

Oil/chemic
industry
(n = 21)

Engineering
consultancy

(n = 28)

Government
(n = 16)

Scientist-
research

institution
(n = 111)

NGO
(n = 9)

1 That there is no public acceptance for CCS 1 45 63 71 35 29 47 11

That there is no or little spin-off for renewable energy 2 28 29 10 15 35 30 33

That it impedes the implementation of solar and wind energy 3 17 8 5 27 29 13 56

That international pipelines are difficult to manage 4 10 0 3 6 1 11 0

2 That we stay dependent on fossil fuels 3 49 41 52 46 46 50 22

That CO2 leaks from underground reservoirs counteracting the effect of storage 5 27 25 19 23 24 30 56

That it impedes poor countries to develop their energy supply 6 16 21 19 23 18 15 0

That there is a danger for a large blow-out at the storage site 7 8 13 10 8 12 5 22

3 That the costs will have negative effects on our standards of living 9 33 58 47 38 24 28 33

That the storage capacity for CO2 is insufficient 2 32 13 29 31 46 35 34

That CO2 leaks to an adjacent drinking water reservoir 5 22 25 19 12 18 20 33

That CO2 pipelines cross populated areas that may prove to be dangerous 7 13 4 5 19 12 17 0

4 That it diverts attention away from energy saving 3 48 33 33 54 59 52 67

That poor countries do not have access to expensive CCS technology 6 21 13 19 15 29 24 0

That the price of electricity will increase too much 9 21 50 29 23 12 13 22

That it stimulates centralized large-scale energy supply (which might be less reliable than decentralized one) 8 10 0 19 8 0 11 11

5 That other environmental problems of energy supply are not solved 5 44 33 47 54 41 43 56

That the development of renewable energy systems will be impeded 3 36 42 29 38 24 38 33

That small-scale renewable energy will have little opportunity 4 13 8 24 4 29 12 0

That there are not sufficient fossil fuel resources available 2 7 17 0 4 6 7 11

6 That we will become dependent on regions with large amounts of storage capacity 4 42 13 13 0 41 22 22

That companies will not invest in this technology 9 26 25 67 0 53 46 34

That the balance of competition is disturbed 1 22 58 10 100 0 20 22

That casualties will continue to occur as a consequence of coal mining 7 10 4 10 0 6 12 22

7 That it doesn’t solve the environmental issue due to the continuing pollution from

extracting and transporting fossil fuels

5 34 29 14 38 35 37 56

That we remain dependent on regions with large fossil fuel resources 4 33 38 38 27 47 32 11

That environmental organizations are opposed to it 1 25 29 43 23 18 24 11

That power plants will become more complex resulting in more power failures 8 8 4 5 12 0 7 22

8 That we place a burden on future generations because of the CO2 stored underground 6 58 58 38 58 53 57 56

That fossil fuels will become expensive 9 26 30 38 27 6 29 44

That the supply of fossil fuels is unreliable 8 13 8 14 15 29 13 0

That storage locations will become a target for terrorist attacks 7 3 4 10 0 12 1 0

9 That other countries/regions will not implement CCS 1 52 75 66 30 0 54 0

That future generations have to bear the costs of a transition to an energy supply

based on renewables

6 38 13 24 50 42 39 67

That climate change is a hype and CCS not required after that 2 6 8 5 8 58 5 33

That industrial production processes shut down more often because of the increased complexity 8 4 4 5 12 0 2 0

a Related criteria—1: publicly acceptable; 2: continuity; 3: flexible; 4: independence; 5: clean; 6: just; 7: safe; 8: reliable; 9: competitive.
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Fig. 4 – Distribution of frequency points among

sustainability criteria for the total sample and for the

groups ‘Dutch respondents’ and ‘other nationalities’.
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We also analyzed whether the results are dependent on the

kind of stakeholder (e.g. NGO vs. Government). Fig. 5 plots the

prioritization of the criteria related to the type of organization.

The figure provides a clearer picture of the influence of this

factor on the results than Table 4. As expected, for those

sectors that can implement CCS (the power sector and the oil

and chemical industry), clean, competitiveness and flexible are

ranked the highest. Interestingly, the power and oil and

chemical industry ranked publicly acceptable higher than all

other sectors. The criteria independence, flexible and just were

ranked the highest by the governmental sector while clean,

just, competitiveness and flexible were the criteria ranked in first

place by environmental organizations. Note that the con-

fidence intervals are much bigger for the individual groups

than for the total respondents, which is a reflection of the size

of the sample. For instance, only 4% of the sample works for

environmental organizations (4%), while 48% work for the

scientific/research sector.

Since publicly acceptable and independence are the criteria

showing significant statistical differences between the Dutch

and non-Dutch respondents, we have taken a closer look to
Fig. 5 – Distribution of frequency points among

sustainability criteria according to organization.
thesetwocriteria,nowaccordingtothetypeoforganization(e.g.

chemical/oil industry, power sector, government, research) and

nationality (i.e. Dutch vs. non-Dutch respondents). We found

that in only one case there were significant statistical

differences among Dutch and non-Dutch stakeholders. Non-

Dutch respondents working for the chemical and oil industry

gave a significantly larger weight to the criterion Public

AcceptancethanDutchones(PvaluesareshowninAppendixC).

We have also evaluated whether the prioritization of the

different criteria is affected by the perceptions the respon-

dents have on the role of CCS for the next century. In other

words, do the respondents expectations (or hopes) for the

future role of CCS affect how they distribute the weights

among the different criteria?12 Our findings are summarized

below (results of the statistical tests are shown in Appendix D):
� T
1

an
av
im
he frequency with which concerns related to the criteria

clean, safe, independence and reliable were selected is inde-

pendent of whether the respondents hope/expect the role of

CCS to be important, temporal or not important.
� T
he weight allocation to the criteria continuity and publicly

acceptable are dependent on the respondents’ hopes/expec-

tations for the role of CCS. Respondents who hope/expect

CCS will play a temporal role more frequently selected the

criterion continuity than respondents who hope/expect an

important role. In contrast, the criterion publicly acceptable

was selected less frequently by those who hope/expect a

temporal role and more frequently by those who hope/

expect an important role. Additionally, we found a sig-

nificant difference in the respondents’ selected concerns

related to the criterion publicly acceptable between the groups

‘important role’ and ‘non-important role’, with the former

group selecting this parameter more frequently (this is only

the case when participants were asked about their hope for

the role of CCS, when asked for their expectations, no

significant differences are found between the groups).
� F
or the criteria just and competitiveness, there are only

differences in the way the criteria are prioritized when

respondents were asked about their hopes on the role of CCS

for the next century (when asked for their expectations, no

differences are found among the groups). The difference is

found between the groups ‘hoping that CCS will play an

important role’ and ‘hoping that CCS will play a temporal

role’. For the criterion just, respondents who hope CCS will

play a temporal role selected the concerns related to this

criterion more frequently than those respondents hoping for

an important role. For the criterion competitiveness, the

highest weight is allocated by those respondents hoping for

an important role of CCS.

Summarizing, the frequency with which concerns regard-

ing the criteria clean, safety, independence and reliable is not

affected by the respondents’ perception of the future role of

CCS. Respondents who hope/expect CCS to play a temporary

role in the energy system tend to more frequently select

concerns related to the criteria continuity and just than those
2 There are three kind of roles assigned to CCS in the survey: (i)
important role as long as fossil fuels and storage capacity is

ailable, (ii) a temporary role and (iii) that it will not play an
portant role in the next century.
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who hope/expect an important role for CCS. On the other

hand, respondents who hope/expect CCS to play an important

role as long as fossil fuels and storage capacity are available

tend to select more frequently concerns related to the criteria

publicly acceptable and competitiveness than those expecting/

hoping for a temporal role.

Finally, the low frequency with which concerns regarding

safety issues were selected is striking (when compared to other

sustainability criteria). Safety is a recurrent point of discussion

in almost all literature and debates concerning CCS. This low

ranking seems to be independent of the nationality, the type of

organization of the respondents or the role they hope or expect

for CCS in the next century. The low ranking could be due to the

belief that with the current technology and increased knowl-

edge about characteristics of the sequestration sites, safety

requirements could be more easily fulfilled than other sustain-

ability concerns and hence safety does not appear as a big threat

to the sustainability of the system. The low ranking does not

imply that no further research or measures are required to

increase safety of CCS systems.
6. Roles and responsibilities

In addition to defining sustainability criteria and identifying

concerns for the sustainability of CCS systems, we have also

examined how stakeholders see their role and responsibilities

for the implementation of different actions. To do so,

stakeholders were asked during the second interactive meet-

ing and in the in-depth interviews to identify (i) actions to

overcome the main concerns for the implementation of CCS as

part of (a transition towards) a sustainable energy system, and

(ii) the actors responsible for carrying out these actions. This

exercise resulted in the definition of three groups of actions:
1. I
ncreasing research and development (R&D);
2. I
ncluding CCS in a policy portfolio (national and interna-

tional) and in current or new legal frameworks;
3. R
13 Actions of this type have already begun. For instance, a resolu-
tion on an Amendment to Annex 1 of the 1996 Protocol to the
London Convention to include CO2 sequestration in sub-seabed
geological formations (which recognized that CCS is an important
mitigation option and expressed the desire for regulation of CCS)
was adopted on the 2 November 2006.
14 At this respect the European Commission in its Decision C
(2004)130 [M&R Guidelines] invites ‘‘Member States interested in
the development [of M&R guidelines for CCS] to submit research
findings to the Commission’’. The Department of Trade and Indus-
try of the UK has undertaken a study that reviews monitoring
requirements and proposed a set of guidelines for EC to consider
for adoption by member states. No outcome is available yet.
aising public awareness and improving public acceptance.

6.1. Increasing research, development and demonstration

Not surprisingly the first group of actions pointed out by most

stakeholders are related to R&D. In order to reduce the energy

efficiency penalty and high investment costs, more research

and development is required. This encompasses both demon-

stration projects and more academic research. Although the

main technological components for CCS deployment (i.e.

capture technology, pipelines, injection) have already been

available and deployed worldwide, they have not been yet

demonstrated together in an integrated energy generation

system. Increasing commercial experience with assessing the

complete chain is thus considered important. In addition,

because experience with CO2 storage is limited, monitoring

and on-site testing during demonstration projects are needed

to improve the knowledge of the storage capacities and the

safety of storage sites (see for instance Damen et al., 2006).

Summarizing, this type of action would focus on three criteria:

clean (efficiency improvement); safety (testing storage sites

and developing monitoring systems) and competitiveness
(reducing the high investment costs, improving efficiency of

the entire CCS chain).

6.2. Including CCS in a policy portfolio (national and
international) and in current or new legal frameworks

This second group includes actions related to the creation of

policy and legal frameworks. As pointed out by stakeholders

from the industry and power companies during the workshop

and the second interactive meeting, CCS will only be

implemented on a large(r) scale when CO2 has a price. The

inclusion of CCS in the EU Emissions Trading Schemes (ETS) is

therefore indispensable. The current ETS system does not give

credits for CCS and several issues must be resolved before this

happens (e.g. volatility of the CO2 market must be addressed

because it can hinder long term investments). Similar remarks

were done for the inclusion of CCS in the Clean Development

Mechanism (CDM).

At a national scale, it was mentioned that a subsidy such as

a feed in tariff needs to be implemented. These subsidies

should be guaranteed at the longer term to create security for

market players. However, it should be noted that subsidies of

this kind will most likely be opposed by environmental NGOs.

In fact, one of the main points that has been made by NGOs

such as Greenpeace and the Netherlands Society for Nature

and Environment is that subsidies should not be given for the

implementation of CCS (with the exception of subsidies for

R&D and demonstration projects). This statement is based on

the ‘‘polluter pays principle’’ (i.e. energy and main industrial

sectors should bear the financial weight of CCS deployment).

Hence, subsidies should only be set aside for ‘sustainable’

energy initiatives (i.e. primarily low-impact renewable energy,

energy efficiency and conservation) for which public invest-

ment is needed to mobilize large-scale deployment across the

economy. Furthermore, the Netherlands Society for Nature

and Environment stated that CCS should be presented as one

option within a portfolio of greenhouse gas mitigation options,

next to renewable energy sources. The portfolio (and not CCS

as such) should be the main framework of the greenhouse gas

mitigation policy. An additional point made was that in

current legislation on waste or treatment of offshore areas,

storage of CO2 is not included (changes in the legislation have

begun although at a rather slow pace).13 Furthermore, to

guarantee safety and storage over a longer period of time,

monitoring is very important. This needs to be institutiona-

lized including the development of necessary standards.14 The

responsibilities and liabilities related to sudden impacts and



Table 5 – The most urgent actions for deployment of CCS for the coming 2 years including the responsible stakeholder as
mentioned in the in-depth interviews

Actions Responsible actor Related criteria

Inclusion of CCS in EUs ETS system Government (international) Competitiveness

Improve insights into the affordability of CCS

and under what CO2 regime

Research institutions Competitiveness

Develop standards related to safety and monitoring

and institutionalise responsibilities related to

unwanted CO2 releases

Government (international) Safe

Implement demonstration projects Industry Clean, safe, competitiveness

Include CCS in legal national and international

frameworks (e.g. ETS, CDM)

Government (international: EU) Safe, competitiveness, just

Increase public awareness All stakeholders Publicly acceptable

Research on efficiency improvements Research institutions (academic, national, industrial) Clean
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disasters should also be clear before starting large scale

implementation.

Summarizing this group of actions focuses on the criteria

competitiveness (providing some kind of financial guarantees to

lower the threshold for investment in CCS and reducing

vulnerability to the political decision-making); safety (devel-

oping and implementing a reporting, monitoring and verifica-

tion system for CCS systems, in particular for the storage of

CO2) and just (increasing technological development by means

of CDM projects). National and international governmental

bodies are considered responsible for implementing CCS in

the ETS and CDM, for subsidies and legal approval, as well as

for monitoring systems.

6.3. Raising public awareness and improving public
acceptance

This third group of actions is considered crucial for the large-

scale implementation of CCS by all actors. National and local

resistance can arise related to risks brought by this option (e.g.

leakage) and by impacts of infrastructural works. An open and

transparent decision-making process related to impacts in the

short, medium and long-term should be guaranteed in order to

avoid/minimize local resistance to concrete project(s). When

informing the public, open communication is important

(already important when starting demonstration projects).

When communicating CCS to a broader public, a key message

should be that all greenhouse gas mitigation options and

measures are required when combating climate change. It was

also mentioned that a stepwise introduction of CCS might be

an approach to gradually become more acquainted with the

technology.

A relevant question is who should play what role in

raising public awareness and support. Ter Mors (2004), for

instance, has examined whether the credibility of CCS

organizations maters for attitude formation (similar lines

of research are being carried out in the UK and Australia).

Among the main conclusions are: (i) people will lack the

ability (e.g. due to lack of knowledge, experience, time

constraints) to form attitudes systematically towards CCS

and will use heuristics (e.g. ‘‘messengers from experts can be

trusted’’, ‘‘messages that people agree to are right’’, ‘‘the

longer the message the more valid it is’’); (ii) it is likely that

people will use the credibility of the source of communica-

tion as a heuristic; (iii) The credibility of CCS organizations
will (directly or indirectly) influence attitudes. Hence,

although no individual actor was mentioned during the

workshops and in-depth interviews to be solely responsible

for this, stakeholders from the government and scientific

community have highlighted the importance of NGO support

when informing the general public. A supportive position of

NGOs could minimize conflicts since it has been found that

among stakeholders industry and government tend to be

trust the least by the common citizen while environmental

NGOs and scientific organizations are perceived as the most

trusted (e.g. Ter Mors et al., 2005; Trumbo and McComas,

2003). Environmental NGOs therefore have a crucial role in

the public debate and need to be actively involved in the

decision-making process from the start.

So far, the list of actions obtained during the interactive

meetings has a rather general character. In order to specify

further, we used the in-depth interviews to obtain a list of

concrete actions for the coming 2 years. The results are

shown in Table 5. For stimulating implementation and for

improving the competitiveness of CCS, primarily policy

makers and research institutions should take early actions.

Policy makers need to guarantee a sufficiently high price for

CO2 and are considered responsible for the standards and

guidelines for risk management and monitoring. There is

call for research institutions to improve the efficiency of

CCS and analyze the costs and cost reduction potential

for CCS. There is a role for industry to increase their

knowledge of the implementation of the entire chain

by starting demonstration projects. The improvement of

public acceptance is seen as an action that involves all

stakeholders.
7. Conclusions

Carbon capture and storage is a mitigation option that has

gained interest over the last decade. Whether CCS can

contribute towards sustainable development of energy

systems is an important but complex policy question. In this

study, a start has been made to develop a sustainability

framework for the implementation of CCS in the energy

system. By using the framework a (more objective) con-

sideration can be made regarding if and how CCS can

contribute to a sustainable energy system. The framework

is been developed in close discussion with experts on



i n t e r n a t i o n a l j o u r n a l o f g r e e n h o u s e g a s c o n t r o l 2 ( 2 0 0 8 ) 1 3 6 – 1 5 4 149
sustainability and CCS, and with the relevant actors involved

in the development and deployment of CCS. In this study the

following steps were performed: (i) compilation of a set of

criteria, which form the basic elements of the framework; (ii)

identification of the concerns for implementation of CCS with

respect to its contribution to a sustainable energy system,

which has been done per criteria; (iii) preliminary prioritiza-

tion of the criteria, based on survey and workshop discus-

sions; (iv) identification of required actions to address the

concerns. Also, for each action the actors were identified who

are considered to have the principal responsibility to initiate

the action.

Based on a literature review, discussion and workshops

with relevant stakeholders, a definition of a sustainable

energy system based on a set of nine criteria was developed:

‘‘a sustainable energy system is a system that is clean, safe,

reliable, just, affordable, and accepted by the public, and

guarantees flexibility, continuity and independence’’. For each

criterion, experts and stakeholders identified a list of 36

concerns. Each posses a (perceived) possible barrier for the

implementation of CCS in a sustainable way. The concerns

that were selected as the most troublesome by the respon-

dents of the survey are:
� W
hether or not there will be sufficient public acceptance for

CCS;
� T
he energy system will remain dependent on fossil fuels;
� T
he increased costs will have negative effects on our

standards of living;
� C
CS diverts attention away from energy saving and renew-

able energy;
� O
ther environmental problems of current fossil energy

supply are not addressed by CCS such as local air pollution

and mining operations;
� T
he energy system may become dependent on regions with

large amounts of storage capacity;
� W
e may place a burden on future generations because of the

CO2 stored underground;
� O
ther countries/regions will not implement CCS.

Analysis shows that concerns related to the criteria clean,

flexible, just, competitiveness and publicly acceptable were con-

sidered most relevant. The selection of concerns is influenced

by the type of organization the respondents work for. This is an

important point since it implies that for balanced and unbiased

evaluation of sustainability of energy supply systems with CCS,

heterogeneity in the stakeholder group that participates in the

decision-making process should be guaranteed.

Notably, among the most troublesome concerns selected

by the respondents, those related to safety were not found.

The apparent (relatively) low priority of safety cannot

and should not be understood as a call for no action with

respect to this criterion. In fact, in both the policy sessions and

the in-depth interviews there was a constant call for

increasing knowledge on the testing and monitoring of

underground storage (to minimize/avoid consequences of

possible CO2 leakage). The low frequency with which concerns

related to safety were selected in the survey could be due to the

perception (of most actors) that with the current technology

and increased knowledge about characteristics of the storage
sites and safety, the requirements can more easily be fulfilled

than other sustainability concerns. Furthermore, the choice in

the survey of one worry among four merely indicates that the

chosen worry is considered more troublesome than the other

three and thus does not imply that the concerns not selected

should be disregarded.

In stakeholder consultations and interviews we discussed

the actions required to overcome the concerns. These actions

can be clustered in three groups: (i) increasing research and

development, (ii) including CCS in a policy portfolio, and (iii)

raising public awareness. The government is generally seen as

the most relevant stakeholder for the first phase of imple-

mentation of CCS (in a sustainable way). Apart from some

small niche markets, CCS will add to the costs of energy

production and will therefore need a strong policy support.

Early actions should include (per stakeholder group):

Government:

� Working to include the inclusion of CCS in EU ETS system;

� Supporting research, development and demonstration to

increase environmental performance and reduce costs of

CCS;

� Developing safety and monitoring standards;

� Including CCS in legal and regulatory frameworks (e.g.

London Convention, ETS, CDM) and adjusting current

legislation tomake CCS possible, especially regardingstorage;

� Providing (financial) guarantees for investment in CCS,

especially in the start-up phase of the implementation;
Industry:

� Increasing research and development into CCS and devel-

oping demonstration projects (along the entire CCS chain);

� Developing risk assessment and monitoring protocols;
Research institutions:

� Increasing understanding of when CCS would be econom-

ical and competitive;

� Conducting research to improve the capture efficiency and

storage safety, and developing risk assessment and mon-

itoring protocols;
All stakeholders:

� Improving the public awareness of CCS.
Environmental NGOs are not listed as their role mainly

consists of critically monitoring CCS implementation

to ensure that CCS does not hinder (further) development

and implementation of renewables and energy efficiency.

In this paper we have made an inventory of the position of

different stakeholders in the Netherlands with respect to CCS;

defined sustainability criteria; identified main concerns for

CCS and developed a list of actions that should take place in

the coming years. Further research will identify quantifiable

indicators (by criterion), weights and trade-offs. This informa-

tion, together with the results already obtained, will make

possible to monitor whether the deployment of CCS con-

tributes to the development of sustainable energy systems.
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Appendix B

Mann–Whitney Rank Sum Test—differences in hierar-
chies among criteria by nationality

Criteria P-Value for the comparison
between the ‘Dutch respondents’

and ‘Other nationalities’

Clean 0.094

Safe 0.835

Flexible 0.058

Justice 0.141

Competitive 0.090

Reliable 0.836

Continuity 0.058

Public acceptance 0.015*

Independence 0.012*

* Failed the test. The difference in the median values between the

two groups is greater than would be expected by chance; there is a

statistically significant difference.

Appendix C

Mann–Whitney Rank Sum Test—differences in hierar-
chies among criteria by organization

Criteria/organization P-Value for the comparison
between the ‘Dutch

respondents’ and ‘Other
nationalities’

Public
acceptance

Independence

Engineering/consultancy 0.436 0.597

Chemical/oil industry 0.029* 0.122

Power sector 0.927 0.830

Environmental organizations 0.714 0.905

Government 0.405 0.493

Scientific/research sector 0.150 0.237

* Failed the test. The difference in the median values between the

two groups is greater than would be expected by chance; there is a

statistically significant difference.

Appendix D

Kruskal–Wallis One Way Analysis of Variance on Ranks—differences in hierarchies among criteria according the role that
respondents hope/expect CCS to have in the next century

Criteria P-Value for the comparison between the groups

‘Hoping that CCS will play an important
role as long as fossil fuels and capacity
are available’, ‘hoping that CCS will play
a temporal role’ and ‘ hoping that CCS
will not play a major role’

‘Expecting that CCS will play an important role as
long as fossil fuels and capacity are available’,
‘expecting that CCS will play a temporal role’ and
‘expecting that CCS will not play a major role’

Clean 0.682 0.317

Safe 0.604 0.879

Flexible <0.001*,a 0.167

Justice 0.023*,b 0.498

Competitive <0.001*,c 0.566

Reliable 0.669 0.830

Continuity 0.020*,d 0.049*,e

Public acceptance <0.001*,f 0.002*,g

Independence 0.717 0.817

* Failed the test (P < 0.05). The difference in the median values between the two groups is greater than would be expected by chance; there is a

statistically significant difference. A multiple comparison procedure has been performed using the Mann–Whitney Rank Sum Test to show in

which groups the difference among the means can be found.
a The difference in the means is found between the groups ‘important role’ and ‘temporal role’ (P < 0.001). The P values for the comparison

‘‘important role vs. non-important’’ and ‘‘temporal role vs. non-important’’ are 0.061 and 0.799, respectively.
b The difference in the means is found between the groups ‘important role’ and ‘temporal role’ (P = 0.017). The P values for the comparison

‘‘important role vs. non-important’’ and ‘‘temporal role vs. non- important’’ are 0.113 and 0.811, respectively.
c The difference in the means is found between the groups ‘important role’ and ‘temporal role’ (P < 0.001). The P values for the comparison

‘‘important role vs. non-important’’ and ‘‘temporal role vs. non-important’’ are 0.088 and 0.790.
d The difference in the means is found between the groups ‘important role’ and ‘temporal role’ (P = 0.026). The P values for the comparison

‘‘important role vs. non-important’’ and ‘‘temporal role vs. non-important’’ are 0.236 and 0.566, respectively.
e The difference in the means is found between the groups ‘important role’ and ‘temporal role’ (P = 0.046). The P values for the comparison

‘‘important role vs. non-important’’ and ‘‘temporal role vs. non-important’’ are 0.206 and 0.604, respectively.
f Differences in the means are found between the groups ‘important role’ and ‘temporal role’ (P < 0.001) and the groups ‘non-important’ and

‘important role’ (P = 0.004). The P value for the comparison ‘temporal role vs. non-important’ is 0.821.
g The difference in the means is found between the groups ‘important role’ and ‘temporal role’ (P = 0.002). The P values for the comparison

‘‘important role vs. non-important’’ and ‘‘temporal role vs. non-important’’ are 0.097 and 0.840, respectively.
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