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Scientific abstract 
 
The CCS project in Barendrecht received a lot of criticism from the public and experts for being an 
experiment, for which the safety was not sufficiently analyzed. The safety criticism mainly focused on 
the methodology for risk assessments, prescribed by Dutch law. In order to improve this 
methodology, a number of improvements was identified based on criticism from experts, the public 
and scientific literature. The relevance of these improvements was tested in terms of effects on risk 
calculations and opinions of experts and residents of Barendrecht. While three of the improvements 
were considered relevant in both terms, the results also showed that the used methodology is 
unsuited for the safety assessment of a new technology. In addition to the relevant improvements, a 
qualitative section should be added that addresses the specific situation in detail, beyond the strict 
legal requirements. By involving the public in such a detailed analysis, both the correctness and 
perception of the public are addressed and hence should lead to improvements of the public 
acceptance. Furthermore, communication is a determining factor to the effectiveness of risk 
analyses. Poor communication leads to distrust and suspicions, which make risk analyses lose their 
credibility. Thus, the communication between official parties and the public should be on an 
appropriate level for risk analyses to take into effect in the first place. 
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Executive summary 
 
In 2008, Shell and the national government started the procedures for the first carbon capture and 
storage (CCS) project on land in the Netherlands. This project would feature the underground storage 
of carbon dioxide (CO2) in an empty gas field under Barendrecht, a municipality with over 45,000 
residents. The project was claimed to be safe by the government, based upon a risk analysis with an 
identification of scenarios for investigation and computer calculations. However, the public did not 
believe the project was safe and the risk analysis was not deemed suitable to assess the safety of the 
project. After a period of almost three years of (emotional) debates, informative meetings and 
additional research, the project was eventually canceled in 2010 due to a lack of public support. 
 
The quantitative risk assessment (QRA) of the aboveground facility was made according to the Public 
Safety (Establishments) Decree (BEVI), which prescribes a fixed risk assessment methodology. 
Officially, a QRA is used for the spatial planning of projects with hazardous substances, but was in 
this project used to establish the safety of the CCS installation as well. The methodology and 
resulting QRA received a lot of criticism from both residents and independent experts in the fields of 
risk analysis and chemistry. Due to a multitude of deficiencies and limitations, of which some are 
inherent to the fixed methodology, the QRA was not deemed representative for the risks of the CCS 
project. Therefore, the safety of the project could not be assessed properly. In order to make risk 
analyses more acceptable to the public, the following research question was formulated for this 
research project: what relevant improvements can be made to the current risk assessment 
methodology of CO2 related projects, considering the failed carbon capture and storage project in 
Barendrecht?  
 
By addressing the safety criticism of the public, the public’s opinion on the safety should be 
improved, which in turn should lead to improving the public acceptance. However, literature showed 
that safety is only one of many factors that influence the public acceptance. Trust in the decision 
makers, perceived benefits and procedural justice are some of the many factors that all influence 
public acceptance. Also the opinions of experts and local parties were shown to influence the public 
opinion. Considering that several experts and prominent residents openly criticized the risk analysis 
in a number of TV documentaries, they were likely to have a negative effect on the public opinion. 
Thus, improving the opinion of these experts and residents on the risk analysis should reduce the 
criticism from these parties and with that lead to a more positive public opinion. 
 
In order to identify which improvements could possibly be made to the methodology, a number of 
different sources were used. First, the criticism on the CCS project in Barendrecht was analyzed, 
focusing on criticism on the safety or risk analysis. Second, a literature study on CCS risks and CO2 risk 
assessments was carried out, which was complemented with QRAs for CCS from abroad. Finally, an 
accident database was used to identify what kind of accidents are observed in practice with CO2. 
These sources resulted in the identification of four scenarios (crater formation, impinged releases, 
windless weather and a combination of the latter two) and four parameters (averaging time, release 
duration, sub-lethal effects and solid CO2 formation) that are susceptible to improvement. 
 
To determine which of these scenarios and parameters would be relevant to improve, they were 
tested on two aspects: risk calculations and public opinion. For each scenario and parameter, a 
modeling approach was developed to calculate the effects on the overall risks, in order to determine 
their relevance to the risk calculations. Only sub-lethal effects, impinged releases and a combination 
of windless weather and impinged releases  showed to have significant effects on the calculated 
risks. As such, the parameter and these scenarios were considered relevant improvements regarding 
the risk calculations. 
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The public opinion was addressed via interviews with four experts and three prominent residents, of 
whom literature has shown that such parties influence the general public’s opinion. The interviews 
reflected on the identified scenarios and parameters, in order to assess the value of the 
improvements regarding the interviewees’ opinion on the risk assessment methodology. In addition, 
the method of implementing the improvements in the methodology was discussed. The results of the 
interviews showed that three parameters (time averaging, increased duration and sub-lethal effects) 
and three scenario’s (impinged releases, windless weather and a combination of both) were valued 
as positive improvements to the risk assessment methodology. Thus, these parameters and scenarios 
were considered relevant improvements regarding the interviewees’ opinion.  
 
However, the interviews also showed that, while the improvements would improve the risk 
calculations, they would likely not significantly improve the public acceptance. The improvements 
would only increase the correctness of the risk calculations, but not address the risk assessment 
method itself. The strict set of predetermined scenarios, used in this method, would not be able to 
result in a suitable safety analysis and thus would have no significant effect on the safety opinion of 
the public. A suitable safety analysis would require more detail, such as taking into account situation 
specific scenarios. The majority of the interviewees suggested a qualitative section in the risk analysis 
that would allow for acquiring the right amount of detail for the specific situation, in conjunction to 
the quantitative risk calculations. Currently, a QRA is mainly used for spatial planning. If it is to be 
used for the public acceptance of a project, the QRA should be modified from a risk analysis for 
spatial planning to a more detailed safety analysis. 
 
Furthermore, the communication from the official parties is a major factor influencing the perception 
of the public. Poor communication during the implementation process of the CCS project in 
Barendrecht resulted in a lack of trust in the official parties and created suspicion about the integrity 
of the project. These factors made it difficult for the risk analysis and possible improvements to be 
believed, and hence limit their effectiveness. Therefore, the general communication between the 
public and official parties should first be established at an appropriate level, before an analysis of the 
risks is communicated to the public.  
 
In conclusion, three out of the eight identified parameters and scenarios were relevant to both the 
risk calculations and opinions of the interviewees. Impinged releases and windless weather in 
combination with low momentum releases should be implemented in the default set of scenarios, to 
increase the realism of the methodology. Sub-lethal effects do not as much play a role in spatial 
planning, but are relevant to the safety analysis. A method to calculate the sub-lethal effects should 
therefore be implemented if QRAs are to be used as safety analyses. In order to modify QRAs to such 
suitable safety analyses, a qualitative section will be necessary that allows for studying the specific 
situation in detail, in addition to the calculations covered by the Bevi. 
 
The results have shown an interesting relation between the correctness of risk analyses, the 
perception of the public and the public acceptance. By just improving the correctness, the 
acceptance is not necessarily improved, as the (negative) perception may still be unaddressed.  
Currently, a QRA as tool for spatial planning is not suitable for addressing the public acceptance, as it 
does not take into account the public perception of these tools. By implementing a more qualitative 
section in conjunction to the QRA, both the correctness and perception could be improved. One 
possibility is a challenge session that includes also representatives of the public, to identify scenarios 
that are relevant to the specific situations. This would result in a high level of correctness (situation 
specific) and since the public would have participated in drafting the correctness, the perception of 
the correctness will also be more positive. Thus, if a QRA is to be used as safety analysis, the public 
should be involved and the situation should be analyzed in detail for optimal perception and 
correctness. 
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1 Introduction 
 
In 2011, the European Commission decided to cut the emissions of greenhouse gasses (GHGs) by 
80% to 95% in Europe by 2050 compared to 1990 (COM, 2011). This target was adopted by the EU in 

order to contribute to the limitation of global warming to 2 C, based on the results of the fourth 
Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC, 2007, p. 775). 
These GHGs consist for 77% (IPCC, 2007, p. 103) of carbon dioxide (CO2), a waste product that is 
mainly produced during the burning of fossil fuels (57% of total GHG emissions). The problem of 
reducing GHG emissions is that modern society heavily depends on the burning of fossil fuels to 
produce heat and energy and therefore a substantial reduction of GHG-emitting processes in the 
(near) future is unrealistic. 
 
A temporary alternative to reduce CO2 emissions is carbon capture and storage (CCS), a process in 
which CO2 waste is stored in empty gas fields underground, rather than being emitted in the 
atmosphere. This is especially interesting for industrial areas where normally a lot of CO2 is 
exhausted. However, the technology for CCS is quite new, as only a few national and international 
projects have been set up. Hence, the (long-term) effects of reusing empty gas fields for CO2 storage 
are uncertain. 
 
The Dutch government started its first CCS demonstration project in 2008 in Barendrecht. In 
cooperation with Shell, which extracted natural gas from the gas fields beneath Barendrecht, the 
project aimed to refill the gas fields with CO2 waste from the Shell facility in 2011, as the extraction 
of the first gas field would be completed in 2010 (Haskoning Nederland B.V., 2008b). While all legal 
aspects of the project were handled and the project was approved by the Dutch House of 
Representatives1 (TK), the project faced heavy resistance from local residents and municipalities. 
People were concerned about their safety and criticized the project as an experiment with many 
uncertainties.  
 
In addition, a number of questions from the public and municipal council remained unanswered, e.g. 
why a highly populated area like Barendrecht was chosen for a demonstration project (Brunsting, 
Mikunda, & Mourik, 2010). Together with other uncertainties regarding the possible side effects of 
the project (such as geological effects) these factors resulted in a negative public opinion towards the 
implementation of CCS (Brunsting, de Best-Waldhober, Feenstra, & Mikunda, 2011). This straight 
opposite attitude with respect to Shell and the national government resulted in fruitless discussions 
on the subject. Finally, with the project being delayed for several years, the new minister of  
Economic Affairs, Agriculture and Innovation2 (EL&I) Maxime Verhagen canceled the project in 2010 
mainly due to a lack of support from the local community (Verhagen, 2010).  
 
Nevertheless, CCS remains an important mitigation option in Dutch climate policy. In response to the 
European target, the Dutch government had asked the Netherlands Environmental Assessment 
Agency3 (PBL) in 2011 to explore the possibilities for an 80% reduction of GHG by 2050 (Atsma, 
2011). The PBL concluded that it seems unfeasible to achieve this target without the use of CCS 
(PBL/ECN, 2011), consistent with the result of the International Energy Agency (IEA, 2010). It is 
therefore possible that more CCS projects will be planned in the (near) future. Since a large portion 
of the CO2 storage capacity comes from gas reservoirs on land, the public’s opinion of such projects 
has to be taken into account.  

                                                           
1
 In Dutch: Tweede Kamer. 

2
 In Dutch: Ministerie van Economische Zaken, Landbouw en Innovatie. 

3
 In Dutch: Planbureau voor de Leefomgeving 
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In Barendrecht, the safety concerns of the public mainly focused on CO2 release scenarios4 in the 
quantitative risk assessment (QRA). The regular concentration of CO2 in air is 0.039% but when it 
reaches higher concentrations, CO2 can have lethal effects. The estimations for the air concentration 
where mortality starts to occur range from 5% to 25% (Heijne & Kaman, 2008; Ter Burg & Bos, 2009). 
Although the calculations in the QRA showed that the risks for the public from CO2 leakage were 
within the accepted norm (Heijne & Kaman, 2008), the validity of the calculations was being 
questioned based on a set of limitations in the method. According to the critics a number of possible 
scenarios were not taken into account, due to these limitations (Jaspers, 2009).  
 
To estimate the external risks5 of projects containing hazardous substances, companies must carry 
out a risk analysis. For common types of industries, the law prescribes the use of the computer 
modeling program SAFETI-NL in combination with the guidelines from the Reference Manual Bevi 
Risk Assessments6 (HRB) (Geel, 2004). In the guidelines of the HRB a number of scenarios are 
described that are to be used to calculate the external risks with SAFETI-NL (RIVM, 2009a). Because 
the ‘missing’ scenarios are not covered by the HRB they were not included in the calculations. The 
guidelines were developed for general chemical industries and have not been updated for novel 
processes such as CCS. Furthermore, SAFETI-NL is not necessarily suitable (and capable) for 
calculating the risks of scenarios that are not covered by the HRB. Since the above limitations did not 
allow for an easy recalculation and the guidelines were followed correctly, the criticism on the 
method was not addressed to the satisfaction of the public. 
 
The Centre for Environmental Safety and Security7 (cVLH) of the National Institute for Public Health 
and the Environment8 (RIVM) manages the risk calculation method (i.e. SAFETI-NL and the 
corresponding risk assessment guidelines) that was used to assess the external risk of the CCS project 
in Barendrecht. Since the criticism on the QRA focused on the content of the HRB guidelines, the 
question arises whether the current methodology is valid to calculate the external risks. When the 
method that is used to protect the safety of the public regarding projects with hazardous substances, 
is not trusted by those whose safety it should protect, it is of little value. Therefore, the RIVM wants 
to know if and what kind of improvements it can make to the guidelines in the HRB in order to 
improve the public acceptance of future QRAs. To ensure the relevance of these improvements, they 
should have significant effects both on the results of risk calculations and on the public acceptance of 
QRAs. 
 

1.1 Research objective and research question 
 
Thus, the objective of this research project is to make recommendations to the RIVM for 
improvements, in terms of both risk calculations and public acceptance, on the guidelines for QRAs 
of CCS projects, by making an analysis of scenarios that are not covered by the current guidelines in 
the Reference Manual Bevi Risk Assessments. In order to address this objective the following 
research question was formulated:  
 
What relevant improvements can be made to the current risk assessment method of CO2 related 
projects, considering the failed carbon capture and storage project in Barendrecht?  

                                                           
4
 In this research project, scenarios are used in the broadest term, featuring both the type of release and 

environmental factors. 
5
 External safety concerns the risks of accidental releases of hazardous substances for people in the 

surroundings outside facilities with and transport routes for hazardous substances. 
6
 In Dutch: Handleiding Risicoberekeningen Bevi. 

7
 In Dutch: Centrum Veiligheid. 

8
 In Dutch: Rijksinstituut voor Volksgezondheid en Milieu 
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2 QRAs, guidelines and public acceptance 
 
In this chapter the main concepts are discussed in more detail, starting with QRAs, CO2 and CCS. Next 
the CCS project in Barendrecht is discussed, in which the three aforementioned concepts play an 
important role. The last concept that is discussed is the public acceptance of CCS, CO2 and risk 
assessments related to these concepts. The chapter is finished with the formulation of a set of sub-
questions that will be used to answer the research question.  

 

2.1 Quantitative risk assessments 
 
A QRA shows the risks of the use, transportation and storage of hazardous substances (CEV, 2009). In 
a QRA risk is defined as risk = probability x effect and, depending on the occasion, is presented in 
terms of the likelihood of a fatality per year or the expected number of fatalities per year. This means 
that in the Dutch legal context, QRAs only take lethality into account as an effect. The results of a 
QRA are calculated by a computer model using a probit relation for the hazardous substance that is 
used. The probit relation describes the relation between the toxicity (in terms of lethality) and dose 
inhaled of a compound. When calculating the risks of individual scenarios the probit relation of the 
used substance is an important variable. The sum of all individual scenarios results in the risk profile 
which shows the risk contours (Figure 1). 
 
The risk are presented in the form of individual risk (IR) contours and the level of the societal risk 
(SR). The IR contours show the mortality rate (e.g. 10-5 times per year) at a certain location, while the 
SR graph shows the frequency exceeding a number of fatalities, as presented in Figure 1. The results 
of the IR are independent of the number of people that are present in the environment of the facility 
in question. The SR however depends on the population around the facility and the calculation 
covers an area up to a lethality of 1% (VROM, 2007a). 
 

  
Figure 1. IR on the left and SR on the right. The areas have a risk of one fatality per 10

8
 years (green line) and 

one per 10
9
 years (blue line). The SR graph shows that the SR (red) does not cross the risk norm (green). 

Adapted from Heijne and Kaman (2008). 

 
To calculate a QRA the program SAFETI-NL is used, in combination with the HRB. SAFETI was 
developed by Det Norske Veritas (DNV, 2013) and the Dutch version (SAFETI-NL) is managed by the 
RIVM. The HRB describes how SAFETI-NL should be used to calculate risks of specific facilities and 
which scenarios have to be taken into account in the QRA (RIVM, 2009a). It furthermore contains 
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information about parameters that are required to calculate the risks with SAFETI-NL, such as failure 
frequencies of storage tanks. Together, SAFETI-NL and the HRB make up the method to assess the 
external risks from the use, transportation and storage of hazardous substances. 
 

2.1.1 Legislation 
 
SAFETI-NL was adopted in 2008 as the national program to determine risks as described in the Public 
Safety (Establishments) Decree (Bevi) (RIVM, 2009b). The Bevi was adopted in 2004 by the Ministry 
of Housing, Spatial Planning and the Environment (VROM) (currently the Ministry of Infrastructure 
and Environment (I&M)) and states the external safety norms for facilities making use of, store or 
transport hazardous substances (InfoMil, 2013). The most important norm for the IR is the 10-6 norm 
(one fatality per one million years). This norm states that no vulnerable objects (houses, schools, 
hospitals, etc.) or objects of limited vulnerability (offices and companies with a low population, e.g. 
50 persons) may be present within the 10-6 contour. There is no norm for the SR. Instead, the 
responsible public authority must justify why they believe that the height of the societal risk is 
acceptable (VROM, 2007a). 
 
Adoption of the HRB and SAFETI-NL in the Bevi was part of the unification of the risk assessment 
methods used in the Netherlands. Prior to the unification in the Bevi QRAs were calculated by a 
variety of computer programs, such as RISKCURVES (from TNO), RISKCALC (from AVIV) and SAVEII 
(from SAVE). A benchmark using several of these programs showed that the outcomes of these 
programs varied within an order of magnitude (Ale et al., 2001). One of the issues with the many 
calculation methods was the lack of transparency. The source of the variations was unclear and could 
not be traced. Hence, in 2006 unification of the method to assess external risks led to the adoption of 
SAFETI-NL in the Bevi, as well as limiting the parameters that could be changed in the program. This 
resulted in less diverse results and more transparency, as it was now easy to track the source of the 
deviation (AGS, 2010; Uijt de Haag, Gooijer, & Frijns, 2008). 
 
However, the downside of the unification is the simplification of the new method, i.e. the method is 
less capable of representing the actual situation and thus simplifies the risks (AGS, 2010; Uijt de Haag 
et al., 2008). The Hazardous Substances Council (AGS) has evaluated the method for a well-known 
scenario, namely the Boiling Liquid Expanding Vapour Explosion (BLEVE) of an LPG gas station (AGS, 
2010). Their conclusions stated that there were “substantial shortcomings of the prescribed 
methodology” (AGS, 2010, p. 43). The AGS (2010) criticized the methodology for failing to “represent 
a trustworthy image of the safety and possibilities how the safety can be improved” (AGS, 2010, p. 
44), due to among others the limited variable parameters, the use of only a single modeling program 
and the incorrect simplification of physical-chemical  parameters in certain scenarios. 
 
Nevertheless, the methodology that is described in the HRB is generally accepted and is used to date 
to approve the spatial planning of facilities that use, transport or store hazardous substances (Uijt de 
Haag & Kooi, 2013). However, the HRB only provides a clear methodology for “ordinary industrial 
activities” (Uijt de Haag & Kooi, 2013, p. 2) and it is uncertain how well the methodology performs 
for new or changed processes. At the moment, when a process or substance cannot be modeled with 
SAFETI-NL due to incomplete parameters, such as missing failure frequencies for new pipelines or an 
unknown probit relation of a substance, estimations are made to complement the missing 
information (see for example Heijne and Kaman (2008)). The RIVM has also formulated a procedure 
to determine the toxicity and flammability of a (new) substances (RIVM, 2011). However, the validity 
of using SAFETI-NL for these new processes and substances has yet to be proven.  
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It should be noted that the Bevi does not apply to CO2 as it is not classified as a hazardous substance. 
However, CCS project are covered by the Environmental Management Act9 (Wm) which prescribes 
the need for a risk analysis. As such, the initiating parties decided to use the methodology prescribed 
in the HRB to make the risk analysis of the aboveground facilities. While this was allowed, as 
mentioned above, it is uncertain how appropriate the prescribed methodology is for CCS projects.  
 
As part of the Early Recognition, Monitoring and Integrated Management of Emerging, New 
Technology related Risks (iNTeg-Risk) program, Uijt de Haag and Kooi (2013) developed a method to 
assess whether or not the current methodology of making QRAs can be applied to a new or changed 
process, or that new methodological guidelines should be developed. The method, however, is 
generic and does not describe for specific cases how these new guidelines are to be developed so 
that the risks of the new process are adequately assessed. 
 

2.2 Carbon dioxide 
 
One such substance that could be considered new 
(as explained below) and receives increasing 
attention from society due to its role in climate 
change is carbon dioxide (CO2). CO2 is a colorless 
and odorless gas under standard temperature and 
pressure (STP)10, with a concentration of 394 parts 
per million (ppm) (0.039%) in air (ESRL, 2013). Its 
physical properties are summarized in Table 1 
(IPCC, 2005a). With a gas density of 1.976 kg/m3 it 
is about 1.5 times heavier than air (1.275 kg/m3) 
at STP. Upon release under (high) pressure, it follows the thermodynamics of a Joule-Thomson 
expansion, i.e. an expansion with unchanging enthalpy (adiabatic expansion). The Joule-Thomson 
effect gives the relation between the change in temperature and expansion of a gas when pressed 
through a small opening. The inversion temperature for CO2 is 1500 K (Walker & Binghamn, 1994, p. 
69), the maximum temperature up to which the gas will cool upon expanding, and therefore leakage 
of CO2 from pipelines and storage tanks results in a temperature drop.  
 
As a chemical, CO2 is not very reactive, it is nonflammable and cannot explode. Its most common 
reaction is that with water, forming carbonic acid (pKa1 of 6.4) (Eq. 1), resulting in the acidification of 
the solvent, i.e. a decrease in pH. 
 

 

2.2.1 Toxicity 
 
Within the Globally Harmonised System (GHS) and its European implementation Classification, 
Labelling and Packaging (CLP) of chemicals, CO2 has not yet received an official label (ECHA, 2013). 
Official labels are partly based on label proposals from companies that have been submitted to the 
European Chemical Agency (ECHA). In these proposals companies have labeled CO2 as “harmful if 
inhaled” (H332), “may cause respiratory irritation” (H335) or did not label CO2 at all. The latest 
category (unlabeled) covers the majority of the proposals (ECHA, 2013).  
 

                                                           
9
 In Dutch: Wet milieubeheer. 

10
 The conditions of STP are 0 C and 1.013 bar. 

Table 1.  Physical properties of CO2 

Molecular weight 44.01 g/mol 

Gas density (STP) 1.976 kg/m3 

Boiling point (1.013 bar) -78.5 C 

Triple point temperature -56.5 C 

Triple point pressure 5.18 bar 

Critical temperature 31.1 C 

Critical pressure 73.9 bar 
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While CO2 has no official labels yet, inhalation of high CO2 concentrations can have two effects on 
human health. First, it will increase the concentration of CO2 that dissolves in blood and thus lower 
the pH of the blood, which can trigger “effects on the respiratory, cardiovascular and central nervous 
systems” (Ter Burg & Bos, 2009, p. 2). Second, it causes asphyxiation, a lack of oxygen (O2), because 
larger concentrations of CO2 decrease the O2 concentrations. The concentration of O2 in air, normally 
21%, becomes lethal below 6%, corresponding to a CO2 concentration of 70% (Ter Burg & Bos, 2009). 
Lab experiments on rats analyzed by Ter Burg and Bos (2009) showed that exposure to lower 
concentrations than 70% also had lethal effects, demonstrating that asphyxiation is not the sole 
effect responsible for CO2 lethality. In their conclusion they advised that no deaths due to CO2 
inhalation are expected for concentrations of 5% to 10%, while at 20% to 25% a “high level of 
mortality may occur” (Ter Burg & Bos, 2009, p. 5).  
 
A more conservative toxicity level for CO2 was suggested by the UK Health and Safety Executive (HSE) 
based on animal studies (Harper, 2011). The HSE suggested that concentrations of CO2 below 10% 
could already have lethal effects. Over the past 10 years several toxic levels have been used in CO2 
related projects, mostly in the form of different probit relations. An overview of the toxic levels 
resulting from these probit relations is shown in Table 2. 
 

Table 2. Lethality chance of CO2 for different probit relations 

Exposure 
duration (min) 

Lethality 
chance (%) 

Vol% CO2 
TNOa 

Vol% CO2 
OCAPb 

Vol% CO2 
HSEc 

Vol% CO2 
Tebodind 

1 1 18 45 11 8 

 50 28 138 14 10 

 99 43 424 - 13 

5 1 13 20 8 7 

 50 20 62 11 9 

 99 32 190 - 11 

30 1 9 8 7 5 

 50 15 25 9 7 

 99 22 77 - 9 

60 1 8 6 6 5 

 50 13 18 8 6 

 99 20 55 - 8 
 

a 
-63.3 + ln (C

5.2
 * t) in mg/m

3
 (C) per min (t) (Molag & Raben, 2006). 

b 
-23.37 + ln(C

2
 * t) in ppm (C) per min (t) (Save, 2009). 

c 

The results from HSE do not show a lethality chance of 99%, nor provide a probit relation (Harper, 2011). Hence these are not 
shown here. 

d
 -98.81 + ln(C

9
 * t) in ppm (C) per min (t) (Heijne & Kaman, 2008). 

 
When assessing whether or not CO2 can be seen as an emerging risk, the uncertainties of its toxicity 
play a significant role. The fact that no probit relation has been formulated in the HRB already 
indicates that it is a new substance. Also, implementations of large scale CO2 projects are relatively 
new. The CCS project in Barendrecht, which started in 2007, was the first project featuring CO2 
storage onshore. Furthermore, the knowledge of general lay-people about CO2 is limited and 
significant amounts of the public hold incorrect beliefs (De Best-Waldhober, Paukovic, Brunsting, & 
Daamen, 2011; Paukovic, Brunsting, & De Best-Waldhober, 2011). The above elements, i.e. uncertain 
toxic properties, limited implementations of CO2 and limited public knowledge of CO2, make it likely 
that CO2 can be seen as a new substance and emerging risk. 
 

2.3 Carbon capture and storage 
 
One CO2 related process that has come up over the past years and is classified as an emerging risk 
within the iNTeg-Risk program is CCS (Wilday, Paltrinieri, Farret, Hebrard, & Breedveld, 2011). CCS is 
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a relatively new mitigation method that has received a lot of attention from scientists and politicians 
since the special report of the IPCC on CCS (IPCC, 2005b). The process features four separate steps. 
The first step is that of capturing the CO2. This happens often at the source of high CO2 emissions in 
industry, such as power plants. The CO2 that is produced during the burning of fossil fuels is 
separated from the gaseous waste stream, after which it is compressed for transportation. For an 
overview of the used separation methods see IPCC (2005b) and Koornneef (2010).  
 
The second step is the transportation of the pressurized CO2, via pipelines (most common), ship, train 
or truck, although the last two transportation methods are deemed economically unfeasible (IPCC, 
2005b). Transportation of the captured CO2 is required when the capture site and storage site are 
not in the same location. Depending on the temperature and pressure during transportation, CO2 is 
transported as a solid, gas, liquid or in its supercritical phase. Since CO2 at standard pressure occupies 
a very large volume, transportation often makes use of increased pressure, varying from 2 bar to 80 
bar. Hence, pipelines commonly transport pressurized gaseous, liquid or supercritical CO2. Another 
important requirement for the transported CO2 is that it should be very dry, as any water vapor 
might result in the formation of carbonic acid (see section 2.2) which erodes (steel) pipelines and 
containers. Liquid or supercritical CO2 itself on the other hand has a very low corrosion rate for 
carbon steel (the main material for pipelines) of 0.5 µm per year (IPCC, 2005b; Seiersten, 2001). 
 
The third step is the storage of CO2, the actual mitigation of CO2 emissions. There are multiple 
options for storing CO2 being underground storage, injection in the ocean at great depth or reactions 
with minerals to create carbonates known as mineral carbonation. In addition, CO2 can also be used 
as a resource in industry to mitigate emissions (IPCC, 2005b). Out of these mitigation options, the 
underground storage of CO2 is the most interesting due to the large capacity, technical feasibility and 
limited environmental effects (IPCC, 2005b). Currently, industries lack the capacity for the large-scale 
use of CO2 as a resource. While the oceans hold more than sufficient capacity to store CO2, it can 
have harmful effects on marine life. The last alternative, mineral carbonation, is currently technically 
unfeasible due to the high energy costs. 
 
The underground storage of CO2 features three different methods. In the first method the CO2 is 
stored in porous rock layers of (near) empty gas or oil fields, which is often applied during Enhanced 
Gas Recovery (EGR) and Enhanced Oil Recovery (EOR)11. In the second method the CO2 is dissolved in 
water-rich earth layers known as aquifers and the final method is to adsorb the CO2 on coal layers 
replacing the methane that was adsorbed which could then be recovered, known as enhanced coal 
bed methane recovery (IPCC, 2005b). The most interesting method is the storage of CO2 in gas and 
oil fields because the gas and oil that these fields contained did not escape over the millions of years 
it was trapped there, so it is safe to assume any stored CO2 will not escape either. Furthermore these 
porous rock layers have been intensively studied, so their geological and physical properties are well-
known. Finally, the current facilities used for gas and oil extraction may be used for CCS, which may 
already have a part of the required technology present (IPCC, 2005b). 
 
Most gas and oil fields that have been deemed suitable for CCS are below 800 m depth where the 
CO2 will be in its supercritical state. To inject the CO2 in the gas or oil field, the CO2 must first be 
compressed to obtain a pressure higher than the pressure down in the field (IPCC, 2005b). Since the 
pressure in the field slowly increases, the pressure in the compressor has to be increased gradually as 
well. This however costs a lot of energy, significantly reducing the efficiency of the process. On 
average, for every three tons CO2 stored approximately one ton CO2 is produced (Koornneef, van 
Keulen, Faaij, & Turkenburg, 2008). When the field is filled with CO2 the injection well is permanently 

                                                           
11

 EGR and EOR are techniques that are used to increase the yield of gas/oil recovery by injecting CO2 in the 
gas/oil field to press out the remaining gas/oil. EOR was already being used in the 1970s in Texas. For more 
information on EGR and EOR see IPCC (2005b). 
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sealed with a cement plug, a sealing layer of cement with a length of several tens of meters. This plug 
should prevent any future leakage of CO2 from the injection site.  
 
The final step of the CCS process consists of monitoring the CO2 field and injection well during and 
after injection. Monitoring is important to verify the pressure and amount of CO2 injected in the field, 
monitor the degree of corrosion of the cement plug and detecting any leakages (IPCC, 2005b). There 
are however no strict regulations for the monitoring of CO2 storage underground. Its main functions 
are measuring the amount of CO2 stored and ensuring there is no dispersion of the CO2 in any 
direction, both on the short- and long-term.  
 

2.3.1 CCS as mitigation method 
 
In 2011, the PBL was asked to investigate the possible routes to a clean and sustainable economy by 
2050 (Atsma, 2011). The report of the PBL/ECN (2011) showed that in order to achieve this target 
four mitigation methods are available: (1) energy efficiency improvement and reduction of the 
energy demand, (2) the use of biomass to replace fossil fuels, (3) CCS and (4) emission-free energy 
production. The PBL had investigated the possibility of achieving emission reduction targets of 70% 
and 80% by 2050 with only three of these methods. The results showed that 80% reductions will be 
very difficult without all four mitigation methods, while 70% was more feasible with only three 
mitigation methods. On the absence of CCS the PBL wrote: “only if all the other options are to the 
utmost available and being used it might be possible” (PBL/ECN, 2011, p. 107). In conclusion they 
stated that CCS is of high importance for achieving the emission reduction target. 
 
In the same report, the PBL estimated that the usable underground storage capacity of CO2 in the 
Netherlands is about 2.2 Gt12 (excluding the gas field under Slochteren, which has an estimated 
capacity of 7 Gt but is unlikely to be emptied prior to 2050) (PBL/ECN, 2011). This includes both 
storage offshore (1.2 Gt) and onshore (1 Gt). However, the minister of Economic Affairs13 (EZ) has 
currently stopped the implementation of CCS onshore due to a lack of public support (section 2.4.2) 
(Verhagen, 2011). But, even if the onshore capacity would be used, the PBL stated that there is “very 
likely” insufficient storage capacity and thus captured CO2 would need to be exported to reach the 
mitigation targets (PBL/ECN, 2011, p. 108). In addition, CO2 transportation offshore is more 
expensive than transportation onshore (IPCC, 2005b). Therefore, it is possible that CCS onshore will 
again play a role in future (long-term) mitigation policies of the Dutch government. 
 
In this research project the focus lies on onshore CCS projects that inject CO2 in empty gas or oil 
fields underground and make use of transportation through pipelines. QRAs are used to assess the 
risks of people in the (near) area of the facility, something which does not play a role in offshore CCS. 
Furthermore, the underground storage in empty gas and oil fields has by large the highest capacity 
underground (PBL/ECN, 2011) and there have been no plans to use other transportation methods. 
 

2.4 CCS project in Barendrecht 
 
The plan of the CCS project in Barendrecht was developed by Shell in 2007, as applicant for a grant of 
60 million euros for two CCS demonstration projects announced by the former ministry of VROM. 
The plan described the implementation of CCS in two gas fields under Barendrecht, one small gas 
field with a capacity of 0.8 Mton CO2 at 1670 m depth and a larger gas field with a capacity of 9.5 

                                                           
12

 For reference, the Netherlands need to reduce its yearly emissions by 180 Mton CO2 to reach the 80% 
reduction target (PBL/ECN, 2011). 
13

 In Dutch: Economische Zaken. 
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Mton CO2 at 2630 m depth. The use of two gas fields was very attractive, because this allowed for 
monitoring and evaluating the lifecycle of a CCS project on a short timescale since the small gas field 
would be filled and sealed before injection would start in the larger gas field (Haskoning Nederland 
B.V., 2008b).  
 
Apart from this advantage there were several other key points that made this plan a good candidate 
for a CCS demonstration project. The tender required a purity of the injected CO2 of at least 99%, 
which was already delivered by the Shell refinery in Pernis, some 10 km from Barendrecht. 
Furthermore there were already production wells in place for gas extraction which could be reused 
for CO2 injection. The geological position of both gas fields was also favorable because both gas fields 
are covered by impenetrable claystone layers, known as a caprock, that would prevent the CO2 from 
leaking to the surface (Haskoning Nederland B.V., 2008c). Finally the plan met the preferences of the 
Dutch government of an onshore project (offshore is much more expensive due to the need of an 
extensive transportation pipeline system) with a minimum storage capacity of 2 Mton CO2 that could 
start as soon as possible (CO2 injection in the first field could already start in late 2010/ early 2011) 
(Haskoning Nederland B.V., 2008b). 
 
The gas fields are managed by the Dutch Petroleum Company (NAM) to whom the legislative 
procedures, such as the environmental impact assessment (EIA) procedure and license applications, 
were outsourced by Shell (NAM, 2007). As part of the EIA, NAM commissioned Tebodin B.V. to 
execute a QRA of the CCS project. In the QRA Tebodin assessed the risks of the compression, 
transport and storage of CO2. For the toxicity of CO2 they used a conservative probit relation, 
contributing possible lethal effects to CO2 concentrations of 5% to 10% at an exposure time of 30 
minutes. The QRA showed no infringement of the 10-6 norm or SR norm and thus the project was 
concluded to meet the required limits of the Bevi (Heijne & Kaman, 2008). Upon judging the EIA 
report, the DCMR (an institution that grants environmental permits) asked the RIVM if the probit 
relation of CO2 exposure could have been underestimated in the QRA by Tebodin. The RIVM replied 
this is unlikely, considering the proposed toxic concentrations of CO2 by Ter Burg and Bos (2009) 
were higher (Spoelstra & van Luijk, 2009).  
 

2.4.1 Public reaction 
 
In early 2008 Shell made its plans known to the public. While the members of the municipality 
Council were not enthusiastic they nevertheless agreed with informing the public of the project. A 
series of meetings was organized throughout 2008 that mainly functioned to inform the public of the 
technical and safety aspects of the CCS project. However, these meetings could not resolve the 
concerns of the public regarding the safety of the project. One of the political parties (GroenLinks) of 
the municipality even started a petition against the CCS project and organized protest walks. In 
November 2008 30 million euros were granted to the CCS project of Shell, after which it submitted 
the EIA for approval. Around the same time the municipal council composed a list of questions about 
the project that had to be answered by the Netherlands commission for environmental assessment 
before it would make a judgment on the CCS project. In February 2009 the EIA was approved, but 
some of the questions for the municipal council remained unanswered. Hence, the council decided 
to vote against the implementation of the CCS project (Brunsting et al., 2010). 
 
Apart from their safety, residents also worried about the value of their houses and perceived a lack 
of influence on the final approval of the project (Daamen, Terwel, & ter Mors, 2010). While the 
parties responsible for the project, mainly Shell and the ministry of VROM, kept on to provide 
information to the public, the public perceived the information channels as biased and propaganda in 
favor of CCS (Brunsting et al., 2010). In late 2009 local residents even founded an activist group called 
“CO2isNee” (CO2 equals no) that protested against the CCS project. Despite the public protests and 
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disapproval of the municipality, the national government voted in favor of the projects’ 
implementation. A new meeting in December 2009, hosted by the ministers of VROM and EZ to 
explain their point of view and address concerns raised by the public, attracted 600 residents of 
which the majority was against the CCS project. The meeting resulted allegedly in very intense 
discussions, but without any progress. It became clear from this meeting that public support for the 
CCS project was at an all time low (Brunsting et al., 2010). 
 
In 2009 and 2010 the project also gained a lot of (negative) media attention that featured, among 
others, several experts who criticized the safety claims of Shell and the national government and a 
multitude of uncertainties14 of the CCS project (de Pers, 2010; De Telegraaf, 2009; Harting, 2009; 
Jaspers, 2009). In reports of the TV stations Zembla and Netwerk (Rietveld, 2010; van Groesen & 
Sistermans, 2009; Verhey & van Alkemade, 2010), experts criticized the QRA on the basis of some 
limitations in the calculation method. Among the criticism was the use of average wind speeds in the 
model. During an accident with CO2 in Mönchengladbach in August 2008 over 100 residents suffered 
from respiratory problems, of which several were hospitalized (Harper, 2011). The accident 
suggested that because of the windless weather the CO2 was not taken up by the atmosphere but 
instead formed a harmful blanket in the village (Verhey & van Alkemade, 2010). Due to the use of 
averages, however, the model did not calculate the risks of windless weather and thus could not 
guarantee the external safety in such a situation. 
 
When the Dutch government fell in February 2010, the project was put on hold until a new 
government was installed (Feenstra, Mikunda, & Brunsting, 2010). While the topic was part of the 
political agenda several times, during which the TK remained positive towards the project, the final 
decision would be made after the elections in June 2010. The final decision came in November 2010, 
one month after the new Dutch Government was installed, by the new minister of EZ who canceled 
the project due to a “total lack of local support and because of the delay the project is no longer 
essential for the development of CCS in the Netherlands” (Verhagen, 2010, p. 2). A survey among 
residents of Barendrecht in May 2010 had shown that 85% of the respondents were opposed to the 
plan to store CO2 and 86% of the respondents found the plan unacceptable (Daamen et al., 2010). 
 

2.4.2 Public acceptance 
 
The failure of the CCS project in Barendrecht is a clear example of the importance of public 
acceptance of implementing new technologies in society. This was even acknowledged by the Dutch 
government in the coalition agreement of 2010. In the agreement CO2 was mentioned several times, 
including the need for local support for CO2 storage (VVD-CDA, 2010, p. 13). The reference to local 
support is clearly related to the CCS project in Barendrecht and other CCS projects in the northern 
provinces. After the cancelation of the CCS project in Barendrecht the minister of EZ started 
discussions with various stakeholders (among others the local residents) of the CCS plans in the 
Northern provinces. Based on these discussions the minister ultimately decided that CCS 
demonstration projects would not be initiated onshore but would focus only on offshore possibilities 
(Verhagen, 2010). 
 
It is interesting to note that in the next coalition agreement in 2012, CO2 nor a specific mitigation 
target are explicitly mentioned (VVD-PvdA, 2012). Rather, the focus lies on sustainable innovation, 
which may be an indication that the public mitigation (and thus CCS) debate has calmed down. 
However, when a new onshore CCS project would be announced it might again face objections from 
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 Among these uncertainties were the long-term effects of CO2 storage, the practical execution of storing the 
CO2 underground at high pressures and the geological consequences of CO2 storage under a claystone layer. 
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the (local) public. Therefore it is interesting to investigate the context of CCS in society and the 
factors that influence public acceptance. 
 

2.5 Theories on public acceptance of CO2 and CCS 
 
Although public and acceptance can be defined15, there is not a single definition of public 
acceptance. The public acceptance of a topic is strongly related to the public opinion of this topic, 
which is often measured through surveys and presented in terms of numbers or percentages (see for 
example Brunsting, De Best-Waldhober, and Terwel (2013); Daamen et al. (2010); De Best-
Waldhober, Daamen, and Faaij (2006)). However, public acceptance is not simply a majority of 
neutral or positive opinions. A suitable definition is the lack of the amount of negative opinions on a 
project that would lead to the cancellation of the project in question. This amount cannot be 
determined via a percentage threshold (e.g. at lower than 20% negative opinions a project will be 
implemented), but is unique for each topic and (local) public. While this definition does not provide a 
way to determine whether or not the public will accept a new project, it does provide a way to 
measure improvements to the chance of achieving public acceptance, by assessing the public opinion 
of this project. 
 
The public opinion is often directly being related to safety concerns from the public, but many other 
factors are stated to play a role in opinion formation (see for example (Covello, 1991; Paukovic et al., 
2011; Terwel, ter Mors, & Daamen, 2012)). Recent surveys have shown that safety is not the only 
factor that influences the public opinion on CO2 and CCS (Brunsting et al., 2013; Terwel et al., 2012). 
Other important factors that influence the public opinion are (1) the public trust in the stakeholders 
that play a role in the decision-making process, (2) the perceived fairness of the decision-making 
process and (3) the perception of the project. Knowledge of the subject is also often mentioned as a 
factor that improves the public opinion, but research by Brunsting et al. (2013) refuted this 
statement in the case of CO2 and CCS. Their results showed that more knowledge of CCS and CO2 
actually strengthened some of the opposing arguments, such as “CCS is not ready” and “it will be too 
expensive” (Brunsting et al., 2013, p. 9). 
 
Although surveys can give a good overview of the public opinion, they only provide a snapshot of the 
public opinion at a certain time. It should be noted that the opinion of lay-people, the majority of the 
public, is very susceptible to changes when new information is presented (De Best-Waldhober et al., 
2006). In addition, the opinion of people might change when they are actually confronted with an 
issue in their daily life, known as the ‘not in my backyard’ (NIMBY) phenomenon (Wolsink, 2007).  
 
The type of project and hazardous substance also play a role in public acceptance. In Barendrecht, 
the municipal council questioned the decision for a CCS demonstration project onshore rather than 
offshore, considering the risks an onshore project poses to its residents. On the other hand, the 
storage of natural gas in the empty Bergermeer gas field under Bergen and Alkmaar was successfully 
implemented. Objections from the municipality of Bergen were declared unfounded by the Council 
of State (Raad van State, 2012). While the Council of State16 agreed that there were uncertainties to 
the external risks, these were not deemed to significantly differ from the period during which gas 
was extracted from the field. Apart from the gas that was stored (CO2 or natural gas) the project was 
very similar to the CCS project in Barendrecht. These two examples illustrate the importance of what 
type of project (e.g. onshore or offshore) and hazardous substance (e.g. natural gas or CO2) are 

                                                           
15

 For example public are the people constituting a community, state or nation, or is a particular group of 
people with a common interest, aim or characteristic. Acceptance is the act of accepting, a favorable reception 
or approval. 
16

 In Dutch: Raad van State 
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investigated. In this research project the focus lies on onshore, underground storage of gas, in 
particular CO2. 
  
The above factors that influence the public opinion and public acceptance sketch a very complex 
social context. The current public opinion of CCS and CO2, the underlying reasons that have formed 
this opinion and theories how this opinion can be changed are all important when considering the 
public acceptance of future projects. With a clear picture of what, why and how the public thinks of 
an issue, it is much more easy to make improvements that actually affect the public opinion. Hence, a 
good overview of the relevant factors is helpful to determine what kind of improvements can be 
made to the methodology of risk assessments.  
 

2.6 Theories on public risk acceptance 
 
The research field of public risk acceptance has received considerable attention since the 1980s. 
Most notably, the differences between technical risk assessments and the public risk perception 
were already being discussed. In this section, some of the first discussed theories are related and 
compared to recent theories and research on the implementation of new technologies in society, 
such as CCS. 
 
The main issue in the field of risk acceptance is the difference between what risk analysis experts and 
the general public perceive as acceptable risks. Social scientists attribute this difference to the 
different approaches that both sides use to assess risks. Risk experts use technical calculations to 
estimate the probability and effect of a risk and compare the outcomes to predefined standards. The 
public is claimed to consider many more values or factors, such as the perceived benefits, amount of 
control over the risk and trust in the decision-makers (Cross, 1998; Furby, Slovic, Fischhoff, & 
Gregory, 1988; Slovic, 1993). This distinction has led to the formulation of two different frameworks 
that can be used in risk assessments: the realistic framework and the constructivist framework 
(Renn, 1998; Singleton, Herzog, & Ansolabehere, 2009). 
 

2.6.1 Realistic framework 
  
The realistic framework has been the standard approach for several decades in risk assessments. 
Through (computer) calculations, risks are quantitatively determined  in terms of the probabilities 
times the magnitudes of the possible consequences.  The general assumption is that the public is 
only concerned with the overall risk and is indifferent to the difference between high-probability x 
low-effect and low-probability x high-effect, which may have the same risk level. Furthermore, the 
effects focus mainly on lethality and (damage) costs (Kasperson et al., 1988). This scientific approach 
allows the risk to be measured and  controlled (Jasanoff, 1998). The advantages of this method are 
its (perceived) objectivity, reproducibility, analytical rigor and rationality (Singleton et al., 2009; 
Slovic, 1999). 
 
The problem of the realistic framework as approach for assessing risks, is that it is hardly ever 
sufficient to convince the public of the safety of a project (Singleton, 2007). The primary reason is 
that the public takes into account more than just the quantified risks when determining its 
perception of a risk. In fact, the actual safety risks are but one of many factors that are used in the 
constructivist framework to explain public perceptions (see section 2.6.2).  
 
Research has shown that lay-people have difficulties to interpret probabilities. First, some people (in 
this study Americans) perceive probabilities rather black and white; either there is a chance or there 
is no chance (Cross, 1998; Slovic, 1986). Second, people tend to overestimate the chance of low-
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probability scenarios and underestimate the chance of high-probability scenarios (Viscusi, 1985). In 
practice this means that people tend to disagree with the experts on the low-probability (and often 
large effect) risk estimations. Third, the interpretation of probabilities is susceptible to framing, i.e. 
the way the probability is presented. Research showed that respondents significantly changed their 
opinion depending on the frame in which mortality chances were presented (percentage to survive 
or to die). Choosing from two medical procedures, surgery and radiation therapy, 82% of the 
respondents preferred surgery when it was framed as a 68% chance to survive, compared to only 
56% when framed as a 32% chance to die (McNeil, Pauker, Sox, & Tversky, 1982). In general, the 
misinterpretation of probabilities by the public can lead to a focus on minor risks while neglecting 
more substantial risks, which in fact could lead to an increase of fatalities (Renn, 1998; Tversky & 
Kahneman, 1981).  
 
In addition the narrow scope that is used to define risks within the realistic framework, i.e. lethality 
and (damage) costs, has been criticized. Kasperson et al. (1988) stated that quantified risks do not 
take higher-order impacts into account but focus solely on direct effects. An accident with a nuclear 
reactor in 1979 at the Three Miles Island (TMI) had no direct effects on public health, but it damaged 
the image of nuclear energy worldwide. “No one is likely to die from the release of radioactivity at 
TMI, but few accidents in U.S. history have wrought such costly societal impacts” (Kasperson et al., 
1988, p. 179). The quantification of risk in the realistic framework is incapable of predicting such 
indirect (social) effects. 
 
The TMI accident shows that it can be important for projects to minimize the chance on all sorts of 
accidents, not just those with lethal effects. While it may be unlikely that the calculation of higher-
order effects improves the public acceptance of the local public, it may prevent the deterioration of 
the general public’s opinion. In other words, any accident may damage the image of a technology 
and by taking into account higher-order effects this may be prevented. However, it may be difficult 
to assess what higher-order effects should be taken into account. The public opinion, as described by 
the constructivist framework, is very complex and depends on many factors.  
 

2.6.2 Constructivist framework 
 
It is generally acknowledged that the risk perception of the public differs from that of experts in risk 
analysis (Cross, 1998; Jasanoff, 1993; Singleton et al., 2009; Slovic, Fischhoff, & Lichtenstein, 1980). 
But, where the expert perceptions are based on objective, scientific data and use a clear definition of 
risk (probability x effect), public perception is much more complex. As noted above the public takes 
into account more than just the direct (safety) risks when determining its risk perception. Over the 
past decades, researchers have identified several factors that would influence the public perception 
of risks. Covello (1991) composed a list of 19 factors based on research from, amongst others, Slovic 
(1987) and Furby et al. (1988): 
 

 Catastrophic potential 
 Familiarity 
 Understanding 
 Uncertainty 

 Controllability (personal) 
 Voluntariness of exposure 
 Effects on children 
 Effects on future generations 
 Immediacy of the effect 
 Victim identity 

 Dread 
 Trust in institutions 
 Media attention 
 Accident history 

 Equity 
 Benefits 
 Reversibility 
 Personal stake 
 Origin 
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One of the most famous models of the constructivist framework is the psychometric paradigm, 
including the scatter plot of the public perception of several hazards (Figure 2) (Slovic et al., 1980; 
Slovic, Fischhoff, & Lichtenstein, 1982). The axes of the graph, the unknown factor and dread factor, 
were based on correlations between multiple of the above factors. The unknown factor was defined 
as a risk that is not observable, unknown to those exposed, has a delayed effect, is a new risk or is 
unknown to science. The dread factor contained risks that are uncontrollable, dreadful, have global 
catastrophic effects, have fatal consequences, are not equitable, have a high risk to future 
generations, are not easily reduced, of which the risks increase over time or risk that are involuntary.  
 
Using questionnaires, the respondents’ perception of 90 hazards was measured based on a set of risk 
characteristics and the degree to which the respondent thought the risk was acceptable. The results 
of Slovic et al. (1980) showed that unknown and dread risks were also the least accepted risks. Thus, 
hazards in the top-right quadrant are perceived as most risky and hazards in the bottom-left 
quadrant are perceived as least risky. Plotting the hazards then demonstrates how the public 
perceives risks rather different than scientists. For example, the public perceives nuclear reactors as 
more risky than auto accidents, while in fact mortality rates are much higher for auto accidents. 
 

 
Figure 2. Public perceptions of 90 hazards plotted in an unknown-dread graph. Copied from Slovic (1987). 

 
In a closer analysis of this data, Gregory and Mendelsohn (1993) investigated the relation between 
the underlying factors and the dread factor and perceived risk. Using regression techniques, they 
showed that voluntariness of exposure and newness of the risk (familiarity) were not statistically 
relevant for explaining the position of the hazard. Compared to the other factors used in the 
regression (benefits, personal stake, immediacy, catastrophe, equity, risks to future generations and 
expected mortality), the impact of the voluntariness of exposure and newness of the risk were simply 
not significant.  
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Of the other factors, risks to future generations and expected mortality were most explanatory for 
overall the perception of a risk. However, to the dread factor (the x-axis), the immediacy of the risk 
and perceived benefits were most explanatory. Interestingly, the expected mortality had no 
significant impact on dread, but it did influence the perceived risk. Thus, making dread hazards more 
safe (in terms of fatalities expected) does not make the public fear them less but does make them 
more acceptable. A lack of perceived benefits on the other hand, either personal or for society, 
amplifies the dread factor of risks. “With zero benefits, the community perceives even a small threat 
of harm as infinitely large” (Jasanoff, 1998, p. 126). The influence of benefits was also found to be 
important for the public perception of more recent technologies, such as gene technology and CCS 
(Siegrist, 2000; Tokushige, Akimoto, & Tomoda, 2007).  
 
Some of the other influence factors, as summarized by (Covello, 1991), have also been discussed in 
scientific literature. Slovic (1993) stated that public trust in the decision-makers is an important 
factor in public risk perception. He attributes the limited effect of risk communication in closing the 
gap between the technical risk assessments and public risk perceptions to a lack of trust. “If trust is 
lacking, no form or process of communication will be satisfactory” (Slovic, 1993, p. 677). The role of 
trust was also found by recent research on the CCS project in Barendrecht. Data from a questionnaire 
among 811 residents showed that residents who did not trust the national government and Shell 
were also more negative towards the project (Daamen et al., 2010). Although it cannot be 
determined whether distrust causes a negative perception, or a negative perception causes distrust, 
it is nevertheless an important factor. The role of trust in the formation of the public perception was 
confirmed in an interview with a social scientist (2013) in public opinions. 
 
Cross (1998) argued that the influence of catastrophe, a factor that had a significant impact on the 
perceived dread (Gregory & Mendelsohn, 1993), might actually be attributed to a fear of new 
technology. People do not especially fear catastrophic events such as floods or a dam collapse, but 
rather fear technological catastrophes, “which suggests that it may be technology, rather than 
catastrophe, that primes the public perceptions of concern” (Cross, 1998, p. 34). This suggests that 
the origin of the risk, i.e. caused by human action or by nature, is the dominant effect. Since the 
influence of the catastrophe factor on public perception is unclear, Cross (1998) advocates that it 
should only play a minor role in policy making. 
 
The last two factors that are discussed here are the public understanding of a process or mechanism 
and the influence of the media. The information deficit model states that the public would become 
more accepting towards a project when having more knowledge of the technical aspects (Burgess, 
Harrison, & Filius, 1998; Owens & Driffill, 2008). However, the model has been criticized by scientists 
who have shown that this theory does not function in practice (Eden, 1996).  
 
Brunsting et al. (2013) showed that increasing the knowledge of lay-people does not necessarily 
result in a more positive attitude towards a technology (in this study CCS). Using a questionnaire that 
tested the knowledge of the respondent and his or her attitude towards CCS, they found that there 
was no direct correlation between knowledge and attitude. Instead, knowledge influenced the 
respondent’s perception of CCS, which in turn affected their attitude towards CCS. Thus, knowledge 
influences the attitude indirectly through respondent’s perception, which is also influence by other 
factors such as benefits and trust. Furthermore, more knowledge did not necessarily lead to a more 
positive attitude, but could also result in a more negative attitude. 
 
Finally, the media are also known to influence the public perception. A survey study by De Best-
Waldhober et al. (2006) has shown that lay-people’s opinions are easily influenced by new 
information. Respondents tend to give their opinion even when they don’t have knowledge on the 
topic addressed, known as so called ‘pseudo-opinions’. These pseudo-opinions can quickly change 
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when new information is presented, both negatively and positively. The influence of the (mass) 
media is therefore evident.  
 
The above section gives a clear image of the complexity of public perception that has been discussed 
in scientific literature. However, not all of the 19 factors described by (Covello, 1991) are relevant to 
the public perception of CO2 and CCS. Chapter 4 will go into more detail of the factors that 
specifically play an important role in the public acceptance of CO2 and CCS. 
 

2.6.3 The NIMBY phenomenon 
 
A well-known phenomenon in public perceptions research is the NIMBY phenomenon. This 
phenomenon simply states that while people may in general not protest to the implementation of a 
certain project, they do not want it to be implemented in their neighborhood due to selfish reasons. 
NIMBY has been used to disregard public objections as selfish arguments, rather than genuine 
motives which have to be accounted for (Wolsink, 2000).  
 
The use of NIMBY, however, has been criticized by several researchers who stated that public 
objection can be explained by acknowledged factors that influence the public perception (social 
scientist, 2013; Wolsink, 2007). “When doing proper scientific research, the NIMBY effect is absent 
nearly every time. There are always other explanations” (social scientist, 2013). Wolsink (2007, p. 
1203) relates the effect to the equity factor, stating that people “consider it unfair that others, or the 
decision makers, shift the burden to them”. Cross (1998) relates the NIMBY phenomenon to the 
balance between risks and benefits. When the perceived risks outweigh the perceived benefits, the 
public will develop a negative perception. This would suggest that “individuals are unwilling to bear 
any risks for the general welfare of society” (Cross, 1998, p. 34), which may be observed as the 
NIMBY phenomenon. However, perceived benefits are not merely individual benefits, but also 
benefits to society influences the public perception (Gregory & Mendelsohn, 1993). NIMBY might 
then be a lack of knowledge of the public regarding the benefits of a project for society. In this 
research project, NIMBY will not be regarded as an independent factor, but rather as an observation 
caused by underlying factors that influence public perception. 
 

2.6.4 Realistic or constructivist risk assessment approach? 
 
The discussion remains whether or not the constructivist framework should also be incorporated in 
official risk assessment methods. The realistic framework clearly does not address all the factors that 
play a role in public acceptance. On the other hand, the subjectivity that is inherent to the 
constructivist framework has also been criticized and would make it less suitable for official risk 
assessments. 
 
Cross (1998) states that public perceptions do not always represent the overall public and hence can 
have discriminating effects. He states that only those with sufficient power and resources are able to 
influence decision-making regarding environmental risks. This leads to biased policy that favors the 
upper and middle classes, while neglecting the lower class and other minorities. As an example the 
pesticide DDT was given, which was banned in the United States due to public concern of its 
persistence. It was however replaced by a pesticide more toxic on the short-term, which posed a 
higher risk to farmworkers. Since these farmworkers “tend to be poor and members of minority 
groups”, the welfare of the public was chosen over theirs (Cross, 1998, p. 31). The above example 
“surely demonstrates that public perception of risk is not inevitably worthy” (Cross, 1998, p. 31). 
Thus, the public perception is not necessarily a good basis for sound policy making. The scientific 
framework, on the other hand, is not prone to such discriminating risk assessments. 



28 
 

 
While quantified risks are often pictured as the ‘true’ risks based on objective science, this 
perception has also been criticized. Jasanoff (1998) points out that, in order to quantify risks, experts 
have to use their judgment as well. To be able to model risks several assumptions are made that 
project reality in a way that fits a model. For example, people stay outside unprotected and on a 
fixed position to calculate the IR (VROM, 2007b) and releases of gases and liquids only follow 
mathematically determined pathways (Jasanoff, 1998). Some of the assumptions are not based on 
science, however, but on the “risk analyst’s professional imagination, shaped and conditioned by 
underlying policy objectives, values, training, and experience” (Jasanoff, 1998, p. 95). Ultimately, the 
quantified risk is not the ‘true’ risk, but in fact a representation of the actual risk in the “artificial 
micro-world of the risk analyst’s creation” (Jasanoff, 1993, p. 124). 
 
Cross (1992) argued that there is no such a thing as an objective risk. “All relevant risk measures 
employ some human agency, so all are literally perceived [subjective] risks.” But where Jasanoff 
criticizes the objectivity of the realistic framework, Cross states that since both frameworks make use 
of perceived risks, the legitimacy of those perceptions is what matters. The public’s perception of 
risks is more susceptible to manipulation and is not necessarily for the best of the whole society, as 
mentioned above. Therefore, Cross (1992) advocates the use of the realistic framework as a ‘reality 
check’ in risk assessment, while considering the public perception as well.  
 
The importance of using both frameworks to come to a successful risk assessment has been 
advocated by other researchers as well (Renn, 1998; Singleton et al., 2009). Renn (1998) proposes 
the use of a jury of randomly selected citizens, to judge the realistic risk assessment established by 
experts and stakeholders. Singleton et al. (2009) noted that each of the models within the two 
frameworks have situations for which they are best suited and should be used accordingly. Yet, the 
difficulty remains how these two frameworks should be used in coherence for risk assessments. 
 

2.6.5 The safety factor 
 
In the realistic framework, safety is directly related to public acceptance. In the constructivist 
framework however, safety is a more complex factor, as it has been stated to play a double role. On 
the one hand the public can have genuine safety concerns that are not covered in the realistic 
framework. On the other hand, safety can also be used as a substitute argument for concerns related 
to other factors. Fischhoff (1995) warned that while the public may criticize the safety of a project, 
this may only be due to the legal standing of safety issues17. The real problem may be in fact related 
to a lack of communication, but this holds often not enough legal standing to formally object to the 
project. Therefore, the public instead focuses on the safety of a project. 
 
A recent publication by the Ministry of Interior and Kingdom Relations (BZK)18 described a similar 
situation for the Netherlands (van Eeten, Noordegraaf-Eelens, Ferket, & Februari, 2012). The 
government focuses on the technocratic aspect of risks by showing that the risks are negligible. This 
leads then to the conclusion that it is justified to impose the risks on the public. The public, lacking 
any other form of argumentation, tries to refute this argument by showing the risks are not correctly 
established or are not negligible. In response the government starts to focus even more on the 
technocratic risk analysis, ignoring the social discussion of why the risk is allowed to be imposed on 
the public.  

                                                           
17

 Safety is one of the main factors that has to be taken into account by law, whereas factors such as benefits 
do not, and hence safety has stronger legal power.   
18

 In Dutch: Ministerie van Binnenlandse Zaken en Koninkrijksrelaties 
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Both Fischhoff (1995) and van Eeten et al. (2012) lie their focus on the process of managing the risk 
(involvement of the public, distribution of the benefits, etc.), rather than the calculated or perceived 
risk and its effects (see section 8.3.2 for a more detailed discussion). Whereas Slovic et al. (1980) 
stated that not only risk calculations but also the perception of the risks is important to public 
acceptance, Fischhoff (1995) and van Eeten et al. (2012) leave out all factors directly related to 
safety. Rather, they focus on the participation of the public and the justification of imposing risks on 
society. Although they do portray safety at the core of risk acceptance, once assessed and accepted 
by the decision-makers, it should only play a minor role in the implementation process. Ergo, while 
safety is often widely discussed and criticized by the public, it may not be as important as perceived 
at first sight. 
 
However, it is beyond the scope of the project to assess the opinion of a sample of the public and 
therefore other factors cannot be directly investigated. Instead, the ‘duality’ of safety is assessed by 
investigating the impact of safety improvements in the realistic framework on the constructivist 
framework. Discussing these improvements with critical experts and relevant stakeholders from the 
Barendrecht case will show whether their criticism was truly safety related or that safety was used as 
a substitute argument.  
 

2.7 Sub-questions 
 
Based on the aforementioned background, the following set of four sub-questions is established to 
answer the research question: 
 

1. What factors influence the Dutch public opinion on CCS and CO2? 
 

2. Which new scenarios relevant for QRAs of CO2 related projects can be identified that are not 
covered by the HRB? 
 

3.  What is the impact of modeling the new scenarios to the assessment of external risks, in 
particular the QRA of the CCS project in Barendrecht? 
 

4. What is the opinion of experts and stakeholders that were involved during the Barendrecht 
CCS project on the impacts of the modeled improvements? 
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3 Methodology 
 
The methodology describes and justifies the methods that were used to collect and analyze the data 
that were required to answer the sub-questions and research question. 
 

3.1 Sub-question 1 
 
What factors influence the Dutch public opinion on CCS and CO2? 
 

3.1.1 Data collection 
 
An exploring interview with a social scientist, known in the field of public acceptance and CCS with 
multiple scientific publications, was conducted. In this interview some of the theories mentioned in 
sections 2.5 and 2.6 were discussed. Due to the limited time for the interview (one hour) combined 
with a rather broad topic, a semi-structured interview was used (Bernard, 2006). This structure 
allows the interviewer to focus on the topic, while the respondent has the freedom to express his or 
her opinion and elaborate on sub-topics of his or her liking within the main topic. The interview was 
conducted using an interview guide with a pyramid structure (appendix 12.1.1). This structure is 
suitable for interviewing experts and provides a focused start of the interview and allows for building 
rapport. Next, a section with more open questions allows the respondent to provide both broader 
and more in depth information (Kendall & Kendall, 2004). This was deemed a suitable method for 
acquiring data for a broad topic such as public acceptance.  
 
Based on the findings from the expert interview, an online literature study was carried out to gather 
complementary scientific data. Much research, including surveys, has already been performed to 
study the public’s opinion, knowledge, awareness and beliefs on CCS and CO2. Together with studies 
on public risk acceptance and the results of the expert interview, the data were to provide a 
complete overview of factors that influence the public opinion on CO2 and CCS in the Netherlands. 
Within programs such as the Dutch CO2 Capture, Transport and Storage19 (CATO) program, extensive 
research has been performed in Sub-Program 5.3 (SP5.3) on the trends in public opinions which 
provided good leads for starting the literature study.  
 

3.1.2 Data analysis 
 
Since only one exploring interview was conducted, the interview could only result in qualitative data. 
Therefore, the interview was only globally transcribed, and not coded. Instead, it was analyzed for 
statements that could be linked to the topics discussed in sections 2.5 and 2.6. Also, the interview 
was partially used to validate the theories found in literature. Furthermore, any insights and 
statements that seemed relevant for determining the factors that influence the public opinion on 
CO2 and CCS were included to answer the first sub-question. Prior to the analysis, a summary of the 
interview was sent to the interviewee for feedback, to confirm the right interpretation of the data 
was made. 
 
 
 

                                                           
19

 In Dutch: CO2 afvangst, transport en opslag.  
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3.2 Sub-Question 2 
 
Which new scenarios relevant for QRAs of CO2 related projects can be identified that are not covered 
by the HRB? 

3.2.1 Data collection 
 
To answer the second sub-question, first an inventory was made of the public risk perception and 
criticism on the methodology for risk assessments. A thorough analysis of the Barendrecht CCS case 
provided a good overview of the criticism on the risk assessment methodology. The CCS case in 
Barendrecht was used in this project because it is a good example of an attempt to implement a new 
technology in society. More specifically it also functioned as an example for CO2 related projects. 
While new CCS projects onshore might not be started on the short-term, other CO2 projects could 
encounter similar objections as in Barendrecht. Through the CCS case in Barendrecht, the criticism on 
CO2 was studied as well. Finally, a large amount of data were available, varying from scientific articles 
to procedural documents and media coverage. Therefore a good representation of the criticism 
could be established. 
 
For the analysis several sources were used. First, when the MER was made public, the residents and 
municipal council of Barendrecht had the opportunity to submit their views on the report20 in which 
they could state their concerns. Second, several workshops and briefings were hosted by Shell and 
the government. These meetings have attracted (independent) experts and active residents that 
have criticized and commented on the QRA and safety claims. Finally the CCS project has been 
covered in all sorts of media, from newspapers, to weblogs, TV documentaries and magazines. An 
analysis of these three sources was used to cover the risk perception and opinion on the QRA of 
Barendrecht of experts, politicians, active residents and the general local public.  
 
To complete the data that were required to set up an inventory of new scenarios, the results from 
the Barendrecht CCS case were complemented with a literature study on the critics on the HRB and 
SAFETI-NL, a database study of accidents with CO2 and a brief study of international methods to 
assess external risks. 
 

3.2.2 Data analysis 
 
To assess the relevance of the criticism on the risk assessment methodology, the data was tested to a 
number of criteria. The first criterion was the physical and chemical correctness of the criticism. For 
example, people may fear that CO2 could explode, while in fact CO2 is a nonflammable substance. 
Hence, such criticism was deemed irrelevant to external risk calculations. Furthermore, the criticism 
had to concern the external safety, only take into account health effects, have sufficiently available 
data, was feasible to research within this research project and was to have the possibility to have a 
significant impact on risk outcomes. When certain criticism was obviously not going to have an effect 
on the calculated risk, it was not deemed relevant to set up any new scenarios and was therefore 
discarded. Once the inventory of relevant criticism was established it was translated to a set of new 
scenarios and parameters that are not covered by the HRB and could be modeled with SAFETI-NL or 
another computer modeling program.  
 
 

                                                           
20

 These views are public as well and can be requested from the MER commission for inspection. 
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3.3 Sub-question 3 
 
What is the impact of modeling the new scenarios to the assessment of external risks, in particular 
the QRA of the CCS project in Barendrecht? 
 

3.3.1 Data collection 
 
Once the new set of relevant scenarios was determined, the effects of these scenarios were 
calculated, using computer programs for modeling substance dispersion. SAFETI-NL was not directly 
applicable to all identified scenarios and parameters and therefore a number of alternative computer 
modeling programs were considered. A modeling expert at the RIVM and two experts of the Royal 
Netherlands Meteorological Institute21 (KNMI) were consulted. However, no suitable alternative 
models were found and hence a work around was developed for those scenarios and parameters not 
directly calculable with SAFETI-NL.  
 
To calculate the risks of the new scenarios and parameters with SAFETI-NL, first a default two-
dimensional representation of the facilities were made, based on the risk analysis of Tebodin and the 
HRB (Heijne & Kaman, 2008; RIVM, 2009a). The risk contours for the default facilities functioned as 
reference to the adjustments. Next, the default scenarios and parameters were adjusted according 
to the data from the new scenario or parameter that was to be modeled. This allowed for calculation 
the risk contours and projecting them on a map for visualization. 
 

3.3.2 Data analysis 
 
To determine the effect of a new scenario or parameter on the overall risk profile, the risk contours 
of the new calculation were compared to those of its corresponding default scenario. All changes to 
the risk contours could be contributed to the new scenario or parameter, as this was the only 
variable. The new scenarios and parameters that showed a significant visible impact on the default 
risk contours were deemed relevant. 
 

3.4 Sub-question 4 
 
What is the opinion of experts and stakeholders that were involved during the Barendrecht CCS 
project on the impacts of the modeled improvements? 
 

3.4.1 Data collection 
 
Holding a survey that includes a representative sample of the public (either local or national) was 
beyond the scope of this research project. Hence, the impact on the public acceptance of the new 
scenarios and parameters was tested on the basis of expert opinions and opinions of prominent 
residents of Barendrecht. The residents were actively involved in the CCS project, either through 
politics, NGOs or individual efforts. These type of actors have been classified as having an influence 
on the public opinion (Terwel et al., 2012) and therefore can be seen as a measure for the public 
acceptance of the risk assessment methodology for CCS and CO2 related projects.  
 
The opinions of the actors were acquired using interviews. In total, four experts and three residents 
were interviewed between the 30th of May and 20th of June 2013. All candidates but one expert 
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 In Dutch: Koninklijk Nederlands Meteorologisch Instituut. 
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either participated in the fact finding workshop hosted by CATO, in the TV documentaries by Zembla 
or Netwerk, or both. The remaining expert was not involved in the Barendrecht project, but was an 
independent expert in the field of CO2 risk analyses for CCS projects. 
 
In the interviews, the opinion on the identified new scenarios and parameters was asked, in relation 
to their effects on risk calculations and public acceptance. Results of the calculations were not 
shown, to prevent a biased opinion on the impact of the new scenario or parameter. The topic of the 
interviews were fixed, i.e. the impact of modeling the new scenarios and parameters, but the 
respondents were free to give their opinion in any way they saw fit. Hence, semi-structured 
interviews were used (Bernard, 2006). The used interview guides were checked by a social scientist 
and a risk expert to validate the content and structure of the interview. Candidates for interviews 
were contacted by telephone and the interviews were conducted in person or in case this was not an 
option, phone or video call. The new scenarios and parameters were discussed using a premade 
explanation in simple and clear language, understandable for both experts and residents (appendix 
12.2). 
 
The interviews with experts made use of diamond structured interviews (appendix 12.1.2 and 
12.1.3). The narrow start of the interview ensured the focus of the interview remained with the main 
topic and allowed for building rapport. The middle section featured mainly open questions to present 
the respondent the opportunity to answer in a more broad or in-depth direction (Kendall & Kendall, 
2004). In the end of the interview, the questions narrowed down again to ensure all topics were 
covered in order to provide focused, comparable data.  
 
Due to the sensitive nature of the CCS project for residents of Barendrecht, a funnel structure was 
used during the interviews with the residents (appendix 12.1.4). This open-starting structure is better 
suited for emotionally charged topics as it allows the respondent to speak freely about the topic 
(Kendall & Kendall, 2004). From the open structure the questions were narrowed to a more focused 
ending, to ensure that useful, comparable results were obtained and all topics were covered. 
 

3.4.2 Data analysis 
 
To confirm the right interpretation of the data was made, a summary of the interview was sent for 
feedback to the interviewee, after transcription. The interviews were then analyzed by using coding 
guides (Bernard, 2006). For the expert interviews and resident interviews separate initial coding 
guides were constructed, based on the respective interview guides. Contrary to the ‘exploring’ expert 
interview about the public opinion of CCS and CO2, the interviews with experts and residents had a 
clear purpose: to assess the impact of possible improvements made to the risk assessment 
methodology. Therefore, the coding guides focused on data related to the opinions on the new 
scenarios and parameters, the context in which these opinions were made and the possible 
implementation of the improvements. 
 
The initial expert coding guide was used to code first expert interview and was adjusted during 
coding when either a code was unsuitable or when a code was missing for interesting data. The 
revised expert coding guide was then used to code the next expert interviews. Where required, 
additional codes were added or modified during the coding of the interviews. In case new codes 
were added, previously coded interviews were scanned for relevant data to the new code, so that all 
interviews were essentially analyzed for all codes. The resident coding guide was based on the 
resident interview guide and expert coding guide. The same iterative process was used to construct 
the most optimal resident coding guide that was suitable for all three interviews. The final coding 
guides are shown in appendix 12.3.1 and 12.3.2. 
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When all interviews were coded, the data was categorized and corresponding codes were gathered 
and analyzed. The data were used to construct a context in which the opinions of the interviewees 
could be placed. Next, each new scenario and parameter was addressed separately regarding the 
opinion of all seven interviewees. Based on the coded data, an assessment was made whether the 
new scenarios or parameters could be seen as relevant in regard to risk calculations. Finally, the data 
about de discussion on the impact of the improvements on public acceptance and possible 
implementation methods were analyzed. This analysis provided an overall impression of what 
improvements would be relevant and how these should be incorporated in the current methodology. 
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4 Public opinion on CO2 and CCS 
 
With the upcoming of CCS as mitigation method for CO2, there have been several studies that 
investigated the public opinion of CO2 and CCS. Within the CATO research program the opinion of the 
Dutch general public has been assessed. Through a questionnaire, De Best-Waldhober et al. (2011) 
showed that the awareness of CCS has increased over the past years. When comparing the most 
recent survey from June 2010 to the previous survey in 2008, the awareness increased from 47% to 
65%. This is likely due to the media attention the CCS project in Barendrecht received.  
 
While this increased awareness is positive, it is not accompanied by an increase of knowledge. “If 
people have heard about CCS, they have very little knowledge about what CO2 is, why it is stored 
underground and how deep and where it is stored, etc.” (social scientist, 2013). The awareness 
created by the media is often unbalanced and controversial. Mostly, the news coverage does not 
explain the underlying reasons to implement CCS (i.e. due to climate change) and therefore fails to 
increase the knowledge of the public (Paukovic et al., 2011). People do not tend to deepen 
themselves in the energy system, especially when more urgent matters such as the financial crisis are 
present (social scientist, 2013). 
 
Furthermore, the knowledge that people possess is not always correct. Among the general public 
several misconceptions were observed such as CO2 being inflammable, causes cancer or is able to 
explode when stored under pressure (De Best-Waldhober et al., 2011). Such misconceptions showed 
both negative and positive correlation with the attitude towards CCS. The misconceptions gave a 
more dangerous image to CO2 and CCS, but this also made CCS more beneficial. As mentioned in 
section 2.6.2, increasing the public knowledge of CCS does not necessarily result in a better 
perception (Brunsting et al., 2013; social scientist, 2013). However, reducing misconceptions does 
make people perceive the frequency and effects of CO2 releases lower. The negative arguments that 
resulted from an increase of knowledge were related to non-safety factors such as benefits (CCS is 
too expensive) and understanding (CCS is not yet ready). This suggests that an increase in knowledge 
improves the safety perception of people and thus improves the acceptance of QRAs. 
 
When the public was asked to evaluate two mitigation methods featuring CCS, these were evaluated 
as just adequate, being graded with a 5.3 and 5.9 on a scale of 1 to 10 (De Best-Waldhober et al., 
2008). Although the public did not reject CCS beforehand, it is less popular than other mitigation 
methods such as biofuels or wind energy, with scores of 7.4 and 7.1 respectively. Of the two CCS 
options, Power plants + CCS or Hydrogen + CCS, only 5% of the respondents rejected hydrogen + CCS, 
while 15% rejected Power plants + CCS. This shows that not only CCS, but also the type of facility that 
produces the CO2 is of importance to the public perception of CCS.  
 
The same result was found by De Best-Waldhober et al. (2006), in a study comparing six different 
energy production techniques with CCS. The results showed that the public rated solid oxide fuel 
cells + CCS higher than EGR + CCS (with 0.6 points on average on a scale of 1 to 10). Wallquist, 
L'Orange Seigo, Visschers, and Siegrist (2012, p. 81) formulated this as “likely that the origin of the 
CO2 is crucial for the acceptance of the storage location”. Their study showed that biogas-fired plants 
are rated higher (on average) than gas-fired plants by almost 30 points out of 100. This confirms that 
not only safety, but also other factors play a role in the public acceptance of CCS. Overall, these 
studies show that CCS in itself is acceptable to the public, but it is subordinate to other mitigation 
options. 
 
Interestingly, the survey by Daamen et al. (2010) among 811 residents of Barendrecht showed that a 
large majority had a negative opinion about the CCS project. Of the respondents, 86% found the CCS 
project unacceptable. In the survey of De Best-Waldhober et al. (2008) only 20% of the respondents 
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rejected one of the CCS plants. Furthermore, only 3% of the respondents in Barendrecht answered 
they had never heard of the CCS project while this percentage was more than ten times higher for 
the general public. These results indicate that the public opinion (and awareness) can significantly 
change when people are confronted personally with a new project. Therefore the results of a survey 
among the general public may not be so useful to estimate the opinion of the local public. 
 

4.1 Unknown-dread plot of CCS 
 
By comparing CCS to the other hazards on the dread-unknown graph of Slovic et al. (1980), Singleton 
et al. (2009) determined a possible position of CCS on this graph. Positioned in the upper-right 
quadrant, it was plotted in an area between ‘uranium mining’, ‘coal burning (pollution)’ and ‘LNG 
storage and transport’. Based on this position, the authors concluded that additional field trials could 
increase the public acceptance of CCS, by making it more known to the public. Improving the 
techniques for mitigating CCS hazards will help to decrease the dread factor. Singleton et al. (2009, p. 
106) stated that the “inability to persuade skeptics cannot simply be overcome by refining the 
models”. To improve the perception of CCS more experimental data is needed to be able to 
“conclusively say that it is safe in all appropriate circumstances” (Singleton et al., 2009, p. 107). 
 
However, the social scientist (2013) criticizes the statement ‘by telling people how successful other 
projects are, they will have more trust in CCS’. “Our research shows that safety is but a small part of 
the opinion formation of people. The most explaining factor is people’s benefit perception of a project 
or technology” (social scientist, 2013). Due to the (relatively) small scale of field trials it seems 
unlikely that these will influence the public perception of its benefits, i.e. climate change mitigation.  
 
Improving CCS via field trials on the unknown scale may have an effect on the public perception 
though. The example of natural gas storage in Bergermeer gas field (section 2.5) showed that 
familiarity can play an important role in the acceptance of a project. Whereas the CCS project in 
Barendrecht was cancelled, the storage of natural gas was successfully executed. Apart from the type 
of gas that would be stored, the two projects do not significantly differ on technical aspects. But, the 
success of natural gas storage could also be attributed to the benefit and control perceptions of gas. 
“Gas is useful and is used by people. Gas seems to be controllable, for example when it comes out of 
your stove” (social scientist, 2013). Whether field trials will have a significant impact on the public 
perception by addressing the unknown factor thus remains questionable.  
 

4.2 Factors explaining public acceptance 
 
Through a statistical analysis of their data Daamen et al. (2010) correlated some of the factors they 
investigated to the opinion on the CCS project of the respondents. A strong correlation was found 
between the perceived safety and the attitude towards the project; a higher perceived safety 
correlated with a more positive opinion. This may be as expected, but is nevertheless an important 
result as it confirms the relevance of this research project. Of the respondents 50% perceived the 
storage of CO2 as very unsafe and 30% as fairly unsafe. Only 4% perceived the storage as completely 
safe. These results show that safety was clearly a concern of the majority of the respondents. 
 
A moderate correlation was found between the public opinion and perceived scientific agreement on 
the safety of the project (Daamen et al., 2010). Of the respondents 84% believed that scientists did 
not agree (A), 9% believed that scientists agreed the project was unsafe (B) and 7% believed 
scientists agreed the project was safe (C). Correlations showed that respondents B were most 
negative about the project with an average score of 1.19 out of 5 (1 = very negative and 5 = very 
positive). Respondents A had an average score of 1.45 and respondents C were most positive with an 
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average score of 2.29. It is noteworthy that there were more respondents who thought scientists 
agreed the project was unsafe than respondents who thought they agreed it was safe. However, in 
scientific literature most publications in the field of CCS are positive about its implementation. 
 
A possible explanation lies with the media. TV documentaries of Zembla and Netwerk featured only 
experts that criticized the safety claims of the project (Rietveld, 2010; van Groesen & Sistermans, 
2009; Verhey & van Alkemade, 2010). The survey revealed that almost 50% of the respondents had 
seen the documentary of Zembla and 28% had seen the documentary of Netwerk in 2010 (Daamen 
et al., 2010). Out of several information sources, these documentaries were most used and rated as 
most useful by respondents. Respondents that had watched (one of) these documentaries were 
more negative than respondents who did not.  
 
The above results suggest that experts and the media, and more notably a combination of both, had 
a significant influence on the formation of the public opinion. Criticism of experts is possibly 
amplified due to attention from the media, which did not pay attention to more positive scientists. 
Although no causal relations could be derived from the survey data22, the influence of experts on the 
public opinion seems evident.  
 
Finally, Terwel et al. (2012) showed that both trust and procedural fairness are strong explaining 
factors of the public opinion. Respondents were more negative about the project when they thought 
the decision-making process was unfair or when they did not trust the decision-makers. The survey 
showed that the public trusted the municipal council and the organization CO2isNee the most, both 
who had a negative opinion on the CCS project. Respectively these parties were rated on average 
with a 3.06 and 3.10 out of 4 (4 = trusted completely and 1 = not trusted at all) whereas the 
government and Shell were rated with only 1.57 and 1.60, respectively. This lack of trust made it 
difficult for the government and Shell to provide the public with information that would not be 
perceived as biased and thus untrue (Brunsting et al., 2010). Again, causal relations could not be 
derived, but it is clear that the local parties had a significant influence on the public opinion. 
 

4.3 Definition of public acceptance 
 
Regarding the definition of public acceptance, as proposed in section 2.523, the social scientist (2013) 
partially agreed. “In fact what you need to have is a lack of protest. The problem is that there is 
almost always at least one person protesting” (social scientist, 2013). Therefore it is difficult to assess 
whether there should be no protest or at some point the protest should be ignored, after substantial 
effort is made to meet the criticism, in the benefit of a project. The question then arises at what 
point the effort is sufficiently substantial to justify a neglect of the protest. Hence, the social scientist 
(2013) had some comments on the proposed definition regarding the ‘amount’ of negative opinions 
and how to address these.  
 
Both literature and the expert interview showed that a precise effect, in terms of failure or success of 
a project, cannot be contributed to an increase or reduction of negative opinions or protest. But, a 
reduction of negative opinions does surely contribute positively to the chance of success. Therefore, 
for the use of this project, the definition remains suitable as it is in accordance with literature and no 
better definition was found. 

                                                           
22

 A causal relation between two correlating factors, A and B, states whether A causes B or B causes A. Thus, 
the results not show whether respondents were more negative because they thought the Zembla documentary 
was useful, or because they were more negative they thought the documentary was useful. 
23

 Public acceptance was defined as the lack of the amount of negative opinions on a project that would lead to 
the cancellation of the project in question. 
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4.4 Conclusion of sub-question 1 
 
In this chapter, an overview of theories and studies on public acceptance, perception and opinion has 
been presented on CCS and CO2. Combining the results with the theoretical background (sections 2.5 
and 2.6) clearly shows that a risk analysis from the realistic framework does not address all the 
factors that influence the public acceptance. From the many factors that have been discussed, a 
compact set of factors can be derived that are important in general situations and in particular for 
CCS projects. In no particular order, these are as follows:  
 

 Safety 
 Trust  

 Media 
 Benefits 
 Understanding 
 Procedural fairness 

 
In this research project the focus lies on the factor safety, as studying the general public (e.g. through 
questionnaires) is beyond the scope of this project. While safety did not play a prominent role in the 
abovementioned surveys that studied the public opinion on CCS and CO2, there was a significant 
amount of criticism on the safety of the CCS project. By focusing on the safety criticism of experts 
and prominent residents, it is aimed to improve their opinion on the risk analysis. Both groups had 
both direct (via expert opinions and trust in local parties) as well as indirect (via the media) influence 
on the public opinion and are therefore relevant when studying the constructivist framework. Thus, if 
the opinion of experts and opposed individuals could be improved, the overall public opinion should 
improve as well. 
 

4.4.1 Sub-question 1 
 
What factors influence the Dutch public opinion on CCS and CO2? 
 
Surveys have shown that the majority of the Dutch public is aware of CCS. However, their knowledge 
of CO2 and CCS is often incomplete or incorrect. Increasing the knowledge of the public does not 
necessarily lead to more positive opinions as it strengthens opposing arguments as well. The 
perception of safety might change as well though. 
 
To the general public, CCS is not very popular. While it is not rejected beforehand, it is one of the 
least popular mitigation options. But when confronted with a project in their surroundings, people 
tend to become more negative, which can be explained by a strengthened relevancy of a multitude 
of factors. First, CCS is perceived as very unsafe by a majority of the people. Second, there is a 
significant lack of trust in the government and commercial parties such as Shell. People tend to trust 
local parties more than the decision-makers. Third, people in general do not see the benefits of CCS 
and hence are unwilling to accept its risks. Fourth, the current legislature for implementation of 
projects is perceived as unfair. People have the perception that they have no influence on the 
decision-making process. Finally, the media have given CCS considerable amount of negative 
attention, which influenced the public opinion negatively as well. 
 
The context that is being described here presents a rather negative public opinion of CCS. Without 
improving the current opinion, it is unlikely that future (onshore) CCS projects will be accepted by the 
public. However, by improving the safety factor this opinion cannot be changed, because there are 
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too many other factors that also play a role in the formation of the public opinion. Safety may 
provide a contribution to the improvement of the public opinion though. When combined with 
improvements on the other factors as well, this may eventually result in a more positive public 
opinion. Thus, this research may provide a small step towards an increased public acceptance of 
future (CCS) projects. 
  



40 
 

5 Hazard analysis of CCS 
 
In order to examine new risks that might be attributed to an onshore CCS facility, it is good to know 
which scenarios were considered for the Barendrecht CCS facility. A clear image of its infrastructure 
is important to assess whether the claimed shortcomings of the original QRA are indeed valid and if 
new scenarios are relevant for such a facility. Therefore, this chapter will start with an overview of 
the infrastructure of the CCS facility in Barendrecht, followed by an analysis of the scenarios and 
assumptions used in the QRA. The hazard analysis is completed by a literature study, a study of QRAs 
made abroad for CCS projects and an analysis of CO2 incidents. 
 

5.1 The Barendrecht CCS infrastructure 
 
The CO2 that was to be stored is produced in the Shell refinery in Pernis, a town 10 km northwest of 
Barendrecht. This refinery already produced 99% pure CO2 that was compressed and transported for 
use in the food and horticulture industries (Haskoning Nederland B.V., 2008b). The CO2 was to be 
transported via pipelines to the storage sites in Barendrecht and Barendrecht-Ziedewij. The full 
pipeline trajectory would consist of an underground trajectory with a total length of 19 km (16 km to 
Barendrecht and another 3 km to Barendrecht-Ziedewij) (Figure 3), connecting the aboveground 
pipelines of the compressors in Pernis, Barendrecht and Barendrecht-Ziedewij.  
 

   
Figure 3. Pipeline trajectory from the Shell refinery in Pernis to the two storage locations in Barendrecht 
(Heijne & Kaman, 2008).  

 
The compressor in Barendrecht would initially use only the first compression step. When the 
pressure in the field becomes too high for the first compression step the second step will be used as 
well. The compressor would be situated in a small building in the south of Barendrecht, between the 
residential district Carnisselande and the A29 highway. On the same industrial site two wells, 
previously used for gas extraction, are also present (Figure 4). One would be used for the injection of 
CO2, the other one to monitor the gas field (Heijne & Kaman, 2008). 
 
A similar setup was planned to be used for the compressor at the injection location in Barendrecht-
Ziedewij. The compressor would be situated in a building on the site where four wells are present 
that were previously used for gas extraction. The industrial site is located south of Barendrecht in 
farmland, ca. 100 meters from the closest buildings. Of the four wells, one would be used for 
injection, two for monitoring and one would not come in contact with CO2 (Figure 5). Once the 
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injection in Barendrecht is finished, the compressor is moved to the Barendrecht-Ziedewij injection 
location (Heijne & Kaman, 2008). 
 

 
Figure 4. Satellite image

24
 of the injection location in Barendrecht. The blue rectangle marks the industrial site 

on which the compressor (red dot) and wells (green dots) are situated. Adapted from Heijne and Kaman (2008). 
 

 
Figure 5. Satellite image

24
 of the injection location in Barendrecht-Ziedewij. The blue rectangle marks the 

industrial site on which the compressor (red dot) and wells (green dots) are situated. Adapted from (Heijne & 
Kaman, 2008). 
  

                                                           
24

 The satellite images were retrieved from Google maps (http://maps.google.nl) on 22 April, 2013.  
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5.1.1 Technical aspects 
 
The compressor at the Pernis refinery compresses the CO2 to a maximum pressure of 22 bar. An 
additional compressor would be installed to increase the pressure to 25 to 40 bar, the transportation 
pressure of the CO2 in the pipelines. After capture of the CO2 it has a purity grade of 99% and is 
completely dry (i.e. without water) to prevent corrosion to the transportation infrastructure. The 
pipelines would be partially placed in the existing ‘pipeline streets’, an underground network 
containing a multitude of pipelines (B1-B5). This section of the pipeline street runs mostly near 
residential areas, as can be seen in Figure 3. Furthermore, the pipeline street passes through two 
pipeline tunnels (B2, B4), which provide additional protection to damaging effects and can contain 
some amount of released substances. The other pipeline sections would be following the route of 
present pipelines as much as possible, mostly running under farmland (B6-B7) (Haskoning Nederland 
B.V., 2008b). 
 
Pipelines with a diameter of 355 mm (14 inch) would have been used, with a maximum flow rate of 
105 tonnes CO2 per hour. Underground pipelines are situated ca. 1 m below surface level. The 

temperature inside the pipelines cools to ground temperature (minimal 5 C ) which also lowers the 
pressure by a few bar. This type of pipelines is capable of transporting substances up to a pressure of 
44 bar and thus the limit of 40 bar should ensure the integrity of the pipelines. Considering the 

transport conditions (between 25 and 40 bar and 5+ C), the CO2 will only be transported in its 
gaseous state (Haskoning Nederland B.V., 2008b). 
 
The properties of the two reservoirs are 
summarized in Table 3. The end pressure after 
injecting the CO2 is limited to ca. eight bar 
below the initial pressure (prior to gas 
extraction) to prevent damage to the reservoir 
or leakage of CO2. In the reservoirs the CO2 will 
be in the supercritical phase, as the reservoir 
temperature exceeds the critical temperature 
and pressure. In order to prevent phase 
changes during the injection and maintain 
operational stability the temperature of the 
CO2 is increased above the critical 

temperature in the compressor, to 36 C 
(Haskoning Nederland B.V., 2008b).   
 
The Barendrecht compressor would be placed in a building of 11 by 8 m with a height of 6 m. Over a 
period of three years the CO2 would finally be compressed to 130 bar ( the maximum pressure of the 
compressor is 166 bar). Due to limitations of the reservoir, only 53 tonnes CO2 per hour can be 
injected. Hence, during the first three years, the pipelines will only transport CO2 at half their 
capacity. Any excess CO2 will be emitted to the atmosphere at the Pernis refinery (Haskoning 
Nederland B.V., 2008b).  
 
Once the gas field under Barendrecht is filled, the compressor would be relocated to the 
Barendrecht-Ziedewij location. Here the CO2 would be compressed to a maximum of 80 bar, but with 
the maximum flow rate (105 ton/h). After 12 years the pressure within the reservoir would have 
increased beyond the capacity of the compressor, so a second would be installed. Both would 
operate at a maximum of 166 bar with a flow rate of 53 ton/h (Haskoning Nederland B.V., 2008b). 
 

Table 3. Properties of the CO2 storage reservoirs 

 Barendrecht Barendrecht-
Ziedewij 

Storage  capacity 0.8 Mton 9.5 Mton 

Storage depth 1670 m 2630 m 

Injection flow 52.5 ton/h 105 ton/h 

Injection time 3 years 25 years 

Reservoir end 
pressure 

166 bar 306 bar 

Reservoir 
temperature 

70 C 107 C 
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In summary, the complete CCS facility would have consisted of a capture unit and compressor at the 
refinery in Pernis. The pressurized CO2 would then have been transported via an underground 
pipeline, that runs under farmland and near residential areas, to the injection sites at Barendrecht 
and Barendrecht-Ziedewij. At Barendrecht one compressor would inject the CO2 in the empty gas 
field, running at half the maximum flow rate. This field would have been filled in three years, after 
which the compressor would be relocated to Barendrecht-Ziedewij. Here it would inject CO2 at the 
full flow rate for 12 years. After the first 12 years a second compressor would have been required to 
inject the CO2, due to the pressure increase in the reservoir. Both compressors would then inject CO2 
at half the flow rate for an additional 13 years, when the reservoir would be full.  
 

5.2 The QRA of Barendrecht 
 
The risk assessment of the whole CO2 storage chain was outsourced to Tebodin B.V. and was 
produced as part of the MER of the CCS project (Heijne & Kaman, 2008). Since CO2 is a rather new 
compound, not many QRAs had been performed prior to the Barendrecht CCS project and there are 
no official guidelines for assessing the risks of CO2. There were (and are) several uncertainties about 
the properties of CO2, such as its toxicity (section 2.2.1), the modeling of CO2 dispersion and the 
failure frequencies for the infrastructure used to process CO2. Therefore, Tebodin had to make 
multiple assumptions in order to assess the risks of the CCS project.  
 

5.2.1 CO2 probit relation 
 
One of the uncertainties that Tebodin gave special attention to was the toxicity of CO2. There is no 
official probit relation for CO2 but a probit relation is required to calculate the risk contours of a 
hazardous substance. Tebodin performed a literature study and established a probit relation based 
on experiments and accidents with CO2 (Heijne & Kaman, 2008). As a lower limit they used 5 vol% 
CO2 as 1% lethal and an upper limit of 10 vol% CO2 as 100% lethal. Considering the data from the 
literature study this probit relation was conservative, which was also acknowledged by the RIVM 
(Spoelstra & van Luijk, 2009). 
 

5.2.2 Pipeline failure frequencies 
 
The second set of assumptions made by Tebodin regarded failure frequencies of the infrastructure 
components. First, there are no official failure frequencies for pipelines transporting CO2. Pipelines 
transporting CO2 are classified as ‘other pipelines’ for which no assessment methodology has been 
determined yet. Thus, Tebodin used the failure frequencies for pipelines as described in the HRB. CO2 
Pipelines in the United States have not shown increased failure frequencies, which Tebodin used as 
validation for using regular failure frequencies (Heijne & Kaman, 2008). 
 
For the pipeline sections that would be placed inside tunnels, the failure frequency also had to be 
determined as the HRB does not provide failure frequencies for pipelines inside pipeline tunnels. 
Research by Gasunie and the Association of Pipeline Owners in the Netherlands25 (VELIN) showed 
that 99% of all pipeline failures were caused by external interference. Since it was deemed unlikely 
that pipelines inside tunnels would be damaged by third parties, Tebodin used normal pipeline 
frequencies lowered by a factor 100 (Heijne & Kaman, 2008). Failure frequencies used for the 
remaining components were described by the HRB and hence needed no validation. 
 

                                                           
25

 In Dutch: de Vereniging van Leidingeigenaren in Nederland. 
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5.2.3 Modeling parameters 
 
Finally, a set of parameters was chosen that was used to model the effects of the selected scenarios 
(see section 5.2.4). The standard weather type used was F1.5 for reporting, which simulates a wind 
speed of 1.5  m/s and stable air conditions. Topographic properties of the environment were taken 
into account by introducing a ‘roughness length’ factor that simulates effect of buildings, trees, etc. 
on the risk contours. The roughness length was determined separately for scenarios on different 
locations, to account for the differences in topography. For the pressure upon CO2 releases, as last 
parameter, the maximum pressure was used for all components (e.g. 44 bar for pipelines and 166 bar 
for the compressor in Barendrecht) (Heijne & Kaman, 2008). 
 
To model the dispersion of super critical CO2 upon release, the formation of solid CO2 was taken into 
account. For horizontal releases, this effect was considered negligible and therefore CO2 was 
assumed to be in the gaseous state during horizontal releases. For vertical releases, solid CO2 could 
‘rain’ down on the ground where it will sublime. This effect could possibly increase the 
concentrations on the ground level. By determining the amount of solid CO2 that would form upon 
release with the Mollier diagram, the effect could be modeled via a separate CO2 source in SAFETI-NL 
6.54 (Heijne & Kaman, 2008). 
 

5.2.4 Release scenarios 
 
The plans for the CCS facility featured four different components for which the release scenarios 
were assessed, namely the compressor unit in Pernis, the underground pipeline, the compressor 
units at Barendrecht and Barendrecht Ziedewij and the injection wells (Heijne & Kaman, 2008). The 
compressors would also contain heat exchangers to adjust the temperature of the CO2 before 
transportation or injection. For each of the components a set of release scenarios was established of 
which the combined risks result in the total risk. An overview of all scenarios is given in Table 4. 
 
The capture location in Pernis was divided in three sections: the compressor, the heat exchanger and 
the aboveground pipelines. Upon execution of the QRA it was not yet decided whether the pipelines 
would have a diameter of 355 mm or 710 mm. Hence in the QRA the worst case scenario for 
pipelines used 710 mm pipelines. The failure of aboveground pipelines was modeled using rupture 
and puncture (10% of the pipeline diameter, up to 50 mm) scenarios with a horizontal release, 
following general directions for risk analysis. For the compressor a catastrophic failure and a 10% 
diameter puncture of the discharge pipeline scenario were modeled, also following to the HRB. 
Finally the heat exchanger featured two relevant scenarios, its catastrophic failure and a 10 mm 
diameter puncture. The release of the heat exchanger’s content in 10 minutes was also modeled, but 
proved to be insignificant.  
 
The calculated 10-6 contour remained within the vicinity of the capture location and the IR norm was 
not exceeded. Since there are no vulnerable objects in the vicinity of the capture location the SR was 
deemed insignificant. Thus, the overall risk lay within the acceptable limits (Heijne & Kaman, 2008). 
 
Risks from the underground pipeline were modeled using vertical releases as prescribed in the HRB. 
Initially the same failure scenarios as for aboveground pipelines were used, i.e. a puncture or 
rupture. The puncture scenario was modeled differently, featuring a low momentum release as the 
coverage of the pipeline impinges the release. After comments on the QRA, Tebodin also took into 
account the formation of a crater in their Addendum (Kaman, 2010). This scenario described the 
release of CO2 several seconds after a pipeline rupture, when CO2 is released under low pressure. For 
the two pipeline sections in the tunnels different scenarios were used. It was assumed that the steel 
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cover plates only fail to contain leaked CO2 in the case of a rupture scenario, after which the CO2 was 
modeled as a low momentum release (Heijne & Kaman, 2008). 
 

Table 4. Failure scenarios from the QRA of the Barendrecht CCS facility. Adapted from (Heijne & 
Kaman, 2008). 

Section Scenario Release angle Momentum Notes 

Compressor Puncture (10% pipe 
diameter) 

Horizontal High  

Catastrophic failure Horizontal High  

Heat exchanger 
Pernis 

10 mm leak Horizontal High  

Catastrophic failure Horizontal High  

Release of full content Horizontal High Insignificant 

Heat exchanger 
Barendrecht(-
Ziedewij) 

Puncture (10 % pipe 
diameter) 

Horizontal High Insignificant 

Rupture 1 pipe Horizontal High  

Rupture 10 pipes Horizontal High Largest effect 
range (150 m) 

Aboveground 
pipelines 

Puncture (10 % pipe 
diameter) 

Horizontal High  

Rupture Horizontal High  

Underground 
pipelines (pipeline 
street and new 
section) 

Puncture (10 % pipe 
diameter) 

Vertical Low  

Rupture Vertical High  

Crater Vertical High/Low Low pressure 

Underground 
pipelines (tunnels) 

Rupture Vertical Low  

Injection well Well release (10 % pipe 
diameter) 

Horizontal High  

Blowout Vertical High Also for CH4 

 
Modeling of the effects showed that the underground pipelines have a 1% lethality chance up to two 
meters from the pipeline on ground level. Calculations showed no risk contours  for these pipeline 
sections and thus the risks lay within the acceptable limits. For the two tunnel sections no contours 
up to the 10-7 contour were calculated, which lay within the vicinity of the tunnels. Thus, the IR norm 
was not exceeded. The SR guidance value was exceeded only for the 28 inch pipeline case in the first 
tunnel. Since the pipelines would most likely have a diameter of 14 inch, exceeding the SR was not 
deemed very important. Therefore, Heijne and Kaman (2008) concluded that the risks posed by the 
underground pipeline trajectory did not exceed the acceptable limits. 
 
Lastly the two injection sites were assessed at which one or two compressor units and an injection 
well were located. The compressor units were divided in the aboveground pipelines, compressor and 
heat exchanger, like the capture location in Pernis. The same scenarios were used for the compressor 
and aboveground pipelines as at the capture location. A different type of heat exchanger would be 
used that features a bundle of internal pipelines. Again two relevant scenarios were modeled in 
accordance with the HRB: the rupture of one pipeline and the rupture of all 10 pipelines. The 
puncture of a pipeline was stated to be insignificant. The rupture of all 10 pipelines turned out to be 
the scenario with the largest effect range with a 1% lethality chance at 150 m (Heijne & Kaman, 2008; 
Kaman, 2010). 
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Two scenarios were used to model failure of the injection wells. The first is a blowout scenario, 
featuring the catastrophic failure of the injection apparatus followed by vertical release of CO2 or 
natural gas. The second is a well release, featuring a leak in the injection apparatus followed by 
horizontal release of CO2 or natural gas. The release of natural gas is taken into account as a 
conservative measure, because natural gas still left in the reservoir could escape together with CO2. 
To calculate the risks of these scenarios Tebodin used experimental data and data from the NAM. 
The calculated 10-6 contours of the compressor unit and injection well combined remained in the 
vicinity of the injection site and therefore neither the IR nor the SR norm were exceeded (Heijne & 
Kaman, 2008).  
 
Once the CO2 is stored in the reservoir it comes under the jurisdiction of the Mining Act26 and the 
Wm is no longer applicable. Hence, the QRA did not include a risk assessment for the reservoir. In 
summary, Tebodin concluded in the QRA that all situations comply to the norm of the IR as stated in 
the BEVI (Heijne & Kaman, 2008). Thus, no issues regarding the external safety would be expected for 
this project. 
 
The above sections described the plans for the CCS facility and a summary of the QRA made for the 
project. In the next sections an overview is given of the criticism on, additions to and alternatives for 
assessing the risk of CO2 related projects. The overview focuses on technical comments that can be 
used to identify new scenarios. For a more general discussion on the criticism on CCS projects, see 
section 2.4.1 and chapter 4. Furthermore, a number of accidents related to CO2 and the method for 
assessing risk in other countries is discussed. 
 

5.3 Response to the QRA 
 
The QRA received a lot of criticism from local residents, experts and the media. The views on the 
MER procedure filed by residents, activist groups and political parties were all very general (see for 
example (Commissie m.e.r., 2010; GroenLinks, 2010)). Petitions used as MER views claimed that the 
project was unsafe, but no specific elements of the project were mentioned. Hence the MER views 
are unusable for the identification of new scenarios. The same result was obtained for the website of 
the former activist group CO2isNee, which transferred its information and knowledge to the new 
activist group CO2Ntramine. Published articles related to the safety of CCS projects are too general to 
address any specific issues dealt with in QRAs (Stichting Co2ntramine, 2012). 
 
A more detailed view on the MER was filed by the municipality council of Barendrecht. This view 
contained a question checklist with issues the council wanted to see addressed before they would 
accept the implementation of the CCS project (Gemeenteraad, 2009). Among the questions and 
demands that relate to the QRA were: 
 

 What are the chances on damage to nearby buildings?  
 What are the differences in technologies for the storage of natural gas and CO2, considering 

CO2 storage is permanent? 
 Did the CO2 modeling take into account the presence of buildings and tunnels? 
 Does the CO2 modeling take into account the timescale of the cloud dispersion, compared to 

the response time of the fire brigade and other intervention services? 
 A reliable analysis of all risks associated with the short term (0-10 years), midterm (10-100 

years) and long term (100 years - end of storage) should be made. 
 A set of scenarios should be set up for the five greatest risks. 
 A set of scenarios should be set up for the five most probable risks. 
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 In Dutch: de Mijnbouwwet. 
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 A scenario should be set up that describes under which conditions it is most likely that an 
accident will result in lethal victims. 

 Incidents with CO2 should be placed in perspective with the CCS project in the MER, e.g. by 
showing the amounts of CO2 that was released. Such information is crucial for the public 
acceptance of CCS projects. 

 What is the chance of a similar event as in Mönchengladbach? 
 Dispersion calculations seem to only take short releases (1 to 120 seconds) into account. Did 

the modeling also take continuous releases (e.g. with a duration of 15 minutes) into account, 
considering the time it takes for the Emergency Shutdown to activate? 

 A risk assessment should be made for the consequences of CCS on the value of real estate 
such as houses. 

 

5.3.1 Fact finding workshop Barendrecht 
 
During a workshop of the CATO program on May 25, 2010 the CCS project in Barendrecht was 
discussed, with both opponents and proponents (Tuininga, 2010). During this workshop, several 
issues regarding the QRA were discussed. First, the selection of modeled scenarios was criticized. The 
QRA does not take into account the horizontal release of CO2 for underground pipelines, while 
horizontal releases pose greater risks than vertical releases. Furthermore for big releases only high 
outflow velocities are modeled and windless weather was not taken into account. A low outflow 
velocity combined with windless weather were two of the conditions during the accident in 
Mönchengladbach. However, the QRA does not address this accident. 
 
Second, the QRA was criticized for using unvalidated assumptions of which is unclear what their 
influence is on the final results. These assumptions include the failure frequencies (mainly for 
pipelines), the used probit relation, modeling of the dispersion of CO2 and the used set of scenarios. 
Regarding the dispersion of CO2, the version used of SAFETI-NL had not been gauged on experiments 
or accidents in practice. Hence, the modeling of the formation of solid CO2 during releases was not 
validated. Due to these uncertainties, the critic concluded that the used risk assessment method did 
not result in proven risk reduction (Tuininga, 2010). 
 
In a review note on the report of the workshop, the modeling expert Pasman (2010) also concluded 
that the most dangerous scenario is that of a release with low outflow velocity rather than a vertical 
release with high outflow velocity. He advocated that more knowledge of the dispersal behavior of 
CO2 is required to assess the actual risk of CO2 storage. In a documentary by Netwerk he also stated 
that regarding certain aspects of the QRA there are better computer models that can be used to 
calculate the risks (Rietveld, 2010). As an example, Pasman mentioned that SAFETI-NL is incapable of 
taking objects into account in the dispersion calculations. 
 

5.3.2 Media attention 
 

The TV documentaries by Zembla and Netwerk featured interviews with residents, politicians and 
experts of whom many were also involved in the MER views or CATO workshop. The arguments 
related to the QRA that were presented in these documentaries have already been discussed in the 
above sections. The remaining criticism was either too general or not related to the QRA. For 
example, other arguments focused on the location of the CCS project (onshore or offshore) or the 
size of the demonstration project. 
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In 2009, an article about the risk assessment of Barendrecht was published in the magazine Nature, 
Science and Technology27 (NWT) (Jaspers, 2009). Whereas many had questioned the safety of stored 
CO2, the article stated that it is unlikely that CO2 will escape from the reservoir once it has been 
stored. Instead, the main risks are from leakage during the processing of CO2, which was not 
sufficiently assessed according to the article. It described three events that were not taken into 
account in the QRA. 
 
The first event corresponds to the comments of Pasman, namely that SAFETI-NL assumes that the 
surroundings of a facility are flat and empty.28 In reality, the industrial area on which the injection 
site is located is surrounded by higher ground. On the east side lies the A29 highway and on the 
north and south sides are dikes of a few meters high. In the case of a release of a CO2 cloud, these 
geographic features could force the cloud to the west, where the residential area Carnisselande lies 
(Jaspers, 2009).  
 
Such an event may be especially likely during windless weather, the second event that is not 
addressed in the QRA. The minimum wind speed used in the QRA was 1.5 m/s, while lower wind 
speeds occur ca. 2% of the time. In the case of a wind speed of 0 to 0.5 m/s the article stated that it is 
likely the risk contours will increase, but by how much is not known since this is not modeled 
(Jaspers, 2009).   
 
The final event criticizes the method for calculating risks only at a height of one meter above the 
ground. If a CO2 cloud would form at a height of several meters after a vertical release, the 
concentrations on ground level are then lower than up in the cloud. When this cloud would be blown 
to an area with high buildings, the risks for those buildings can become larger than initially calculated 
on the ground level (Jaspers, 2009). 
 
As seen from the above sections, the main criticism focused on missing scenarios concerning 
windless weather, the modeling of objects and validation of the failure frequencies and CO2 
dispersion. In the next section scientific literature is discussed regarding general QRAs for CO2 related 
projects. 
 

5.4  Scientific literature and risk scenarios 
 
The literature search revealed a number of interesting publications that discussed either risk 
scenarios relevant to QRAs for CCS projects or the modeling of CO2 releases. The literature discussing 
CCS risk scenarios addressed two subjects: scenarios for CO2 reservoirs and scenarios in general. 
However, the majority of the literature focused on scenarios for CO2 reservoirs which are irrelevant 
for this research project. The integrity of the reservoir is not covered under the Wm and therefore 
will not be discussed here. Thus, only literature that addresses either the modeling of CO2 releases or 
risk scenarios for CCS projects on land is discussed here. 
 

5.4.1 CCS literature 
 
The majority of the found literature that addressed risk scenarios and QRAs only discussed these on a 
very general level. Due to the lack of detail, this literature was unsuited for identifying new scenarios. 
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 In Dutch: Natuur, Wetenschap en Technologie. 
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 Although the roughness length does address this issue, it is only a rough approximation and does not account 
for the detail of actual obstacles. 
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For example, risk scenarios for pipelines were identified as either rupture or puncture29 without 
specification of how these failures would occur or how the CO2 would be released (Donlan & 
Trabucchi, 2011; Polson, Curtis, & Vivalda, 2012; Wilday et al., 2011). Thus, this section will only 
discuss the literature that provided more detail that could be used for the identification of specific 
risk scenarios. 
 
Mazzoldi, Hill, and Colls (2011) described a number of scenarios for which a low outflow velocity can 
be expected during a high-pressure release. Interestingly, the first scenario they describe is the 
horizontal release from an underground pipeline; “these are expected to result in low momentum 
releases after impinging surrounding earth” (Mazzoldi et al., 2011, p. 821). The other scenarios 
described are (1) a pipeline rupture during which the opposed ends’ releases collide, resulting in a 
loss of momentum, (2) an obstacle in front of the leak, (3) a downward leakage that results in the 
formation of solid CO2, which then quickly sublimes and (4) a pressure decrease during prolonged 
releases in the facility. Furthermore, they assumed that the underground release of CO2 would result 
in the formation of a crater, after which the CO2 can be modeled as a free release. According to the 
HRB, only vertical releases are to be modeled for underground pipelines, since the soil will prevent 
the CO2 from leaking horizontally (RIVM, 2009a). 
 
The formation of a crater has also been observed in practice, both in experiments (Allason, 
Armstrong, Barnett, Cleaver, & Halford, 2012) and in an actual underground pipeline (Wimmer, 
Krapac, Locke, & Iranmanesh, 2011), and has been mentioned by several others in literature (Holt, 
Parry, & Sykes, 2013b; Koornneef, 2010). However, no models have yet been validated for 
underground CO2 release combined with crater formation. Holt et al. (2013b) advocated the use of 
computational fluid dynamics (CFD) models30 for sufficient depth when modeling such releases. 
Regarding horizontal underground releases, the experiments by Allason et al. (2012) indeed showed 
that the formation of a crater can result in horizontally dispersed clouds. 
 
A review by Koornneef (2010) showed that the assumptions made to account for the uncertainties in 
CO2 pipeline risk assessments can result in very different outcomes. The greatest uncertainties were 
identified for failure frequencies, the dose-effect relationship, type and direction of the release, 
release rate and vapor fraction. He showed that changing these parameters within the earlier 
proposed limits could significantly change the outcomes of the 10-6 contour. For example, the dose-
effect relationship thresholds made the 10-6 contour vary between < 1 m and 7.2 km in earlier QRAs 
and the failure frequencies thresholds made the 10-6 results of Koornneef (2010) vary between 126 
m and 204 m. He concluded that in the case of significant uncertainties the worst case outcome 
should be reported, as a matter of precaution. Finally he recommends the development of a “good 
practice guide for QRAs for CO2 pipelines” (Koornneef, 2010, p. 153). One such guide has recently 
been published by DNV (Holt et al., 2013b). 
 

5.4.2 Guidance on CCS risks 
 
The CCS CO2 risk guide by Holt et al. (2013b) provides an extensive overview of the causes of failure, 
consequences and mitigation options that are of importance to CCS facilities in general. In addition, 
event scenarios and associated frequencies are also analyzed as part of the risk assessment for all 
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 Ruptures and punctures are common scenarios to assess pipeline risks in the Netherlands. However, details 
such as outflow velocity, release angle, etc. are open for discussion and interpretation based on the project 
assessed. 
30

 CFD models are more extensive than models such as SAFETI-NL and hence are able to model the more 
complex CO2 releases, at the cost of increased calculation time. 
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elements of the CCS chain. The elements that are relevant to this research project are the capture 
facility, onshore pipelines and the well. 
 
The event scenarios describe a set of conditions that should be taken into account when identifying 
specific scenarios for a CCS project. In general, for CO2 facilities onshore, the ground topography, 
features that may reduce the release momentum and air entrainment or mixing and features that 
may reduce the air flow in the vicinity of a CO2 release should be taken into consideration. A CO2 
cloud will be heavier than air and thus may be affected by valleys, slopes, surrounding congestion, 
buildings, woodland, visual screening, etc. that lie on the way of its movement. Since every type of 
CO2 release is affected by these conditions, all elements have to take these into account. Thus, the 
surroundings of an onshore CCS facility play an important role in its risk assessment. 
 
Another risk that is common for CCS in general are the impurities that might be present in the 
captured CO2 (Holt et al., 2013b). Not only can impurities such as NO2 and H2S increase the 
corrosiveness of the CO2 stream, they can also pose an increased risk to the external safety. The 
toxicity levels of CO, NOx, SOx and H2S are far higher than for CO2. For example, the QRA of one of the 
CCS facilities of the FutureGen project showed that risk contours of H2S extended significantly 
beyond those of CO2. For a pipeline puncture scenario the lethality threshold for H2S extended to 116 
m from the pipeline, while concentrations of 7% CO2 (unconsciousness) were only expected up to 36 
m (TetraTech, 2007). Therefore, it is important to analyze the impurities that are present in the 
captured CO2, and also the chemical composition of the reservoir should be taken into account. In 
the event of a blowout, (hazardous) substances captured in the reservoir may be released together 
with the CO2, which could increase the external risks (Holt, Parry, & Sykes, 2013a).  
 
The consequences described in the guide for the capture facility do not show new, suitable scenarios. 
Any new consequences, such as a lack of visibility due to a water vapor cloud, are unlikely to affect 
the external safety significantly compared to the inhalation of CO2. Although the toxic properties of 
CO2 seem to be the only risk of a loss of containment (LOC), the large amounts of CO2 associated with 
CCS should be handled with care. Holt et al. (2013b, p. 15) state that “whilst release modelling of 
vapour phase CO2 releases is considered ‘business as normal’ within the industrial gases industry, the 
larger scale of both the CO2 inventories and the flow rates that will be present within a CCS operation 
should be recognised”.  
 
Also for onshore pipelines the consequences besides CO2 inhalation are unlikely to contribute to the 
external risks. While the formation of a crater, or in more general terms causing flying debris, could 
affect the type of CO2 release it is unlikely that flying debris poses a significant external risk. More 
interestingly Holt et al. (2013b) distinguish between three types of pipeline failure: puncture, rupture 
and fracture. A fracture lengthwise could extend for hundreds or thousands of meters and thus 
release large amounts of CO2 in a short time (Holt et al., 2013a). Furthermore, the infrastructure in 
which the pipeline is placed (e.g. a tunnel) is important for the event scenarios. In the case of a 
contained release, the effects on the feature containing the cold CO2 should not be neglected. Also, 
in the case of a tunnel, the CO2 might be released from one or both ends of the tunnel. 
 
The final element of the CCS chain is the well. Apart from the consequence of inhalation of CO2 and 
released substances during a blowout, as discussed above, the consequences addressed are unlikely 
to pose an external risk (Holt et al., 2013b). Regarding failure frequencies, there is some 
experimental data that suggest that blowout frequencies increase with increasing injection pressure 
(Jordan & Benson, 2008). Therefore, failure frequencies adapted from other injection sites should 
take into account any pressure differences that may be present. 
 
Earlier guides by DNV (2010) and Wilday, Moonis, Wardman, and Johnson (2009) also did not provide 
information suitable for new scenarios. Wilday et al. (2009) presented a bow-tie diagram for the loss 
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of containment of CO2. It gives a rather complete overview of possible scenarios and confirms some 
of the new consequences and events discussed in the CCS CO2 risk guide (Holt et al., 2013b) (e.g. 
impurities of the CO2 stream). However, no concrete scenarios or events were discussed and 
therefore no additional information relevant for new scenarios could be identified.  
 

5.4.3 QRA of a CCS facility   
 
One of the first extensive QRAs of an (imaginary) CCS project was prepared by Vendrig, Spouge, Bird, 
Daycock, and Johnsen (2003). In the QRA, the authors assumed that pipeline failures result in 
impinged releases, to represent the loss of momentum during underground releases. While the QRA 
did not address any new scenarios, two observations were made. First, the results showed that the 
weather type F2 resulted in longer hazard ranges compared to the D5 weather type for all release 
types. Full-bore ruptures showed the longest hazard ranges followed by large, then medium and as 
last small leaks. Thus, F2 combined with full-bore releases showed the largest risk area. Second, the 
flow rate had the largest effect on full-bore ruptures compared to other leak types. This indicates 
that the flow rate is important to the outcome of the hazard ranges, as it has the largest influences 
on the most hazardous release. Overall the QRA gives a good impression of the risks associated with 
CCS projects, but lacks the detail to be used for more specific (and location dependent) risk 
scenarios. 
 

5.4.4 CO2 dispersion validation 
 
The following section discusses the literature that addresses (the validation of) the modeling of CO2 
dispersion. A series of papers by Witlox and colleagues focused on the CO2 dispersion modeling 
accuracy of PHAST, a modeling program for pipelines by DNV (which is incorporated in the program 
SAFETI-NL). Initially, PHAST was unable to take into account the possible solid formation during CO2 
dispersion.  An extension of the model, featuring a new thermodynamics module, allowed for 
modeling CO2 releases with solid formation (Witlox, Harper, & Oke, 2009; Witlox, Stene, Harper, & 
Nilsen, 2011). The results showed that the rainout of solid CO2 is only predicted for orifices with a 
very large diameter and/or very low pressures. The solid CO2 would mainly form upon release, but 
stay within the CO2 cloud and sublime quickly after its formation. The most notable effect of 
accounting for solid CO2 formation was the prediction of higher CO2 concentrations in the near-field 
and lower concentrations in the far-field (Witlox et al., 2009).  
 
After the extension of PHAST, Witlox, Harper, Oke, and Stene (2012) validated the model to 
experiments of CO2 releases by Shell and BP. Their results showed that the extended version of 
PHAST was accurate within a 10% accuracy interval. Predicted concentrations were “well within a 
factor of two” and thus considered accurate (Witlox, Harper, Oke, et al., 2012, p. 325). Furthermore, 
the experiments did not show any rainout of solid CO2, which is also in agreement with a series of 
pipeline release experiments by Allason et al. (2012). In conclusion, the extended PHAST version did 
not require any adaptations to the presented experimental data (Witlox, Harper, & Oke, 2012; 
Witlox, Harper, Oke, et al., 2012). 
 
A recent sensitivity analysis was performed on the extended version of PHAST that showed the 
effects of varying different parameters (Gant, Kelsey, McNally, Witlox, & Bilio, 2013). For the distance 
from the horizontal release point with a CO2 concentration of 6.9%, the diameter of the orifice was 
the most determining parameter, followed by the release height. Interestingly, for distances with 
lower concentrations the wind speed becomes a more important parameter. 
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The modeling of objects on the route of a moving CO2 cloud has been investigated by Papanikolaou, 
Heitsch, and Baraldi (2011). To validate the used CFD code, they replicated the setup from the Kit Fox 
experiments (Western Research Institute, 1998) and compared the computational and experimental 
results. Considering short-term release (20 seconds) with a flow rate in accordance to a small leak, 
the results showed increased concentrations in spaces entrapped by objects compared to cloud 
concentrations above the objects. This accumulation of CO2 between objects is expected from a 
heavier-than-air gas. Comparison with the Kit Fox results showed that the CFD code was capable of 
modeling the effects of objects within the acceptable range. 
 
There has been no literature found that featured additional experiments regarding the toxicity of 
CO2. The HSE even has CO2 classified as a non-dangerous substance (HSE, 2008). However, Gant and 
Kelsey (2012) advocated that the highly non-linear increase of the toxic load, due to a Ten Berge 
factor of 8, should be taken into account in the modeling of CO2 concentrations. The toxic load of CO2 
is proportional to the CO2 concentration to the eighth power, thus a factor of 2 increase of the 
concentration increases the toxic load by a factor 28, or 256. Since modeling of CO2 releases may only 
use mean concentrations for the CO2 cloud, the toxic load could be underestimated by a significant 
amount. 
 
In conclusion, the literature revealed a number of new scenarios, varying from the type of release 
(e.g. low or high momentum), circumstances of the release (e.g. objects or crater formation) and 
type of hazard (e.g. impurities in the CO2 stream). Furthermore, research towards the modeling of 
CO2 dispersion has led to an extended version of PHAST, which is capable of taking into account solid 
CO2 formation. Although there are still some uncertainties, such as failure frequencies and the 
toxicity of CO2, the scientific literature provided a rather complete overview of assessing CO2 risks. 
 

5.5 QRAs abroad 
 
On the international level there have been several CCS projects successfully implemented and a 
number of projects are in development. However, many of these projects do not have an accessible 
QRA and hence are not discussed.31 Here the risk analyses of a sample of projects is discussed 
regarding the scenarios that are being taken into account for the external safety.   
 

5.5.1 FutureGen and Otway Basin Pilot projects 
 
The FutureGen project and Otway Basin Pilot Project (OBPP) are two of the few CCS projects for 
which the QRA has been published (Robinson & Sharma, 2005; TetraTech, 2007). The risk assessment 
of the OBPP, Australia, consists of qualitative and quantitative risks assessments and risk 
management of the reservoir (Robinson & Sharma, 2005). The QRA was based on an expert panel 
which established a set of events that could lead to a loss of containment. The events covered 
failures such as well releases (due to earthquakes, fault junctions, etc.), pipeline failure, compressor 
failure and wellhead failure. For each event the expected probability, loss rate, loss duration and CO2 
mass lost was established. This data was then used to calculate the risk quotient in terms of 
probability x CO2 mass lost, which was compared to the acceptable risk quotient norm. The norm 
considered only the amount of CO2 lost over a time span of 1,000 years and was set at retaining 99% 
of the injected CO2. None of the events, nor the total risk quotient exceeded the norm and therefore 
the project was considered acceptable. 
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 Among these are the projects in Weyburn (England), Ketzin (Germany), Porto Tolle (Italy), Belchatow 
(Poland) and Compostilla (Spain). For a complete overview of all CCS projects in development or production see 
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It is interesting to note that the QRA did not address the external safety and only concerned the 
leakage of CO2 in itself. A possible explanation could be the location of the facility, which was several 
tens of kilometers from the nearest city. Therefore, the hazardous properties of CO2 to people in its 
near vicinity are rather irrelevant. The description of the events was very general and did not 
describe any new scenarios. Compared to the QRA of Tebodin the OBPP QRA had a wider range of 
events (the reservoir was also considered) but had less detail. 
 
A more extensive QRA was made for the FutureGen project, featuring four CCS facilities in the US32 
(TetraTech, 2007). Regarding the toxicity of CO2, the guidelines of the US Environmental Protection 
Agency (USEPA) and US Department of Energy (DOE) were used. Table 5 shows an overview of the 
used exposure times and concentrations. 
 

Table 5. Toxicity criteria CO2 in the US, adapted from TetraTech (2007). 

Agency Exposure duration CO2 concentration Effect 

USEPA 20 minutes 3% Maximum concentration without adverse 
effects 

USEPA 60 minutes 3% Mild headache, sweating, dyspnea at rest 
and respiratory stimulations 

US DOE 15 minutes 4% Maximum concentration without life-
threatening health effects 

USEPA < 3 minutes 7% Unconsciousness; longer exposure duration 
or higher concentrations are life-threatening 

 
The Maximum Exposure Limit (MEL) established by the USEPA for the general populace is 3% in 20 
minutes for healthy males. Longer exposures may result in mild headaches, sweating, respiratory 
stimulations, etc. The MEL for very short exposure times, less than 3 minutes, is 7% at which 
unconsciousness may occur. At longer exposure durations or higher concentrations CO2 could have 
lethal effects. In the QRA the MEL was used to calculate the outer risk contour, outside which no 
harmful effects would be expected (TetraTech, 2007). Thus, the QRA took into account all harmful 
effects to human health and did not focus on lethal effects only.  
 
Interestingly, TetraTech (2007) also accounted for impurities that could be present in the CO2 stream, 
such as H2S, CO and SOx. The risk contours were also calculated for H2S, considering concentrations in 
the CO2 stream of 0.01% H2S and 95% CO2. As mentioned above, the H2S risk contours significantly 
extended beyond those of CO2 and thus dominated the risks to the external safety. 
 
Apart from the impurities, the parameters considered were similar to the QRA of Tebodin. For 
example, low wind speeds and high wind speeds (F2 and D5) were considered, while windless 
weather was not addressed, and solid CO2 formation was taken into account but was not modeled in 
detail. The used failure frequencies were based on historical (failure) data from existing operating 
sites and pipelines transporting CO2.  
 
The scenarios used did not differ significantly from scenarios that were addressed by Heijne and 
Kaman (2008) or in the previous discussions. The general scenarios such as pipeline puncture and 
rupture, compressor failure, wellhead failure, etc. were addressed. However, one additional scenario 
was described for pipeline failures: the failure of an underground pipeline under frozen soil 
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 The risk assessments of the four facilities are rather similar on a general level and hence are not discussed 
here individually. 
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conditions (TetraTech, 2007). Leakage of CO2 under frozen ground could result in an extended 
release time when the CO2 is incapable of a direct migration to the surface. Instead, it might leak 
through several holes in the ground as observed by Allason et al. (2012) when a crater was not 
formed after an underground release.  
 
Of the two CCS projects, the OBPP is in process and was expanded to a full-scale CCS project after a 
successful pilot stage. The FutureGen project was initially canceled in 2008 because the costs 
exceeded the budget. However, in 2010 the project was restarted as FutureGen 2.0 with new funds. 
After its revival the plans were altered and the town of the main target site in Mattoon, Illinois, did 
no longer accept the altered plans (Mercer, 2010). Currently, the project is being implemented in 
Meredosia, Illinois and is scheduled to be completed in 2017 (Folger, 2013). While QRAs of 
implemented projects are especially interesting considering the public acceptance, the CCS facilities 
are relatively far from residential areas and therefore cannot be compared to the situation in 
Barendrecht. Thus, these QRAs do not allow for a direct comparison of the addressed scenarios and 
public acceptance with the project in Barendrecht. 
 

5.5.2 CO2STORE 
 
CO2STORE is an international project that researched the possibility of implementing four CCS 
projects in Europe, so called case studies, and assessed the functional EOR facility on the North Sea 
known as the Sleipner location. The four locations included a CCS project in Kalundborg (onshore/ 
offshore Denmark), Mid-Norway (offshore), at the Schwarze Pumpe power station (onshore 
Germany) and Valleys (offshore UK). The results of the project, including the risk assessments of the 
locations, have been published in an extensive manual (Chadwick et al., 2008). Of the five projects 
the Sleipner and Mid-Norway locations are currently in production and a pilot plant for CO2 capture 
has been built at the Schwarze Pumpe location. The Kalundborg and Valleys locations have not been 
realized. 
 
The risk assessments of these projects mainly focused on the risks of the reservoir, once the CO2 is 
already stored. No detailed risk assessment of the capture, transport and injection infrastructure 
featuring leakage scenarios was made for any of the case studies. The reports states that “the risks of 
CO2 leakage during separation, transport and injection are well known and subject to health and 
safety regulations” (Chadwick et al., 2008, p. 67). The main risks attributed to CO2 are due to 
elevated concentrations (above 10%) and the tendency to build up high concentrations in badly 
ventilated, closed areas. Due to air dilution CO2 leakage from the CCS infrastructure is expected only 
to pose a threat to the nearby environment (Chadwick et al., 2008).  
 

5.5.3 Other risk assessment guides and methods 
 
The Energy Institute published a technical guide for modeling the risks of CO2 pipelines (Energy 
Institute, 2010). In the guide a number of release scenarios for aboveground and underground 
pipelines are discussed and calculated. Although no new scenarios were suggested, the guide does 
address several scenarios that have been discussed before such as crater formation, low momentum 
releases due to impingement by obstacles, impurities in the CO2 stream with corrosive and/or toxic 
properties and physical blast effects. Furthermore, the effect of local topography is mentioned and 
the guide advocates to use CFD modeling if necessary to calculate site specific properties. 
 
Gooijer, Cornil, and Lenoble (2010) compared the general risk assessment methods for a fictitious 
LPG plant of four countries, the Netherlands, The United Kingdoms, France and the Walloon region of 
Belgium. The most notable difference is the use of a qualitative or quantitative (probabilistic) 
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approach to assess the risks. For example, in France a qualitative matrix is used to determine the 
intensity level of a hazardous event, based on the number of persons exposed. Interestingly, this 
takes into account any type of effect and not just lethality.  
 
The second major difference is the use of a standardized method in the Netherlands compared to a 
more ‘situation specific’ method in the other countries. The standardized method is less susceptible 
to subjectivity (e.g. interpretation of failure frequencies), but on the other hand cannot take into 
account site specific details like the French method. As mentioned in section 2.1.1, the AGS (2010) 
has criticized this lack of detail for the Dutch method. In the same report the AGS also criticized the 
absence of assessing sub-lethal effects in the Dutch method, which are taken into account in other 
countries (AGS, 2010). 
 
The analysis of risk assessment methods, guidelines and QRAs abroad has shown a number of 
different approaches and new scenarios. The effects of impurities (mainly H2S) in the CO2 stream 
were addressed in the QRA of the FutureGen project (TetraTech, 2007). A new scenario, describing a 
delayed release of CO2 to the surface from an underground pipeline due to frozen soil was also taken 
into account in this QRA. Other risk assessments focused mainly on the reservoir integrity, possibly 
because residential areas were situated relatively far away (several kilometers) (Chadwick et al., 
2008; Robinson & Sharma, 2005). The final difference concerns sub-lethal effects, which are taken 
into account in most documents, but are not addressed in Dutch QRAs (Gooijer et al., 2010; 
TetraTech, 2007).  
 

5.6  CO2 incidents 
 
A number of incidents featuring CO2 was investigated to establish what types of scenarios result in 
loss of containment and injured or fatal victims. The incidents were retrieved from the FACTS 
database (www.factsonline.nl) which resulted in a selection of 64 incidents. The selection was based, 
apart from being related to CO2, on the amount of information available per incident (3+ stars) and 
having either fatal or injured victims. In order to analyze the accidents they were categorized in six 
categories: fire extinguishers, traffic accidents, CO2 tank explosions, CO2 storage leaks, CO2 pipelines 
and remaining incidents. Only incidents for which either the cause or consequence was directly 
linked to CO2 were relevant. For example, a collision of a CO2 transportation truck with another 
vehicle due to a human error, after which a minor CO2 release was observed, is not considered 
relevant. The results are shown in Table 6. 
 
  



56 
 

Table 6. CO2 Incident categorization 

Category Number of 
incidents 

Relevant 
incidents 

Relevant incidents 
with injured 
victims 

Relevant 
incidents with 
fatal victims 

Approximate 
number of 
injured/fatal 
victims 

Fire 
extinguishers 

18 14 9 7 165+/28 

Traffic 
Accidents 

9 1 0 0 0 

CO2 tank 
explosions 

6 6 4 4 78+/27 

CO2 storage 
leaks 

6 6 4 2 9/3 

CO2 pipelines 3 1 0 0 0 

Remaining 22 9 2 8 302+/1888+ 

 

5.6.1 Fire extinguisher incidents 
 
The majority of fire extinguisher incidents were caused by human error, either due to poor 
maintenance or accidental activation of the fire extinguisher system. The victims were caused due to 
increased CO2 concentrations (and corresponding decrease of the oxygen concentration) in confined 
spaces in which they were present during the release or entered afterwards. The fire extinguishers 
were situated onboard of ships (e.g. in the engine room) or inside buildings and hence on release the 
CO2 was not diluted below harmful concentrations.  
 
One of the reported incidents covered the incident in Mönchengladbach, where over 100 people 
suffered from respiratory problems after a CO2 cloud entered the residential area. The CO2 was 
discharged in a nearby lacquer factory upon detection of a fire. When the fire doors failed to seal the 
affected area, the CO2 slowly leaked out of the building. Because there was no wind at that time the 
CO2 moved to the lowest lying region, which happened to be the residential area at a distance of ca. 
400 m to 600 m. This incident was the leading event to the criticism on the QRA of the Barendrecht 
CCS project that windless weather and topology were not taken into account. The fire extinguishers 
released 50 tons of CO2, an amount that can also be expected to release from a loss of containment 
somewhere at a CCS facility. Therefore, this incident is relevant to the risk assessment of CO2 
projects. 
 
The incidents with the fire extinguishers clearly show the lethal effects CO2 releases can have in 
confined spaces. However, regarding release scenarios for CCS projects most of these incidents do 
not provide relevant new information for the risk assessment. Only the incident in Mönchengladbach 
featuring conditions of windless weather, a low momentum release and topological height 
differences shows a scenario that could pose a threat to the external safety.  
 

5.6.2 Traffic incidents 
 
The traffic incidents featured mainly regular traffic incidents involving CO2 transportation trucks or 
trains after which CO2 started to leak. All victims that had fallen during traffic accidents were 
unrelated to CO2 and thus are irrelevant to this project. No injuries were reported due to CO2 

releases. The relevant incident featured the leak of a storage tank on a transportation truck, possibly 
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due to a failing release valve or overpressure of the tank. The leak stopped after the pressure 
dropped and the release valve started working again. While the incident shows the potential for CO2 
leaks from storage tanks, this is a known scenario that is already taken into account for storage tanks. 
Therefore, the traffic incidents did not provide relevant new information for the risk assessment of 
CCS projects. 
 

5.6.3 CO2 tank explosions 
 
None of the victims that had fallen during the explosions were caused by CO2 intoxication. Either the 
shockwave, flying debris or aftereffects of the explosion were responsible for the injuries and 
fatalities. The failure of the tanks was due to known causes, such as bad maintenance, a nearby fire 
or brittle failure. The explosions of the CO2 were unrelated to the physical-chemical properties of CO2 
but only due to high pressures and external factors. Therefore, these incidents do not provide 
relevant new information for the risk assessment of CCS projects. 
 

5.6.4 CO2 storage leaks 
 
The CO2 storage leaks featured relatively small amounts of CO2, originating from storage tanks for 
professional use (e.g. soda), varying from 10 kg to 3 tons. All victims suffered from CO2 intoxication 
upon entering a confined room where the CO2 was released. It is noteworthy that one of the fatal 
victims did not die during the exposure but died four days later in the hospital. This suggests that the 
effect of CO2 intoxication might not be as direct as assumed and that toxicity levels leading to 
unconsciousness also need to be taken into account regarding lethal effects. However, the 
documentation of the incidents does not provide detailed information about the concentrations 
inhaled and thus no solid conclusion can be drawn.  
 

5.6.5 CO2 pipelines incidents 
 
Of the three incidents reported, two were caused by other substances (H2 explosion and corrosive 
chemicals) that led to the failure of the CO2 pipeline. While these incidents show the potency of CO2 
loss of containment due to impurities, the conditions of these incidents are not representative for 
CCS pipelines and are therefore less relevant. The third incident featured a small leak of a CO2 
pipeline underneath a ditch. It was discovered after several ducks were found dead, over a time span 
of 8 months, without a known cause of death. This incident shows that a small leak may stay 
unnoticed for a long time and depending of the topography, result in the accumulation of potentially 
lethal concentrations of CO2. 
 
A scenario that features such a continuous release may approximate a steady state. In a steady state 
a continuous leakage does not significantly change the conditions in the pipeline and therefore goes 
unnoticed by monitoring equipment. Such releases have been used in validation experiments and are 
known to be capable of staying “present for a long time, unless other action is taken” (Allason et al., 
2012, p. 143). 
 

5.6.6 Remaining incidents 
 
Three natural events (two limnic eruptions and one phreactic eruption) make up the majority of 
victims caused in this category. During these eruptions, enormous amounts of CO2 were released 
from lakes or volcanoes, in the order of 100 to 300 Mton of CO2. Such amounts are not associated 
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with regular CCS projects and therefore these events are not considered representative for incidents 
at a CCS facility. 
 
The remaining incidents featured the accumulation of CO2 in confined spaces such as rock cavities, 
wine tanks, silo’s at farms of freezers with dry ice. Upon entering these spaces, the victims suffered 
from CO2 intoxication, mainly having fatal consequences. One of the victims was initially found 
unconsciousness, but died one day after. This shows again the delayed effect of CO2 intoxication and 
is potentially relevant when assessing the risks of CO2 leakage from CCS facilities. None of the 
incidents correspond to activities during CCS project and therefore are considered irrelevant 
regarding possible leakage events.  
 

5.6.7 Main findings incident analysis 
 
The incident analysis shows that CO2 can have lethal effects in very large amounts and in confined 
spaces. The majority of the incidents occurred in confined spaces with varying amounts of CO2 that 
were released. This suggests that the environment of a CO2 release has a larger influence on the 
lethality than the amount that is released. Thus, the incidents indicate that the accumulation of CO2 
in confined spaces is the main danger of CO2 leakage and should therefore be taken into account in 
the risk assessment of CO2 related projects. 
 
The incident in Mönchengladbach shows that conditions of windless weather combined with a low 
momentum releases and topological height differences can result in harmful effects at relatively long 
distances (400+ m). Currently, windless weather and detailed topology of the facilities’ surroundings 
are not addressed in the Dutch legislature for risk assessment. Considering the effect range of this 
incident these conditions may have a significant effect on the calculated risk contours and should 
therefore be taken into account in the risk assessment of CO2 related projects.  
 
The observation that two victims died one and four days after they were found unconsciousness due 
to CO2 intoxication suggests that CO2 might not only have acute harmful effects. However, detailed 
information about the concentrations of CO2 present during the incidents was not available and 
therefore no quantified conclusion can be drawn regarding the toxicity of CO2. Nevertheless, these 
results indicate that the probability of unconsciousness effects should also be as low as possible, as 
these may result in lethal effects. 
 
The final observations concerns the duration of a CO2 leakage. Usually QRAs take into account a 
release duration of, at most, several hours. The incident with the CO2 pipeline, however, shows that a 
leakage could go unnoticed for much longer, possibly up to several months. It is unlikely that during a 
major loss of containment event goes unnoticed for a long time, but for small leakages this is a 
plausible scenario. Thus, long leakage duration times should be taken into account when assessing 
the risks of a CO2 project. 
 

5.7 Conclusion of sub-question 2 
 
The discussions and results in this chapter have shown that there are a number of scenarios 
identifiable that are currently not addressed in the legislature for Dutch risk assessments. 
Furthermore, a set of parameters can be identified that are susceptible to improvement. These 
parameters are based on assumptions which enable the calculations, but they may not provide the 
best or most conservative representation of the situation. An overview of the new scenarios is given 
in Table 7 and the parameters are summed up below.   
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Table 7. Risk scenarios which are not addressed by the HRB. 

Entry Scenario Facility section Momentum Risk 

1 

 

Underground release, 
resulting in crater formation 
and horizontal/angled release 

Pipeline High/low Horizontal releases have 
larger effect ranges than 
vertical releases  

2 Impinged release, lowering 
the momentum of the CO2 
cloud. Possible accumulation 
of CO2 before ensuing release 

Any section 
 

Low High concentration  and 
low speed cloud. No 
mixing/dilution during 
release 

3 Obstacles in the way of the 
(horizontal) release 

Any section High/low Could lead to increased 
concentrations at areas 
between obstacles 

4 Windless weather prevents 
CO2 mixing/dilution with air 
after release 

Any section High/low The CO2 cloud will form a 
‘blanket’ that moves to the 
lowest point in the area 

5 Impurities will come out 
together with the CO2 from 
the reservoir during a blowout 

Injection well High/low H2S is much more lethal 
than CO2 and hence a 
higher risk can be expected 

6 BLEVE. Only possible under 
specific conditions 

Storage tank High Overpressure, leading to 
flying debris and instan-
taneous release of CO2 

 
In addition four parameters were identified that may have an impact on risk assessments in general 
and to CO2 risk assessments in specific. These were derived from a set of assumptions that have been 
criticized for a lack of detail, oversimplification or lack of validation. The parameters are shown in the 
list below, followed by an explanation of the assumption related to it. 
 

a) The concentration threshold up to which effects are taken into account. Currently the risk 
effects are limited to a 1% lethality range. However, taking sub-lethal effects into account 
may improve public acceptance and  are often considered in other countries. 

b) The release duration of small leaks. The standard maximum release duration is 30 minutes, 
but small leaks may stay undetected for a much longer time, constantly releasing the 
hazardous substance in question. 

c) Concentration fluctuations within the CO2 cloud. The toxic load of CO2 is very sensitive to the 
concentration of CO2 and therefore the averaging of the concentration could underestimate 
the risks at localized positions. 

d) Formation of solid CO2 upon release. The QRA of Barendrecht used SAFETI-NL version 6.53 
which was incapable of modeling solid CO2 formation. Hence a number of assumptions have 
been made to address this effect. However, the newer version 6.7 has been validated for 
solid CO2 formation and should therefore better reflect the actual situation. 
 

5.7.1 Scenario discussion 
 
The first scenario has been mainly discussed in literature and is also related to the frozen soil 
scenario addressed in the FutureGen QRA. Leakage in an underground pipeline could result in a 
crater, depending on the properties of the ground above the pipeline. The consequences of crater 
formation are not yet fully understood and could alter the dispersion angle and momentum of the 
release. However, only vertical releases are taken into account for underground pipelines as 
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prescribed by the HRB. Considering the CCS project in Barendrecht featured 19 km of underground 
pipelines this scenario is relevant and will be addressed in the next chapter.  
 
The second scenario is based on a combination of criticism on the QRA, incidents with CO2 and 
scientific literature. The most common impinged release resulting in a loss of momentum is the 
release inside a confined space such as a building. Upon release from the confined space the CO2 
cloud will behave like a low momentum release. Low momentum releases are considered in general 
more dangerous than high-momentum releases due to the reduced amount of air dilution and 
mixing. For the CCS project in Barendrecht this scenario is relevant to the compressors at the 
injection locations as these are placed inside buildings. In addition this scenario is relevant to the 
pipeline tunnels, as described by Tebodin in the QRA (Heijne & Kaman, 2008). Thus, for the 
compressor buildings and pipeline tunnels, this scenario will be addressed in the next chapter. 
 
The third scenario is derived from discussions in literature, CO2 incidents and some of the criticism on 
the QRA by Tebodin. Literature has shown that CO2 indeed has the tendency to gather between 
obstacles, resulting in increased concentrations. Furthermore, obstacles could possibly impinge the 
release, resulting in a low momentum CO2 cloud or change the direction the cloud is heading. Since 
there are several obstacles between the injection site and residential area in Barendrecht it is a 
relevant scenario. However, in order to calculate the effects of such obstacles CFD models are 
required, which are time consuming and rather complex. Due to time constraints and practical issues 
this scenario is therefore not addressed in the next chapter. 
 
The fourth scenario originates from the criticism on the QRA of Tebodin combined with the incident 
in Mönchengladbach. During the event of windless weather a CO2 cloud will not dilute or mix with air 
after its release and is not moved in a certain direction. Since CO2 is heavier than air it will ‘sink’ to 
the lowest lying area where it could function as a smothering blanket. In the case of Barendrecht, the 
injection site was enclosed by two dikes on the North and South and a highway on the East, leaving 
the only exit for a CO2 cloud to the West into the residential area. Considering the effect ranges of 
the incident of Mönchengladbach (400+ m) it is possible that the residential area near Barendrecht, 
at a distance of ca. 300 m, is affected under similar conditions. Therefore, this scenario is deemed 
relevant and will be addressed in the next chapter. 
 
During the accident in Mönchengladbach, windless weather was not the only aspect that is not taken 
into account in QRAs and played an important role during the event. The CO2 lost its momentum due 
to being released inside a building and thus formed a low momentum cloud upon exiting the 
building, as described in the second scenario. Therefore, in order to model the incident from 
Mönchengladbach, a combined scenario of an impinged release under windless weather conditions 
will also be addressed in the next chapter. 
 
The fifth scenario is based on impurities in the CO2 stream. Such scenarios have been discussed in 
literature and were taken into account in QRAs abroad. However, the captured CO2 at Pernis has a 
purity grade of > 99% and it is therefore unlikely that impurities will play a significant role in the risk 
analysis. Only in the reservoir the impurity grade is expected to increase, as the stored CO2 will 
dissolve impurities still present. In the event of a blowout these impurities could be released as well 
and may have an impact on the external safety. The MER, however, does not address impurities in 
the reservoir and therefore no detailed information is available to calculate such a scenario 
(Haskoning Nederland B.V., 2008a).  
 
The final scenario is based on literature and CO2 incidents. It is evident that storages with large 
amounts of pressurized CO2 have the potential to rupture and under special conditions could even 
result in a BLEVE. However, the planned CCS facility in Barendrecht did not feature any sections with 
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stored CO2 that could lead to such an event. Therefore this scenario will not be addressed in the next 
chapter. 
 

5.7.2 Parameter discussion 
 
The modeling of the identified parameters is relatively easy and therefore all parameters are 
addressed in the next chapter. However, determining the optimal values of these parameters is a 
much more complex process. For example, while sub-lethal effects may possibly start at a CO2 
concentration of 1.5 % (HSE, 2011), this is not by definition the most ideal value for risk assessments. 
A too conservative limit may hinder the implementation of new projects or cost unnecessary 
amounts of money. Similarly, the time averaging parameter can easily be changed, but without a 
sensitivity analysis the precise effects are not known. Since such detailed analyses are beyond the 
scope of this research project the effects of these parameters were only calculated for limited 
selection of values, often representing worst case scenarios. This way, a general insight is acquired of 
the influence of each parameter on the effect ranges and if these parameters are capable of 
significantly influencing risk contours in the most extreme scenarios. 

5.7.3 Sub-question 2 
 
Which new scenarios relevant for QRAs of CO2 related projects can be identified that are not covered 
in the HRB? 
 
The above discussion of the six new scenarios has identified four new scenarios that are relevant to 
CO2 related projects, in specific to the Barendrecht project (Table 8). Out of these four scenarios, 
three have been derived from criticism on the QRA, literature, a CO2 incident database analysis and 
QRAs for CCS projects abroad. The remaining scenario has been established by a combination of two 
new scenarios, to create a scenario that describes the incident at Mönchengladbach. 
 

Table 8. Set of new scenarios to answer sub-question 2. 

Entry Scenario Facility section Momentum Risk 

1 

 

Underground release, 
resulting in crater formation 
and horizontal/angled release 

Pipeline High/low Horizontal releases have 
higher effect ranges than 
vertical releases  

2 Release inside a building or 
tunnel, resulting in trapped 
release. Accumulation of CO2 
before it flows out 

Compressor 
unit and 
pipeline 
tunnel 

Low High concentration  and 
low speed cloud. No 
mixing/dilution during 
release 

3 Windless weather prevents 
CO2 mixing/dilution with air 
after release 

Any section High/low The CO2 cloud will form a 
‘blanket’ that moves to the 
lowest point in the area 

4 
(2+3) 

CO2 release inside a building, 
resulting in a low momentum 
dispersion. Windless weather 
prevents dilution or mixing 
with air upon release from the 
building. 

Compressor 
unit 

Low Due to a low momentum 
release and windless 
weather the CO2 cloud will 
stay highly concentrated 
and moves to the lowest 
point in the area 

 
Furthermore, a set of four parameters has been identified based on assumptions made in the 
calculations of CO2 dispersion. Three of these assumptions are part of the HRB and therefore relevant 
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to the second sub-question. The fourth assumption describes the physical-chemical properties of CO2 
and is therefore relevant to CO2 projects. The assumptions have been discussed in section Conclusion 
of sub-question 25.7. The parameters are summarized here shortly:  
 

a) Concentration threshold 
b) Release duration  
c) Concentration averaging 
d) Solid CO2 formation 
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6 Quantitative analysis of new scenarios 
 
In this quantitative analysis two sections of the CCS facility are investigated: the underground 
transportation pipeline and the injection site in Barendrecht. These sections were chosen for two 
reasons. Most of the available information focused on these sections. Second, these sections were 
closest to residential areas, and were most commented on, and can therefore be seen as the key 
points limiting the implementation of the project.  
 
However, before the new parameters and scenarios can be calculated it must first be determined 
how they will be modeled. The next section will discuss the modeling aspects of each parameter 
(concentration averaging, release duration, sub-lethal effects and solid CO2 formation) and scenario 
(crater formation, impinged releases, windless weather and impinged releases and windless weather 
combined). The modeling program SAFETI-NL 6.54 was used for the calculations, unless noted 
otherwise. The original QRA by Tebodin was calculated with SAFETI-NL 6.53 but no significant 
changes were made that could affect the calculated outcome. The 10-30 contour is shown to visualize 
the total area in which effects could occur.33 A detailed overview of the used inputs (pressure, 
temperature, etc.) for each scenario type is given in appendix 12.4. 
 

6.1 Parameter modeling analysis 
 

6.1.1 Concentration averaging and release duration 
 
The first two parameters, the concentration averaging and the release duration, are standard 
parameters in SAFETI-NL with respectively a duration of 10 minutes and 30 minutes for toxic 
substances. In order to clearly show the effects of the parameters the original values were changed 
to a great extent. For the concentration averaging a value of 18.75 seconds was used, which 
corresponds to “non-averaged instantaneous values of the concentrations” (DNV Software, 2005). 
This is the lowest averaging time possible and is also used for flammable releases. 
 
As discussed in the previous chapter an increased release duration is only expected for leakages and 
thus was only modeled for leak scenarios. The release duration was initially increased a ten-fold to 
five hours. Next the release duration was increased in steps of a factor 2 up to the point where the 
risk contours would not change anymore. 
 

6.1.2 Sub-lethal effects 
 
While sub-lethal effects are shown to be important to take into account in a risk analysis, it is difficult 
to determine how and what should be modeled. The first uncertainty lies in the Short-Term Exposure 
Limit (STEL) of CO2, i.e. the highest concentration at which no adverse effects will occur upon a short-
term exposure. The HSE proposed a STEL of 1.5% CO2 for an exposure duration of 15 minutes, while 
the US DOE suggested for the same exposure duration a concentration of 3% CO2 (HSE, 2011; 
TetraTech, 2007). The IPCC suggested a lower limit of 2% CO2 for sub-lethal effects (IPCC, 2005a). 
(HSE, 2011; IPCC, 2005a; TetraTech, 2007). For the Long-Term Exposure Limit (8 hours), the HSE 
proposed a concentration of 0.5% (HSE, 2011). The USEPA suggested lower concentration limits of 
2% for an exposure time of several hours and 3% for one hour (U.S. EPA, 2000). Since neither of 

                                                           
33

 Distances of risk contours function like a convergent sequence with a certain limit. The 10
-30 

contour is 
deemed representative for this limit. 
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these proposals has more validity than the other both 1.5% and 3% CO2 concentrations were 
assessed as the lower limit for sub-lethal effects. 
 
The precise modeling of sub-lethal effects in SAFETI-NL would require a probit relation for sub-lethal 
effects of CO2, which is currently not available. Furthermore, sub-lethal effects come in different 
categories, e.g. from a mild headache to unconsciousness, and it is difficult to (quantitatively) 
determine the probability of classes of sub-lethal effects, especially in combination with lethal 
effects. A work around is to adjust the probit so that the 1% lethality chance corresponds to the 
lower CO2 concentration limit for sub-lethal effects. The most outer risk contours (here the 10-30 
contour) then represents the area in which sub-lethal effects can be expected. While this approach is 
incapable of providing information about the class of sub-lethal effects and their corresponding 
chances, it does show whether sub-lethal effects are relevant to assess in the first place. Although 
there are models know that are capable of calculating sub-lethal effects, such as SeReMo developed 
by TNO (Trijssenaar-Buhre & Sterkenburg, 2009), time constraints prevented a detailed study into 
these models. Furthermore, SeReMo also requires a known relation between the concentration and 
sub-lethal effects of the compound in question, which are uncertain for CO2. Thus, a more simplified 
approach with SAFETI-NL was chosen to be able to show the influence of sub-lethal effects in 
general. 
 
By adjusting the a value in the probit relation (Pr = a + b ln(Cn x t)) it is possible to shift the 1% 
lethality chance to a specific concentration, in this case 1.5% and 3.0%. Such an artificial moderation 
also affects the slope of the curve and lethality percentages in the higher concentration regions. 
Therefore only the results of the lower concentration limit can be used, i.e. the total affected area in 
which sub-lethal effects can be suspected. A probabilistic distribution of sub-lethal effect categories 
in this area is thus not possible with the chosen method. The a value was determined by solving the 
equation Pr(1% lethality) = a + ln (C9 x 30), with C being the lower concentration limit of interest. This 
equation was based on the original probit as suggested by Tebodin and with a probit value at 1% 
lethality of 2.67 resulted in the sub-lethal probit relations in Table 9 and Figure 6. 
 

Table 9. Probit relations for (sub-)lethal effects 

Probit a value Equation 
Lethal -98.81 Pr = -98.81 + ln (C9 x t) 
3% sub-lethal -93,51 Pr = -93.51 + ln (C9 x t) 
1.5% sub-lethal -87,27 Pr = -87.27 + ln (C9 x t) 

 

 
Figure 6. Probit relations to calculate sub-lethal effect areas. 
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6.1.3 Formation of solid CO2 
 
The final parameter, the formation of solid CO2 upon release, was modeled by using SAFETI-NL 6.7 
which includes an updated dispersion model. This model featured optimized data for CO2 dispersion 
and solid CO2 formation and was validated using CO2 dispersion experiments by Shell and BP (Witlox, 
Harper, & Oke, 2012; Witlox, Harper, Oke, et al., 2012). While there are other updates in the newer 
version of SAFETI-NL that could affect the calculations the updated CO2 modeling is the most 
significant for the facilities that were calculated in this project. Therefore the differences between 
versions 6.54 and 6.7 can be contributed to the updated CO2 dispersion including the formation of 
solid CO2. 
 

6.2 Scenario modeling analysis 
 

6.2.1 Crater modeling 
 
While crater formation has been discussed extensively in literature and is observed in experiments 
and during accidents, there is no uniform method of modeling crater formation. In the addendum by 
Tebodin two effects were attributed to crater formation (Kaman, 2010). The first was a low 
momentum (vertical) release after the pipeline section lost most of its internal overpressure. The 
second effect was the mixing of air in the crater area before the CO2 would leave the crater.34 
However, this approach does not take into account possible angled or horizontal releases as 
mentioned in literature (Allason et al., 2012; Holt et al., 2013b; Mazzoldi et al., 2011). Therefore, in 
order to establish a suitable approach for modeling the effects of crater formation, a small literature 
study was carried out. 
 
The majority of the crater modeling proposals were mainly theoretical with limited empirical 
evidence to support the proposals (Energy Institute, 2010; OGP, 2010; PDVSA, 1983). In addition, an 
accident analysis of underground natural gas pipelines (Kinsman & Lewis, 2002) and an experimental 
CO2 release study (Allason et al., 2012) were used to provide additional information and a method of 
validation for the theoretical proposals. An overview of the summarized data is presented in Table 
10. 
 

Table 10. Crater formation observations and modeling proposals 

Scenario Angle Momentum Source 
Rupture 90 Unmodified PDVSA, EI, HSE 

90 Hindered OGP, Vendrig 
90 Low EI 
45 Unmodified HSE 
30 Unmodified EI 
7.5 Unmodified HSE 
10 Low PDVSA 

Medium and large 
leaks 

90 Unmodified EI, OGP, Allason 
90 Low OGP 
45 Hindered OGP, Allason 

Small leaks 90 Unmodified OGP 
90 Hindered Allason 
90 Low PDVSA, EI, OGP 

                                                           
34

 The RIVM had stated in an earlier discussion about CO2 pipeline releases that a certain amount of air mixing 
would be required for the CO2 to be released with a low impulse from the crater (Riedstra, 2007). 
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In 1983, Petróleos de Venezuela S.A. (PDVSA, 1983) already proposed a modeling approach for gas 
releases in underground pipelines, taking crater formation into account. Based on gas pipeline 
accidents they suggested that orifices with a diameter of larger than 1” (medium or large leaks) 
would form a crater at pressures above 40 bar. Orifices smaller than ¼“ in diameter (small leaks) 
were not expected to form a crater. The release angle would be dependent of the ratio between the 
orifice area and the pipe cross sectional area. Small values result in vertical, unmodified releases, 

while higher values (medium and large leaks and ruptures)  could lead up to 10 angled releases with 
a lowered momentum. 
 
The Energy Institute (2010) suggested that releases from underground pipelines could have any angle 

between vertical and 30 horizontally. Furthermore, the crater might impinge the release and could 
alter the release direction. For ruptures and medium or larger sized leaks the coverage of the 
pipeline is expected to be blown away and there will be no or little momentum loss. For smaller leaks 
a crater would not form and hence the gas loses its momentum when migrating to the air through 
the coverage. Since there are so many uncertainties regarding the effects of a crater on the angle, 
momentum and release direction the EI suggests to possibly “define a worst case, which is that the 
gas loses all of its momentum and emerges from the ground slowly” (Energy Institute, 2010, p. 68).  
 
The OGP proposed again a different method for modeling underground pipeline releases (OGP, 
2010). For rupture scenarios the proposal mainly discussed how to model the ignition of the gas, 
which is irrelevant to CO2 releases. An initial high flow rate dispersion was suggested, followed by a 
low flow rate. The loss of momentum results from the interaction between the two opposing 
pipeline releases. A similar modeling suggestion was made by Vendrig et al. (2003) and Mazzoldi et 
al. (2011), whom only suggested a hindered momentum release for ruptures due to interactions 
between the two CO2 jets and the crater. 
 
For medium and large leaks a more detailed 
approach was suggested by the OGP. By 
dividing a pipeline’s sectional area in four 
sections (Figure 7) the direction and 
momentum of a leakage could be determined 
based on the position of the puncture in one 
of these sections. Punctures in section 1 
should be modeled as vertical, unmodified 
releases. Punctures from sections 2 and 3 are 

modeled as 45 angled releases with a 
discharge velocity of 70 m/s. Finally, 
punctures in section 4 should be modeled as 
vertical releases with a low momentum (5 m/s 
discharge velocity) due to interactions with 
the underlying ground. Small leaks are only 
expected to form a crater when a puncture 
occurs in section 1, which should be modeled 

like medium and large leaks, i.e. as a vertical, 
unmodified release. Horizontal and downward 
leaks (sections 2, 3 and 4) are not expected to 
form a crater and hence should be modeled as 
vertical releases with a low momentum as 
they merge through the coverage (OGP, 
2010).  
 

 
Figure 7. Pipeline area division

 
Experiments by Allason et al. (2012) with controlled releases of CO2 from covered pipelines showed 
that formation of a crater was dependent on the nature of the soil coverage at small leaks. When a 
crater was not formed, a vertical, hindered release was observed with discharge velocities from the 
soil in the order of 40 m/s. Typically, a crater formed for larger horizontally orientated leaks at which 
a discharge velocity of 40 m/s to 60 m/s were observed with a clear angle from the horizontal plane. 
Leaks in section 1 (Figure 7) were observed to be vertical releases. 
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A pipeline accident study by Kinsman and Lewis (2002) revealed some interesting observations 
regarding the release of natural gas from underground pipelines. During the rupture of an 
underground pipeline usually a section of the pipeline is blown away and a crater is formed. The 
length of a crater is mostly longer than the pipeline section that was blown away, thus leaving two 
ends of the pipeline exposed and opposite to each other. Apart from the frequently observed vertical 
jet-fire two other type of releases were observed during the accidents. The first release type features 
two horizontal jets, one from each end of the pipeline, that do not interact. The second type of 
releases observed were angled releases perpendicular to the pipeline direction.  
 
The horizontal jets were observed when the pipeline ends were not directly opposite each other. For 
example, due to the force of the blast the pipeline ends could become somewhat warped from their 
initial orientation. In such situations the two jets may pass each other without (much) interaction, 
resulting in two separate ‘twin-jets’. As the jets strike the edge of the crater they may still continue in 
a nearly horizontal direction, referred to as grounded-jet-fires, and twin-jets with a horizontal angle 

of up to 7.5 have been observed. Regarding the perpendicular releases, these were most likely 
caused due to obstacles, such as ‘torn pipe segments’, deflecting the jet at a right angle to the 
pipeline’s direction. Laboratory studies also showed such observations could come from holes in the 

side of the pipeline during rupture. The observed jets had an angle to the horizontal plane of 30 to 

45 (Mazzoldi et al., 2011).  
 
From these three types the vertical jet-fire was observed in circa 60% of the incidents. The twin-jet 
and perpendicular releases were observed during 20% of the incidents each. Thus incident data 
clearly show that horizontally angled releases are plausible and make up a significant part of 
scenarios for a rupture of an underground pipeline followed by crater formation (Kinsman & Lewis, 
2002). 
 
As can be seen in Table 10 a wide range of possible combinations of release angles and momenta 
have been suggested. Based on the modeling proposals, experimental data, accident data and expert 
judgment an initial modeling approach was derived (Table 11). The scenarios chosen for the 
approach were deemed realistic and representative for the failure of an underground pipeline. 
However, there are still some uncertainties  concerning this proposal, such as the validity of the used 
data and the momentum chosen for each scenario. Thus, a more in-depth analysis on the influence 
these scenarios have on the modeling of a pipeline failure was required. 
 

Table 11. Initial modeling approach for release scenarios of underground pipelines 

Scenario Event Angle Momentum Frequencya 
Rupture Vertical release 90 Unmodified 60%  

Twin jets 10 Unmodified 20%  
Perpendicular release 45 Unmodified 20% 

Puncture 
(medium to large) 

Vertical leak 90 Unmodified 25% 
Horizontal leak 45 Hindered 50% 
Downwards leak 90 Low 25% 

Puncture (small) Vertical and horizontal 90 Hindered 75% 
Downwards leak 90 Low 25% 

 
a
Frequency percentages were based on accident data for ruptures and an assumed equal failure chance distribution among 

the four quadrants for punctures. The frequency is relative to the failure frequency prescribed by the RIVM (2013). 
 
In order to test the effect of assumptions regarding the release angle and momentum of a release a 
sensitivity analysis was carried out. For each scenario a range of release angles was addressed, with 
varying momentum. It is important to note that not all combinations of scenario, release angle and 
momentum are deemed realistic. For example, during a rupture of a 40 bar pipeline the gas is 
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released with a velocity of several hundreds of meters per second. It is highly unlikely that such a 
high momentum jet is almost completely inhibited, e.g. due to the interaction between the jets, to a 
low momentum release of 5 m/s. Nevertheless, for a complete overview on the effects of the 
parameters on the calculated effect range outcomes, these combinations were taken into account as 
well. 
 
The sensitivity analysis was modeled using the conditions from the underground transportation 
pipeline between Pernis and Barendrecht. The results are shown for both daytime (Table 12) and 
nighttime (Table 13), using the most representative weather types for each part of the day (D5 and 
F1.5 respectively). Velocities were based on modeling proposals and experimental data, using 60 m/s 
for hindered ruptures, 40 m/s for hindered punctures and 5 m/s for low momentum releases. The 
results in blue correspond to the scenarios from the initial modeling proposal, whereas the results in 
grey are for scenarios which are not deemed realistic.  
 

Table 12. Lethality effect ranges (1 m height)a crater modeling (weather type D5 at day) 

Scenario Angle Momentum 
  Unmodified Hindered (40 – 60 m/s) Low (5 m/s) 

Rupture 90 0.7/0.8 1.6/1.9 118/185 

45 2.2/2.4 3.6/4.9 157/227 

10b 18/32 27/106 110/159 

10 27/44 33/187 164/234 

0 75/178 197/328 164/228 

Leak (medium to 
large) 

90 0.1/0.2 0.4/0.6 3.5/8.0 

45 2.1/3.5 1.8/2.1 4.0/7.8c 

10 2.9/4.9 7.8/13 0/0c 

0 0/0c 0/16 0/0c 

Leak (small) 90 0.2/0.3 0.2/0.4 0/0c
 

 

a
Effect distances are given in meters for 100% lethality/ 1% lethality. 

b
 Twin-jet scenario, modeled with 50% of the released 

mass. 
c
 No concentrations found at 1 m height. Effect ranges up to several tens of meters where calculated on the ground. 

 

Table 13. Lethality effect ranges (1 m height)a crater modeling (weather type F1.5 at night) 

Scenario Angle Momentum 
  Unmodified Hindered (40 – 60 m/s) Low (5 m/s) 

Rupture 90 0.6/0.7  2.3/2.5  295/425  

45 2/2 3.7/4.1  378/522  

10b 19/30 38/139  232/329  

10  26/38  88/210 379/519 

0 101/211 174/394 381/519 

Leak (medium to 
large) 

90 0.2/0.2 0.2/0.2 3.2/4.3 

45 2.2/3.9 1.4/1.5 2.6/3.0c 

10 3.3/5.7 8.4/12 0/0c 

0 0/32 0/33 0/0c 

Leak (small) 90 0.05/0.1 0.3/0.4 0.5/0.6 
 

a
Effect distances are given in meters for 100% lethality/ 1% lethality. 

b
 Twin-jet scenario, modeled with 50% of the released 

mass. 
c
 No concentrations found at 1 m height. Effect ranges up to several tens of meters where calculated on the ground. 

 
The results from the sensitivity analysis show the impact of varying the parameters on the calculated 
effect ranges. Most notably the effect ranges can increase over a factor 100 if a low momentum is 
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chosen for a rupture scenario. While this is not deemed a realistic event, the results show that it is 
important to realize that the assumed release angle and momentum have a significant impact on the 
calculated risk. Thus, care must be taken with the assumptions made. In the next paragraphs the 
different combinations are discussed in more detail in order to propose a final modeling approach.
  
Rupture scenarios featuring a vertical release may be thought of as two opposing jets interacting, 
resulting in an overall vertical release. Such an interaction could theoretically lead to a hindered 
momentum, but the results show no significant changes to the effect ranges for a hindered release. 
Since the calculations show no significant difference, the unmodified vertical release was used in the 
modeling approach, as such releases were observed in the accident study (Kinsman & Lewis, 2002). 
 

A 45 angled release angle was observed during ruptures when the jet was deflected at a right angle 
to the pipeline direction. Thus, a hindered release is a plausible option. However, for these accidents 
no loss of momentum was reported and since the effect ranges do not differ significantly. Therefore, 

an unmodified momentum was used for 45 angled releases in the modeling approach.  
 

The first combination with a 10 horizontal angle features the twin-jet scenario. Contrary to a regular 

scenario with a 10 horizontal release angle, as proposed by the PDVSA (1983), these jets are 
modeled with 50% of the total mass released. While the effect ranges are shorter for a twin-jet 

scenario, it is deemed more realistic for a 10 horizontally angled release. A full mass release would 

require the two jets to interact and leave the crater at an horizontal angle of 10, which is unlikely as 
the interaction usually results in a vertical release. Furthermore, such releases have not been 
observed during incidents. Since the jets do not undergo much interaction during a twin-jet release, 
no loss of momentum is expected. While the jets will interact with the sides of the crater, most likely 
causing the slightly angled release, no loss of momentum was observed during these accidents. Thus, 

a twin-jet scenario, with a 10 horizontal angle and unmodified momentum was incorporated in the 
modeling approach. 
 
The final rupture scenario, a fully horizontal release, was taken into account to complete the 
sensitivity analysis for the angle parameter. These scenarios are not deemed realistic, as at some 
point the jet from an underground pipeline will encounter the crater side upon a horizontal release, 
which is either needs to deflect or interrupt the jet. In both cases there is no horizontal release 
outside the crater area. Nevertheless, the results show that changing this parameter would result in 
significantly larger effect ranges and this should be taken into account in future studies on 
underground pipeline failure modeling.  
 
The effect ranges for medium to large punctures do not show a high sensitivity to the varied 
parameters, nor do any of the combinations show significant effect ranges.  While larger effect 
ranges may be observed on the ground, these results are not deemed relevant, as human beings are 
unlikely to breath at such heights. Since changing the momentum or release angle has little effect on 
the calculated outcomes, the scenarios from the initial proposal were used for the modeling 

approach (vertical releases with unmodified and low momentum and 45 angled releases with 
hindered momentum). 
 
The results show very small effect ranges for small punctures. Therefore, these scenarios are not 
deemed to significantly contribute to the overall effect ranges. It is noteworthy that the HRB 
prescribes only two scenarios to represent failure of an underground pipeline: a rupture and a 20 
mm leak, which falls under the category medium to large leaks. Small leaks are not taken into 
account. Hence, small leaks were not taken into account in the final modeling approach.  
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In conclusion, the sensitivity analysis led to the final modeling approach as shown in Table 14, to 
calculate the failure scenarios of an underground pipeline, featuring crater formation. The diameter 
for punctures was chosen according the HRB, which prescribes a diameter of 20 mm for underground 
pipeline leaks. This diameter is deemed representative for medium to large leaks, as mentioned in 
the literature. While punctures are most likely to occur on the top quadrant of a pipeline, it is a 
conservative assumption to divide the frequencies equally among the quadrants, as horizontal and 
downward leaks show larger effect ranges. 
 

Table 14. Final modeling approach for release scenarios of underground pipelines 

Scenario Event Angle Momentum Frequencya 
Rupture Vertical release 90 Unmodified 60%  

Perpendicular release 45 Unmodified 20% 
Twin jets 10 Unmodified 20%  

Puncture  
(20 mm diameter) 

Vertical leak 90 Unmodified 25% 
Horizontal leak 45 60 m/s 50% 
Downwards leak 90 5 m/s 25% 

 
a
Frequency percentages were based on accident data for ruptures and an assumed equal failure chance distribution among 

the four quadrants for punctures. The frequency is relative to the failure frequency prescribed by the RIVM (2013). 
 

6.2.2 Impinged releases 
 
As established in the previous chapter, impinged releases will be assessed for two locations: the 
pipeline tunnels and the compressor buildings. Impinged releases for the two pipeline tunnels were 
also addressed by Tebodin in the original QRA (Heijne & Kaman, 2008) and a similar approach was 
used in this project. To determine whether the steel cover plates would fail to contain released CO2 
during a leak or rupture, the overpressure created in the tunnel from such releases was assessed. 
Since no information was available about the overpressure resistance of the steel cover plates, data 
from Lees (1996) was used. The data shows that corrugated steel paneling will undergo connection 
failures at pressures of 70 mbar to 140 mbar and buildings are probable to be destroyed when 
subjected to 700 mbar overpressure. It is therefore expected that the steel cover plates are capable 
of enduring an overpressure of 70 mbar to 700 mbar at most. While damage to a building structure is 
already expected at lower overpressures, 700 mbar is chosen as an absolute upper limit, i.e. a 100% 
chance of failure to contain the CO2. 
 
In the event of a CO2 release in a tunnel combined with the failure of the steel plates, the CO2 was 
expected to release vertically with a modified exit velocity. The exit velocity was determined by 
dividing the volume flow by the total area of the steel cover plates. The volume flow was derived 
from the calculated mass flow and CO2 density based on a regular rupture scenario of an 
underground pipeline with the corresponding conditions. The area of the steel plates and content of 
the tunnels were derived from the QRA and addendum by dividing the reported flow (m3/s) by the 
velocity (m/s) and taking the average of the resulting areas (Heijne & Kaman, 2008; Kaman, 2010).  
 
The Beneluxplein tunnel has a height of 2.75 m and a width of 4.0 m (Kaman, 2010). Since no 
detailed information of the Groene Kruisweg tunnel was available the same cross sectional area as 
the Beneluxplein tunnel was used. With a length of 300 m (Beneluxplein tunnel) and 75 m (Groene 
Kruisweg tunnel), the tunnels have a content of respectively 3300 m3 and 825 m3. The area of the 
steel cover plates was found to be respectively 104 m2 and 84 m2.  
The amount of CO2 required to obtain an overpressure of 700 mbar was calculated using the ideal 
gas law PV = nRT, in which P is the pressure of the gas, V the volume of the tunnel, n the amount of 
moles gas, R the gas constant (8.32 J/K/mol) and T the temperature of the gas. By subtracting the 
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total amount of moles gas required to obtain a pressure of 1.7 bar in the pipeline tunnel by the 
amount of moles gas initially present in the tunnel at 1 bar, the amount of moles CO2 that contribute 
to 0.7 bar is acquired. Together with the mass flow the critical time could be calculated (see appendix 
12.4.2 for a detailed overview of the calculations). For the temperature the weighted average of the 
temperature of the CO2 and of the air in the tunnel was used. Finally, the ruptures are modeled with 
and without inflow from Pernis. As mentioned in the QRA only half of the time CO2 will be injected 
and thus the other half of the time there will be no inflow from Pernis (Heijne & Kaman, 2008).  
 
The results of the calculations clearly show that in the event of a CO2 release the steel cover plates 
would not be capable of containing the CO2 cloud (Table 15) as all releases reach the critical time 
within the standard leak duration (1800 sec). The critical time is defined as the maximum time it 
takes for the tunnel to be filled with an overpressure of 0.7 bar, at which failure of the steel cover 
plates is imminent.  
 

Table 15. Release data of CO2 releases in the pipeline tunnels 

Scenario Mass flow (kg/s) Amount of CO2 (kg) Critical time (s) 
20 mm leak Benelux 4.3 6051 1392 
20 mm leak Kruiswijk 4.3 1513 348 
Rupture with inflow Benelux 589 5819 9.9 
Rupture without inflow Benelux 654 5866 9.0 
Rupture with inflow Kruiswijk 605 1458 2.4 
Rupture without inflow Kruiswijk 662 1468 2.2 

 
The initial calculations show that the scenario of an impinged release is relevant for all failure 
scenarios of an underground pipeline in the pipeline tunnels. Therefore the leak and rupture 
scenarios are adjusted for the tunnel sections of the transportation pipeline, featuring low 
momentum releases. In the long pipeline model, used to model the ruptures, the exit velocity of each 
segment will be adjusted separately (see appendix section 12.4.2 for a more detailed overview). 
 
In the HRB no failure frequency is prescribed for pipeline tunnels. The failure frequency established 
by Tebodin for the rupture scenario was not deemed justifiable by the RIVM, as made clear in a 
response to questions from the DCMR (Spoelstra & van Luijk, 2009). A recent publication by the 
RIVM (2013) states that for underground pipelines a failure frequency of 3.7 x 10-5 km-1 yr -1 and 1.1 x 
10-4 km-1 yr-1 should be used for respectively a rupture scenario and puncture scenario. These failure 
frequencies were used for both the pipeline street as the pipeline tunnels, as no distinction was 
made for the environment of the pipeline. The failure frequencies are about a factor 100 higher than 
the one used by Tebodin and thus should not lead to an underestimation of the risks. 
 
The compressor at the Barendrecht injection site will be placed in a building of 8 m by 11 m and 6 m 
high, having a content of 528 m3. Four scenarios are prescribed by the HRB to account for the failure 
of a compressor: a leak or rupture of the aboveground pipeline at either the inflow or outflow side of 

the compressor. At the inflow the CO2 in the pipeline is modeled with a temperature of 10 C at 44 

bar, while at the outflow the compressed CO2 is modeled with a temperature of 65 C at 125 bar.  
 
To determine which release scenarios could lead to an impinged release a similar method was 
applied as described above for the pipeline tunnel. However, contrary to the pipeline tunnel, which 
only has the steel cover plates as possible ventilation option, the compressor building could explode 
or an opening could be created due to the overpressure. An opening could be formed due to damage 
to weaker points in the construction such as doors or windows. Based on the artist impression of the 
injection sites the compressor building would most likely only feature a door that could lead to an 
opening in the event of overpressure (Haskoning Nederland B.V., 2008b). An explosion limit of an 
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overpressure of 700 mbar was chosen for the compressor building. Again, the building is likely to be 
damaged at lower overpressures. 
 
Table 16 shows the calculated critical times for the two prescribed release scenarios. In the event of 
a leakage, the pressure would be build up relatively slow and there should be sufficient time for an 
opening to be created. However, the critical times for the two rupture scenarios are only a few 
seconds and therefore it is questionable if an opening would be created before the building would 
explode. In case the building would explode the release would be no longer impinged and should be 
modeled as an unmodified release. Nevertheless, the effects of an impinged release for all scenarios 
were calculated. 
 

Table 16. Release data of CO2 releases in the compressor building 

Scenario Mass flow (kg/s) Amount of CO2 (kg) Critical time (s) 
10% leakage inflow 14 

 
968 70 

Rupture inflow 227 910 4.0 

 
To calculate the exit velocity for the release scenarios in case of an opening in the building, initially 
an opening of 2 m2 was used as an approximate area of the door. Upon opening of the door an initial 
mixture of air and CO2 would be released, after which the pressure would drop and it was assumed 
that a steady state release would establish. The release conditions from the building would be 
determined by the CO2 conditions released from the compressor, i.e. 1 atmosphere and a low 
temperature, as calculated by SAFETI-NL. A steady state release means that the amount of CO2 
released from the leakage per second is the same as the amount released from the building, under 
constant conditions. Using the temperature and pressure, a density of the released CO2 was 
calculated with SAFETI-NL, which was used to derive the volume flow (m3/s) from the mass flow. 
Finally, the exit velocity was calculated by dividing the volume flow by the opening area. To assess 
the influence of the opening area, a simple sensitivity analysis was performed with the opening area 
as variable. The results are shown in Table 17.  
 

Table 17. Exit velocities for release scenarios from the compressor building 

Scenario Unmodified Area 1 m2 Area 2 m2 Area 5 m2 Area 10 m2 Area 25 m2 
Leakage inflow exit 
velocity (m/s)  

343 4.7 2.3 0.93 0.47 0.19 

Rupture inflow exit 
velocity (m/s) 

412 85 42 17 8.5 3.4 

 
The results clearly show the effect of the impingement on the release velocity of the CO2 cloud. The 
effect ranges of the impinged releases were modeled via a leak scenario (which assumes a steady 
state release) with an orifice area equal to the opening area and the corresponding exit velocity at a 
pressure of 1 atmosphere. While some of the velocities may be unrealistically low, this is a 
conservative assumption and hence the velocities were not modified. The results of the maximum 
effect distance (1% lethality) are shown in Table 18 and Figure 8 under F1.5 weather conditions (this 
is a conservative weather type for low momentum releases). 
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Table 18. 1% lethality rangea for release scenarios from the compressor building (weather type F1.5) 

Scenario Unmodified Area 1 m2 Area 2 m2 Area 5 m2 Area 10 m2 Area 25 m2 
Leakage inflow 
effect distance (m)  

14/0 23/75 2/72 2/65 2/62 2/57 

Rupture inflow 
effect distance (m) 

76/67 171/181 327/353 342/360 316/336 288/309 

 

a
Effect distances are reported at 1 m height/ 0 m height  

 
In order to acquire a consistent calculation method, the same opening area was chosen for all four 
scenarios. An opening of 2 m2, representing a single door in the compressor building, was chosen 
because the effect calculations show conservative results for this area and the artist impression 
suggested a corresponding structure of the building (Haskoning Nederland B.V., 2008b). So in 
conclusion, the modeling approach for failure of the compressor inside the compressor building 
featured four scenarios with lowered momenta, corresponding to an opening area of 2 m2, as shown 
in Table 17. 
 

 

 
Figure 8. Effect ranges of release scenarios in the compressor building. Left top: unmodified 10% inflow 
leakage. Right top: impinged inflow leakage through a 2 m

2
 opening. Left bottom: unmodified inflow rupture. 

Right bottom: impinged inflow rupture through a 2 m
2
 opening. 
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6.2.3 Windless weather 
 
Based on the incident in Mönchengladbach, the lack of taking into account windless weather in the 
QRA has often been addressed as criticism on the CCS project in Barendrecht. In order to address the 
issues of windless weather it is important to determine what windless weather is and on which 
scenarios it could have an effect. Therefore, the phenomenon of windless weather was studied in 
more detail, starting with the relevant atmosphere layers. Nearest to the surface of the Earth is the 
surface boundary layer. This layers has a strong interaction with the surface, leading to large 
variations between day- and nighttime. The laminar surface boundary layer is a thin layer, closest to 
the ground. The air flows in parallel layers, featuring relatively low mixing. Above that is the 
turbulence surface boundary layer, also known as the mixing layer as the turbulence results in 
efficient mixing. The dispersion of a gas cloud is determined by the wind direction and speed and 
turbulence in the atmosphere. The turbulence is mainly caused by temperature variations between 
the Earth’s surface and surface boundary layer. Thus, under conditions of low solar activity and low 
wind movements, the dispersion of a cloud is minimal. In such circumstances, the dispersion is 
determined by diffusion, which mixes the cloud several orders of magnitude slower than turbulence 
would (McIntosh & Thom, 1983).  
 
A meeting with two experts from the KNMI showed that there are two types of windless weather. 
The first type is observed mostly during the night or in the morning and features the lack of wind and 
low turbulence as there is little solar activity. Gases in the mixing layer are then exposed to very little 
turbulence and hence little mixing with air during dispersion. This type of windless weather is 
observed mostly during fog. The second type features  low wind speeds in varying wind directions, 
causing an average wind speed of 0 m/s. Under these circumstances, gases are still subjected to 
mixing from turbulence. Since the criticism regarding windless weather mainly concerned the lack of 
mixing, the first type of windless weather is the one of interest to this project.  
 
In order to model the weather, Pasquill (1961) established six weather types (A up to F), based on the 
variations in stability of the atmosphere. Later, Turnern (1964) introduced a seventh weather type, G, 
which represents extremely stable weather during nighttime. The extremely stable conditions 
feature little turbulence and therefore dispersion features relatively little vertical mixture and 
relatively more crosswind mixing. This low amount of turbulence makes G the most appropriate 
weather class to model windless weather. Recent meteorology statistics from the Rotterdam 
weather station showed that weather type G was observed about 4% of the time in the period 2008-
2010 Table 19. This is deemed a non-negligible percentage of the weather and therefore should be 
taken into account.  
 

Table 19. Meteorological statistics of the Rotterdam weather station 2008-2010 

Weather type Fraction of time Average wind speed (m/s) 
Class A 2.1% 1.28 
Class B 5.6% 2.63 
Class C 14.5% 4.23 
Class D 37.2% 5.75 
Class E 16.8% 3.50 
Class F 19.6% 1.68 
Class G 4.3% 0.85 
Total 100.0% 3.91 

 
However, dispersion modeling of gas clouds becomes increasingly more difficult at wind speeds 
lower than 2 m/s. While weather type G is programmed in SAFETI, it is not being taken into account 
in the Dutch risk calculation method. The modeling of weather type G has not been validated with 
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experiments and therefore contains several uncertainties. In literature, Gaussian dispersion models 
are stated to be of limited use for dispersion calculations at wind speeds lower than 2 m/s (McIntosh 
& Thom, 1983; Sharan, Yadav, Singh, Agarwal, & Nigam, 1996).  
 
In order to calculate windless weather, a number of alternative dispersion models were studied in 
literature and in the meeting with the two experts from the KNMI (Arya, 1994; Buske, Vilhena, 
Moreira, & Tirabassi, 2007; Venkatram, Isakov, Yuan, & Pankratz, 2004). However, there was not a 
‘ready-to-use’ model available. The alternative models suffered from the same validation issues as 
SAFETI, were mathematically very complex or required weather data that was not available. 
Therefore, SAFETI-NL, with the latest meteorological data, was used to give an impression about the 
effects of windless weather. The results cannot be used to make conclusions about the relevance of 
windless weather to risk calculations, but do show whether or not windless weather is relevant to 
study in more detail. For example, the effect of windless weather on high momentum is questionable 
as explained below. Such issues can be addressed by modeling weather type G in SAFETI-NL. While 
the topology of the environment is also expected to play a role during windless weather, this cannot 
be modeled without CFD models. Since these models are beyond the scope of this research project, 
the topology was not taken into account in the risk calculations.   
 
The jet of a high-pressure release is released with an initial velocity of several hundreds of meters per 
second. A wind speed of 9 m/s (the maximum wind speed in SAFETI-NL) is unlikely to have a 
significant effect on a jet with a velocity of 300 m/s. The direction, amount of mixing with air and 
distance the jet travels are then mainly determined by the velocity of the jet. In time, the jet will lose 
its momentum due to interaction with its environment (e.g. mixing with air) and eventually the 
momentum of the jet will be low enough for the wind speed to have a significant effect. However, 
the concentration of the jet could already be below hazardous ranges, making the effect of the wind 
irrelevant. Thus, even though a release of CO2 might occur during windless weather, such conditions 
might not necessarily result in a more hazardous scenario. 
 

6.3 The Barendrecht QRA 
 
Since the original SAFETI-NL file of the QRA could not be obtained from Tebodin, the QRA was 
reconstructed, following the HRB and using data as presented in the MER, QRA and additional 
information35 (Haskoning Nederland B.V., 2008a, 2008b, 2008c; Heijne & Kaman, 2008; Kaman, 
2010). The majority of the scenarios was taken over directly or with some minor adaptations. In 
appendix  12.4, a detailed overview is presented of the modeling approaches used in the 
reconstructed QRA. Only for the scenario ‘rupture of 10 pipes’ in the heat exchanger a more realistic, 
alternative modeling approach was established, which is discussed in section 6.5. For the results of 
the calculations the IR was used, due to its strict prescribed norm 10-6, whereas the SR has only an 
orientation value. No ready-to-use data were available on the population around the transportation 
pipeline and injection location. Time constraints prevented a detailed analysis of the population and 
hence the group risk is not addressed in this study. The satelite images were retreived from Tebodin 
(Heijne & Kaman, 2008) and Google maps (maps.google.nl, retreived between the 17th and 19th of 
July, 2013). 
 
 

                                                           
35

 A SAFETI-NL file was received from the DCMR. However, it described only a part of the CCS facility and it is 
unknown whether this was the final version used in the QRA. Hence the data was only used as reference for 
the reconstructed QRA.  
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6.4 Quantitative analysis of the transportation pipeline 
 
The modeling of the pipeline distinguished between the regular underground pipeline and the two 
sections in the pipeline tunnels. The regular section was modeled as the full length transportation 
line (15,373 m). Since the risk contours are equal for all locations on the route, the transportation 
pipeline was represented by a 100 m long straight pipeline, upon which the risk contours were 
projected. Based on the calculated risk contours, an assessment could then be made at which 
locations these contours would exceed the norm. However, the calculated effect distances stayed 
within a 1 m range at ground level (Figure 9) and therefore no risk contours were calculated. This 
result is in agreement with Tebodin, who also concluded that the transportation pipeline poses no 
risk to the external safety (Heijne & Kaman, 2008).  
 

  
Figure 9. Effect distances of a leak (left) and rupture (right) in the transportation pipeline.  

 
The two tunnels were modeled as hindered releases, featuring a low exit velocity at either end of the 
tunnel, in accordance with Tebodin ((Heijne & Kaman, 2008). The exit velocity was calculated using 
the volume flow and area of the steel cover plates (appendix 12.4.2), resulting in velocities of 3 m/s 
up to 0.01 m/s. The hindered release scenario was used as the reference situation for the tunnels 
and hence was also used in the parameter and scenario analysis. The results, shown in Figure 10 and 
Figure 11, show rather different contour maps than originally calculated by Tebodin. The results of 
the Groene Kruisweg tunnel show good coherence in the total effect distance, and only the 
probability distribution differs. Such differences are most likely due to the use of different failure 
frequencies (see for more detail on the used frequency section 6.2.2). The Benelux tunnel on the 
other hand also shows different effect ranges. The leakage scenarios proved to have an insignificant 
effect on the risk contours and hence could not explain the differences. Comparing the output of the 
original QRA and reconstructed QRA showed that the mass flow of the rupture scenarios was about a 
factor 2 higher in the reconstructed QRA. When the input data reported by Tebodin was used (Heijne 
& Kaman, 2008, p. 90), the same contours were obtained and thus could be reproduced. Due to a 
lack of data on the original calculation method, the origin of these differences could not be 
determined. Since the risks of both tunnels lie within the acceptable norm, the differences would not 
lead to a different conclusion. Therefore, the reconstructed QRA was deemed representative of the 
calculations by Tebodin and could be used to study the effect of the new assumptions and scenarios. 
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Figure 10. Risk contours of the Benelux tunnel. Left: original QRA by Tebodin, right: reconstructed 
QRA. 
 

 
Figure 11. Risk contours of the Groene Kruisweg tunnel. Left: original QRA by Tebodin, right: 
reconstructed QRA. 
 
However, upon closer inspection of the risk contour distances, the maximum effect range turned out 
to be around one kilometer, which is unlikely for CO2. The effect distances of the hindered failure of 
the compressor (Table 18), which is modeled under similar circumstances, only showed effect 
distances of up to 360 m. The issue turned out to be inherent to the used calculation approach. 
Modeling of the crosswind dispersion is independent of the velocity of the cloud and for low 
momentum releases exceeds the downwind dispersion. This resulted in very broad but short clouds 
(Figure 12), especially for the D1.5 and F1.5 weather types, which are considered unrealistic. In 
practice, such cloud shapes would not exist when the cloud disperses freely in both directions.  
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Figure 12. Effect distances of releases hindered inside the pipeline tunnels. Left top: footprint of the Benelux 
tunnel. Right top: footprint of the Groene Kruisweg tunnel. Left bottom: side view of the Benelux tunnel (F1.5). 
Right bottom: side view of the Groene Kruisweg tunnel (F1.5). 

 
The width of the cloud, rather than the length of the cloud, was determining for the effect ranges in 
the risk calculations. However, the downwind distance is considered to be more representative to 
the effect distances. Therefore, the calculated risk contours are not considered representative to the 
risks of a hindered CO2 release. Instead, the downwind distances of 252 m and 439 m for the Benelux 
tunnel and Groene kruiswijk tunnel, respectively, are considered to be more representative for the 
maximum effect distances. Due to time constraints, no alternative, more realistic calculation 
approach could be determined to calculate the risk contours. Nevertheless, the reconstructed QRA 
could still be used to show the effects of the new scenarios and adjusted parameters. 
 

6.4.1 Parameter analysis 
 
The effects of all four parameters, as discussed in section 6.1, were studied for the transportation 
pipeline and two tunnels. None of the parameters resulted in risk contours for the transportation 
pipeline. Again, effect distances at ground level stayed within one meter. Since no risk contours were 
calculated, no conclusions could be made about the relevance of the parameters regarding the 
transportation pipeline calculations. 
 
Adjusting the concentration averaging showed no visible changes to the risk contours for either 
tunnel (Figure 13). Therefore, this parameter is irrelevant regarding the outcome of the pipeline 
tunnel calculations.  
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Figure 13. Risk contours of adjusted concentration averaging. Left: Benelux tunnel. Right: Groene Kruisweg 
tunnel.  

 
Increasing the release duration a ten-fold only showed insignificant effects for the Benelux tunnel 
and no visible effects for the Groene Kruiswegtunnel (Figure 14). Further increasing the release 
duration showed no effects either. As the risk contours were primarily dominated by the rupture 
scenarios, which are unaffected by the increased release duration, this result was expected. Thus, 
the release duration is irrelevant regarding the risk calculations of the pipeline tunnels. 
 

 
Figure 14. Risk contours of a 10x increased release duration. Left: Benelux tunnel. Right: Groene Kruisweg 
tunnel. 

 
Sub-lethal effect areas were calculated with the adjusted probits (section 6.1.2) for a lower 
concentration limit of 3% and 1.5% CO2. The results for the Benelux tunnel and Groene Kruisweg 
tunnel are shown in Figure 15 and Figure 16, respectively. In all cases, the effect ranges increase 
significantly and the results show that large residential areas are covered under the potential sub-
lethal effects area. Thus, sub-lethal effects are relevant to take into account in the risk analysis of the 
pipeline tunnels. 
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Figure 15. Approximation of the potential sub-lethal effects area at the Benelux tunnel, represented by the 10

-

30
 contour. Left: 3% CO2. Right: 1.5% CO2. 

 

 
Figure 16. Approximation of the potential sub-lethal effects area at the Groene Kruisweg tunnel, represented 
by the 10

-30
 contour. Left: 3% CO2. Right: 1.5% CO2. 

 
Calculations in SAFETI-NL 6.7, used to calculate the effects of solid CO2 formation, resulted in a 
number of errors. In order to bypass these errors, the release angle had to be bend slightly towards 

the horizontal plane. For the rupture scenarios a horizontal release angle of 89 was used and for the 

puncture scenario an horizontal angle of 70 was used. The results showed no visible effect on the 
risk contours (Figure 17). Thus, taking into account solid CO2 formation is irrelevant regarding the risk 
calculations of the pipeline tunnels. 
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Figure 17. Risk contours of the pipeline tunnels including the formation of solid CO2. Left: Benelux tunnel. 
Right: Groene Kruisweg tunnel. 

 

6.4.2 Scenario analysis 
 
In addition to the hindered release of the pipeline tunnels, crater formation and windless weather 
were studied in the scenario analysis. For the transportation pipeline, no hindered releases were 
expected and hence was not taken into account for this section. Since a crater cannot be formed in 
the pipeline tunnels, this scenario was not modeled for the pipeline tunnels. The crater calculations 
made use of six scenarios, as described in section 6.2.1. For clarity reasons, the risk contours are 
projected on a grid, shown in Figure 18, representing a 100 m pipeline section. The results show that 
no 10-6 contour is calculated and the 10-30 contour has a maximum range of 26 m. While the crater 
modeling approach shows a significant diffirence to the regular modeling of underground pipelines, it 
does not have a significant effect on the assessment of the risks. The absence of a 10-6 contour make 
the risks automatically acceptable to the IR norm. Since no different conclusions would be made 
when taking into account crater formation, this scenario is irrelevant to the risk calculations of 
underground pipelines. 
 

  
Figure 18. Representation of the risks of the underground transportation pipeline when crater formation is 
considered. 

 
The modeling of windless weather, by using weather type G, mainly effected the maximum 
crosswind effect distance and thus the outer risk contours. Since the maximum downwind distance is 
considered the most realistic maxiumum effect distance, the risk contours were not representative 
for the effect of windless weather. Hence, the footprints are shown as result of the windless weather 
calculations (Figure 19).  
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Figure 19. Footprints including very stable weather (type G1). Left: Benelux tunnel. Right: Groene Kruisweg 
tunnel. 

 
The results show a large increase in maximum effect distances in both crosswind and downwind 
directions. The maximum downwind effect distances increased from 252 m (F) to 478 m (G) for the 
Benelux tunnel and from 439 m (F) to 736 m (G) for the Groene Kruisweg tunnel. These results clearly 
show that the maximum effect distance for low momentum releases increases significantly under 
windless weather conditions. Therefore, windless weather in combination with impinged releases is a 
relevant scenario to take into account in the risk calculations of the pipeline tunnels. 

 

6.5 Quantitative analysis of the injection location 
 
In the original QRA, the ‘rupture of 10 pipes’ scenario in the heat exchanger was modeled as a leak 
with an aperture area equal to the cross sectional area of 10 pipes. This resulted in modeling the 
scenario as a leak with an 80 mm diameter. Initial calculations revealed that this scenario was the 
main scenario causing the risks at larger distances, while a rupture of the aboveground pipeline with 
a diameter of 203 mm would be expected to have more effect than an 80 mm rupture. However, due 
to the fact it was modeled as a leak, no pressure and outflow reduction were taken into account. As 
seen in Figure 20 the total mass released is much higher for the leak scenario than for the rupture 
scenario. It is unlikely that an 80 mm diameter orifice in a pipeline of 203 mm diameter results in a 
steady state without pressure reduction. Furthermore, the amount of CO2 released in the puncture 
scenario exceeds the total inventory of the injection pipeline and injection well in a matter of 
seconds and thus is an unrealistic input combination. Therefore the ‘rupture of 10 pipes’ scenario 
was modeled as a time-varying release (i.e. the long pipeline method) with an aperture area equal to 
the orifice area.  
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Figure 20. Mass flow of a rupture and puncture scenario. The areas under the graphs represent the 
total mass released.  
 
In Figure 21, the reconstructed QRA, with and without the adjusted ‘rupture of 10 pipelines’ 
scenario, is shown together with the original QRA (Heijne & Kaman, 2008). The original QRA and 
reconstructed QRA show reasonable coherence, having similar risk contour distances. While most of 
the risk contours are somewhat smaller in the reconstructed QRA than in the original QRA, the 
changes have no effect on the acceptability of the installation. The determining contour, the 10-6 
contour, mainly covers the area of the injection site in both QRAs. The absence of the 10-4 contour at 
the compressor is most likely due to modeling the failure of the compressor as a one-sided release, 
rather than a two-sided release (see appendix 12.4.3). When the adjusted ‘rupture of 10 pipes’ 
scenario is taken into account, it mainly changes the outer contours. The 10-6 contour, however, 
remains practically unchanged. This shows that the leak scenario indeed mostly had an effect on the 
outer contours.  
 
Overall, the reconstructed QRA is deemed to be representative for the risks at the injection site, in 
relation to the QRA by Tebodin. Therefore, the reconstructed QRA could be used to calculate the 
effects of the new assumptions and scenarios for the injection location. 
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Figure 21. Risk contours of the injection location in Barendrecht. Left top: result from the original QRA. Right 
top: reconstructed QRA with original heat exchanger scenario. Left bottom: reconstructed QRA with adjusted 
heat exchanger scenario. 

  
In order to be able to assess the effects of the discussed improvements on the modeling of CO2, the 
well scenarios featuring the release of natural gas were disregarded. Especially parameters that 
affect both methane and CO2 scenarios could give distorted results, as it could be unclear to which 
compound the results should be assigned. Figure 22 shows the results of the reconstructed QRA with 
the adapted heat exchanger scenario and without natural gas releases. The main difference is the 
absence of risk contours around the monitoring well, which shows that CO2 failure scenarios at this 
well have insignificant risks. The contour map as presented in Figure 22, and corresponding risk 
calculation, was chosen as baseline for the calculations of the parameter and scenario analysis. 
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Figure 22. Reference situation. The reconstructed QRA with the adapted ’rupture of 10 pipelines’ scenario and 
without natural gas releases. 

 

6.5.1 Parameter analysis 
 
All parameters, as discussed in section 6.1, were taken into account in the parameter analysis of the 
injection site. The results are shown in the figures below. Adjusting the concentration averaging does 
not show any visible changes to the risk contours (Figure 23). Thus, the assumptions regarding this 
parameter are irrelevant regarding the outcome of the injection site calculations.  
 

 
Figure 23. Left: reference situation. Right: risk contours of adjusted concentration averaging. 



86 
 

 
Increasing the release duration has minor effects on the 10-5 and 10-4 contour and to a lesser extend 
on the 10-6 contour, close to the source of the release. While the risk contours slightly increase with 
increasing duration (from 5 to 40 hour releases) the changes are insignificant regarding the 
assessment of the results. The release duration is therefore also irrelevant regarding the injection 
site calculations. 
 

 

 
Figure 24. Risk contours of increased release durations. Left top: 5 hours. Right top: 10 hours. Left bottom: 20 
hours. Right bottom: 40 hours. 

 
Calculations with the adjusted probits, representing sub-lethal effects with a lower concentration 
limit of 3% and 1.5% CO2, show a significant increase of the maximal effected area (Figure 25). With 
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an approximate radius of respectively 200 m and 400m, sub-lethal effects can reach far beyond the 
boundaries of the injection site, even covering a section of the residential area Carnisselande for the 
lower limit of 1.5% CO2. Thus, sub-lethal effects are relevant to take into account in the injection site 
analysis. 
 

 
Figure 25. Approximation of the potential sub-lethal effects area, represented by the 10-30 contour. 
Left: 3% CO2. Right: 1.5% CO2. 
 
The effect of solid CO2 formation was calculated with SAFETI-NL 6.7. Tebodin took the formation of 
solid CO2 into account manually by creating a user defined source representing the sublimation of 
CO2. In principal, this is no longer required in the updated dispersion model and hence this scenario 
was removed from the calculations. The results show that the updated dispersion has little direct 
influence on the risk contours (Figure 26). However, they show that no 10-5 and 10-6 are calculated 
for the injection well when no manual solid CO2 source is taken into account. This suggests that the 
manual solid CO2 formation was too conservative, which is in agreement with the experiments by BP 
and Shell where no significant amounts of solid CO2 were observed during dispersion (Witlox, Harper, 
Oke, et al., 2012). Thus, while the updated dispersion modeling of CO2 has little effect on the risk 
outcomes, the results suggest that solid CO2 formation should not be addressed as manual input, as 
this leads to too conservative calculations. Overall, the effects of solid CO2 formation are irrelevant to 
the injection site calculations. 
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Figure 26. Risk contours of updated CO2 dispersion modeling. Left: updated dispersion for the reference 
situation. Right: updated dispersion without a manual solid CO2 source. 

 

6.5.2 Scenario analysis 
 
Since the injection site does not feature any underground pipelines, crater formation is not taken 
into account for this section. Thus, only windless weather, a hindered release from the compressor 
building and a combination of these two scenarios were studied. The hindered release was calculated 
as described in section 6.2.2, assuming an opening area of 2 m2 in the compressor building. An 
impression of the effects of windless weather was modeled by using the stable weather type G in 
SAFETI-NL. The result of this calculation is shown in Figure 27.  
 
No significant visible effects are observed, matching the hypothesis regarding high momentum 
releases and windless weather. When looking at the footprint of an instantaneous compressor 
failure, weather type G1 actually decreases the maximum effect distance compared to weather type 
F1.5 (Figure 28). While no significant effects are observed, the hypothesis suggests that the stable 
weather should have an effect on the dry ice modeling. In fact, the maximum effect distance with 
weather type G1 almost doubles , but since the gas cloud stays under 1 m height these distances are 
not incorporated in the risk contours (Figure 29). Adjusting the height at which the risks were 
calculated did not show significant effects and hence this observation was deemed irrelevant. In 
conclusion, windless weather is irrelevant to take into account in the injection site calculations.  
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Figure 27. Risk contours of the injection site, including very stable weather (type G). 
 

 
Figure 28. Footprint of the instantaneous failure of the compressor, including very stable weather (type G1). 

 

 
Figure 29. Effect distances of the modeling of dry ice for weather type F1.5 (left) and G1 (right). 
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The results of the windless weather calculations seem to support the hypothesis that only low 
momentum releases are effected by windless weather. To further investigate this hypothesis, a 
number of theoretical scenarios were modeled, featuring a lower pressure. These scenarios were 
based on the puncture and rupture of the aboveground transportation pipeline section and the 
injection pipeline. With a pressure of 10 bar, these scenarios would feature a lower release velocity 
and therefore be more susceptible to windless weather. Since most high pressure installations 
containing hazardous substances have a pressure larger than 10 bar, the results are deemed 
representative for such installations in general. The results clearly show that very stable weather 
does not significantly influences the maximum effect distances (Figure 30). Thus, windless weather is 
irrelevant for high momentum releases in general. 
 

 

 
Figure 30. Effect distances of high pressure puncture and rupture releases, including very stable weather (type 
G1). Left top: puncture transportation pipeline. Right top: rupture transportation pipeline. Left bottom: 
puncture injection pipeline. Right bottom: rupture injection pipeline. 

 
Modeling the effects of a hindered release from the compressor building show a major increase of 
the risk contour distances (Figure 31). The 10-6 contour now covers an area with a radius of 
approximately 300 m, reaching up to the nearest buildings of the residential area Carnisselande. This 
means that, apart from a significant change of the risk contours, the project would no longer be 
acceptable, as there are vulnerable objects within the 106 contour. The hindered release is the most 
significant scenario, making up 94% to 100% of the risks at the different ranking points (blue dots on 
the map) and is solely responsible for the outer risk contours. In fact, the risk contours do not 
significantly change when all other scenarios are disregarded. Thus, the results show that a hindered 
release is a very relevant scenario for the injection site calculations.  
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Figure 31. Risk contours of an impinged release in the compressor building.  

 
When looking at the maximum crosswind and downwind effect distance, the crosswind distance lies 
within a factor two of the downwind distance, which is deemed an acceptable difference (Figure 32). 
Also, the outer risk contours (300 m) show reasonable correspondance to the maximum downwind 
effect distance (379 m). Therefore, these results are deemed representative to the actual effects of 
impinged releases.  
 

 
Figure 32. Footprint of the instantaneous failure of the compressor when an impinged release is taken into 
account. 

 
When windless weather is also taken into account, via the stable weather type G, both the maximum 
crosswind distance and downwind distance increased significantly (Figure 33). The footprint shows 
an increase of the maximum downwind distance from 379 m (F) to 595 m (G), which would place the 
outer risk contours well over the residential area Carnisselande. Therefore, windless weather in 
combination with an impinged release is relevant to the injection site calculations. 
 
In theory, a hindered release combined with windless weather could show similar effect distances as 
the incident in Mönchengladbach, especially when sub-lethal effects would be taken into effect as 
well. Potentially, such a release may make the project no longer acceptable in terms of the strict 10-6 
norm. However, it should be realized that the results are dependent of a number of assumptions, 
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such as the area of the opening in the compressor house. The windless weather calculations also only 
give an impression of the actual effects. Therefore, the calculated results should not be used as 
definitive calculations, upon which a decision can be made regarding the acceptability of the project. 
Instead, the results show that with taking into account impinged releases and windless weather in 
the risk calculations, the risk contours significantly increase and could possibly exceed the norm. 
Thus, it is important to take these scenarios into account in the risk analysis of situations that include 
potential impinged releases. 
 

  
Figure 33. Footprint of the instantaneous failure of the compressor when an impinged release is taken into 
account, including very stable weather (type G1). 

 

6.6 Conclusion of sub-question 3 
 
The discussions about the modeling aspects of the assumptions and new scenarios showed there are 
multiple modeling approaches possible to calculate their effects. Therefore, in this research project, a 
number of assumptions were made in order to be able to model the effects of the identified 
parameters and scenarios. While the chosen modeling approaches are deemed to result in 
representative calculations of the actual risk, they are by no means the only nor the most optimal 
approaches. The calculations of sub-lethal effects and windless weather only give a simplified 
approximation of the actual risks. Either new models or adjustments to SAFETI-NL are required to 
properly address these limitations with risk calculations. In case of crater formation, more research 
would be required to reduce the uncertainties about its effects on the release direction and velocity 
of underground pipeline failure. The modeling of impinged releases also showed several issues 
regarding crosswind and downwind effect distances, which will have to be addressed in order to 
acquire a proper modeling approach. Nevertheless, the used modeling approaches were deemed 
suitable to assess the relevance of the improvements. 
 

6.6.1 Sub-question 3 
 
 What is the impact of modeling the new scenarios to the assessment of external risks, in particular 
the QRA of the CCS project in Barendrecht? 
 
Based on the results of the calculations of both locations, i.e. the transportation pipeline and 
injection site, the relevance of each parameter and scenario was assessed. The conclusions are 
summed up below: 
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 Adjusting the concentration averaging parameter showed no effect on the risk contours of 
both locations. Therefore, this assumption is irrelevant to the outcome of the CO2 risk 
calculations. 

 Increasing the release duration showed only minor effects on the inner contours at the 
injection site location, while no effects were observed for the pipeline tunnels. Therefore, 
this assumption is irrelevant to the outcome of the CO2 risk calculations. 

 Calculating the area in which sub-lethal effects could be expected showed a significant 
increase in effect distances on both locations. Thus, sub-lethal effect ranges are much larger 
than lethality effect ranges and are therefore relevant to CO2 risk calculations. 

 Solid CO2 formation, calculated with SAFETI-NL 6.7,  showed no significant effects on the risk 
contours on the injection site. Therefore, this effect is irrelevant to CO2 risk calculations. 
However, the calculations showed that taking into account solid CO2 formation manually 
leads to a too conservative approach and is not required. Thus, regardless of the edition of 
SAFETI-NL, solid CO2 formation should not be taken into account with additional scenarios. 

 Windless weather was shown not to have an effect on regular, high momentum releases 
from high pressure installations. However, a notable effect was observed for a low 
momentum release. Thus, windless weather is only expected to have an effect on low 
momentum releases and is therefore irrelevant to standard risk calculations. 

 Crater formation showed only a minor increase in risk contours of the transportation pipeline 
and taking it into account would not lead to alternative conclusions about the pipeline’s 
acceptability. Therefore, crater formation is irrelevant to the outcome of CO2 risk 
calculations. 

 Hindered releases were shown to have a major effect on the risk contour distances. A release 
in the compressor building outweighed all other scenarios and increased the 10-6 contour 
from several tens of meters to several hundreds of meters. A hindered release inside the 
pipeline tunnels led to significant risk contours being calculated, whereas no risk contours 
were found for a regular release of an underground pipeline. Thus, hindered releases are 
relevant to the outcome of CO2 risk calculations. 

 Combining windless weather and impinged releases shows a significant increase in the 
maximum effect distances for both pipeline tunnels and the injection site. Furthermore, it 
showed a significant effect on the low momentum dispersion of the solid CO2. Therefore, 
windless weather should be taken into account for all hindered and low momentum releases. 
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7 Expert and public opinions on quantitative risk assessments 
 
The CCS project in Barendrecht was a clear example of the impact the public can have on societal 
issues. Joined by experts in the fields of risk analysis and chemistry, the safety of the project was 
questioned. A major part of the safety claims were based on a quantitative risk analysis, model based 
calculations to assess the external risks. While CCS does not fall under the jurisdiction of the Bevi, the 
calculations were made in accordance with the HRB, which prescribes a strict set of guidelines for 
making risk analyses. In the previous two chapters a number of  deficiencies in this methodology 
have been identified and the effects of new or updated parameters and scenarios have been 
calculated. In this chapter the opinion of several independent experts and residents from 
Barendrecht will be discussed, regarding CCS, risk calculations in general, the identified deficiencies 
and methods for improving the current methodology. 
 
The interviews have been conducted with four experts and three residents from Barendrecht. Ingrid 
Raben is a risk analysis expert at TNO, and has calculated on several CCS projects, but was not 
involved in the CCS project in Barendrecht. Hans Pasman is a risk analysis expert at the Texas A&M 
University and is a former member of the AGS. He was invited to the fact finding workshop at a CATO 
meeting and became involved during the workshop. Krijn de Jong is an inorganic chemistry professor 
who was approached by residents from Barendrecht, due to statements about CCS in general in the 
media. Luc Vijgen is a risk analysis expert at the DCMR, the licensing authority, and worked actively 
on the assessment of the QRA and coordination of the discussions about the QRA. Corrie Righolt-
Dam is a member of the municipal council of Barendrecht and became involved through this political 
position already in an early stage of the project. Huub van Gorp is a resident of Barendrecht, and 
former employee of Shell, and became actively involved after joining the first public meeting about 
the CCS project, which was announced in a local newspaper. Finally, John Poppelaars is a risk analysis 
expert and resident of Barendrecht and works in the field of financial risks modeling. He became 
actively involved after joining a meeting hosted by the foundation CO2isNee and picking up 
statements about the safety of the project, based on models. 
 

7.1 CCS as mitigation option 
 
In order to exclude a bias towards the safety of the project dependent of the opinion about CCS, all 
seven interviewees were asked about their opinion on CCS. Interestingly, none of the interviews 
were positive about CCS and only Pasman saw no objections to CCS as a temporary solution for CO2 

emissions reduction. This shows that the personal opinion on CCS of the interviewees is unlikely to 
influence their opinion about the safety of the CCS project, as proponents and opponents shared 
similar opinions on CCS. The main arguments against CCS included the additional energy it costs to 
store the CO2, the solution lying in green energy and producing less CO2 rather than storing it and 
doubts about the effectiveness of CCS. 
 

Pasman: “While it should not be necessary, as a temporary solution I do not see any objections. Gas, 
that is natural gas mixed sometimes with carbon dioxide, has always been stored for ages in 
underground cavities under high pressure. I do not really see any issues there.” 

Righolt-Dam: “It involves putting a waste product underground, forever. And while it is commonly 
believed CO2 causes climate change, all gasses with three or more atoms are greenhouse gasses.”  

Poppelaars: “I do not think it is a sustainable solution. There are plenty of alternatives that are 
cheaper and have a better effect on reducing emissions than CCS.” 
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7.2 Involvement and experience 
 
Apart from Raben, all interviewees were actively involved in the procedures concerning the CCS 
project. In hindsight, Righolt-Dam stated that she enjoyed the whole process and the connections 
that were made with other residents from Barendrecht, especially considering the favorable ending. 
Nevertheless, during the project there were several issues concerning the provision of information. 
Upon requests to see documents about CCS and research on the Barendrecht location, these were 
refused or sent very late, on occasion when documents were not yet finished. Furthermore, the poor 
and false communication from Shell and coworkers took away the trust in this party.   
 

Righolt-Dam on the first information meeting for the municipal council: “The meeting was given in 
such childish language that I wondered what we was going on exactly.”  

After requesting literature to read, she was told the reports were in English: “I say ‘you can give 
them in English’ but then I was told that the reports were not finished yet. Well, that was the limit.” 

 
The same communicative issues were addressed by Van Gorp and Poppelaars. Communication from 
Shell and the national government was limited and questions or criticisms were not properly 
addressed. Instead, Shell and the national government seemed to limit the amount of information 
provided to prevent further criticism, as well as limiting the possibilities of formal objections. The 
‘crisis and recovery act’, initially intended to stimulate implementation of new construction projects, 
also covered the CCS project in Barendrecht. This prevented the municipal council to make formal 
objections to the project, to the dismay of the residents of Barendrecht. Other examples given were 
documents that were not readily available and a public information point that refused entrance to 
Van Gorp. 
 

Poppelaars: “It resembles the obstinacy people showed to try to stick with premade decisions, while 
we wanted openness in the situation.” 

Van Gorp: “When I addressed the criticism on the report to the minister, it turned out she had not 
read it and even no knowledge about the content. These were the kind of issues that made us 
suspicious.” 

 
Van Gorp stated that one of the main issues in the communication was their lack of legal status, as 
was explained to him by the representatives of the ministry. Residents are not an official party and 
hence do not need to be taken into account in every step of the process. This resulted in a difficult 
relationship between the residents and initiating parties and raised suspicion with the residents.  
 

Van Gorp: “Two people like us, despite our knowledge, could be either given an official position or 
nothing could be done.” 

 
Furthermore, the officials from Shell and the national government underestimated the intellectual 
level of the residents. This resulted in inappropriate communication, to the frustration of the 
residents. Furthermore, arguments were regularly dismissed as emotional, neglecting the actual 
content of the argument.  
 

Van Gorp: “The representative said to me: ‘we did not think there would be so many intelligent, 
interesting people living in Barendrecht’. Well, I was done with it after that. The fact that they were 
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thinking in this way made the communication already senseless.” 

Righolt-Dam: “My main criticism is that they did not provide all information directly and that they 
assumed the residents were stupid.” 

 
A similar phenomenon regarding argumentation was perceived at the fact finding workshop, which 
featured many more proponents than opponents of the project. This resulted in a bias towards 
presentations, which mainly addressed the positive aspects of the project. The arguments addressed 
by Van Gorp and Poppelaars were neglected or dismissed as emotional. Pasman, on the other hand, 
was involved in the project for the first time via the fact finding workshop and valued the high 
diversity of stakeholders that was present.  
 

Poppelaars: “We noticed that comments based on a factual account were not appreciated. Thus, 
these arguments were simply not addressed.” 

Van Gorp: “The proponents tried to advocate we argued based on emotions rather than knowledge, 
but those claims were unfounded allegations.” 

Pasman: “It was a very broad consultation, with representatives from the national government, from 
several technological and scientific institutions, the Shell company, risk analysts from engineering 
contractor Tebodin and residents from Barendrecht. It was ideally organized in my opinion.” 

 
This is a clear example of the contradiction between the perceptions of residents and experts. 
Whereas Van Gorp and Poppelaars criticized the selection of participants in terms of proponents and 
opponents, Pasman was positive about the fact that many different parties were attending, 
independent of their opinion about the project. Since Pasman was also very skeptic about the risk 
analysis, there was no bias in the interviewees’ opinion about the fact finding workshop. A plausible 
explanation to this contradiction is the status difference of experts and residents. Whereas residents 
were seen as emotional, experts are deemed rational and thus were properly addressed.  
 
Another example of the difficult relationship between residents, experts and the initiating parties 
became apparent after the interviews with Van Gorp, Poppelaars and Vijgen. In the interview with 
Van Gorp and Poppelaars, they mentioned several points of criticism that were not suitably 
addressed in any analysis, such as the incident in Mönchengladbach. However, Vijgen stated that in 
the ‘integral safety study’, which was published in late 2009, questions of the public were answered 
(Vijgen, Nitert, Buijtendijk, & Van Dalen, 2009). The fact that the residents state their criticism was 
not taken into account, while there is a document that addressed their issues, seems to confirm the 
communicative issues between residents and the initiating parties. 
 

Van Gorp: “The incident in Mönchengladbach confirmed our thoughts, but they refused to study it.” 

Van Gorp: “Barendrecht is surrounded by hazards.” Poppelaars: “These were not taken into account 
in the risk analysis at all.” Van Gorp: “They refused to.” 

Vijgen: “The questions that were asked by the public were answered and documented in the integral 
safety study.” 

  
However, Vijgen stated that rather than a communicative issue, this could have been a trust issue. 
The integral safety study was available online, via the same channels as other documents, and hence 
communication should not have been an issue here. But, the answers were composed by the same 
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parties who composed the initial risk analysis, which received a lot of negative criticism. In the case 
that the experts and the models they use are not trusted, it can be expected that the public is not 
easily convinced by such answers.  
 

Vijgen: “While you can answer a question, the receiving party could respond like: ‘You can say that, 
however I do not believe you, I do not have scientific evidence’.” 

“In that case, according to the third party, the competent authorities, who are not very trusted, are 
just proclaiming something. So a question may be answered, without the person asking the question 
being convinced.” 

 
Trust was also a concept that was addressed several times during the discussion on public 
acceptance. Both experts and residents believed that improvements to the risk analysis would have 
little to no effect on the public in Barendrecht, due to a lack of trust and negative emotions. Thus, 
not only did the poor communication result in short-term resistance to the project, it also inhibits 
long-term solutions to any issues. This shows how important proper communication is in the 
beginning of the project. If the communication would have been open and forthcoming from the 
beginning, Righolt-Dam even questioned whether she would have been so opposed to the project. 
 

Pasman: “People will immediately remember the CCS project in Barendrecht, which makes 
acceptance difficult. It then depends on trust in the government.” 

De Jong: “In Barendrecht many communication problems arose already in the beginning of the 
process. Several unfortunate statements were made and at some point confidence of the general 
public was absent. I do not think that an improved risk analysis afterwards will contribute much to 
the public acceptance.”    

Righolt-Dam: “I think for the general public it should have been handled properly from the start.” 

“If they would have listened better beforehand, if more information was provided to us, I still do not 
know how fierce I would have been then.” 

 
In conclusion, the improper communication from Shell and the national government can be seen as 
the inducement of much of the criticism from the residents. Already in an early stage there was little 
trust left in these parties, which raised suspicions about the project. It was also the communication 
about the safety of the project that led to criticism on the risk analysis. Statements by the minister, 
proclaiming the project was safe based on modeling calculations, triggered Poppelaars and De Jong 
to study the risk analysis in more detail. Thus, while a lot of criticism was given on the safety of the 
project and the risk analysis, it was the improper communication that caused the interest in these 
topics in the first place. 
 

Poppelaars: “How did they establish the safety? To me it was not very obvious that the statement 
‘safe’ could be made based upon a model.” 

De Jong: “I read about the risk analysis and realized how the risks were calculated and I was very 
surprised.” 
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7.3 Criticism on the Barendrecht QRA 
 
As mentioned above, the criticism on the actual project of both the residents and experts was mainly 
related to safety issues. Since the risk analysis was used to make a statement about the safety of the 
project, the QRA and used methodology became the main subject of the debate about the safety. 
Table 20 presents an overview of the results from the interviewees that criticized the risk analysis, 
i.e. the QRA and used methodology. The arguments have been divided in two sections: the 
aboveground facility containing the capture location, transportation pipeline and injection location, 
and the underground reservoir. This separation was made because the risk analysis only concerned 
the aboveground facility, as explained in section 5.2.4. The risks of the underground reservoir were 
addressed qualitatively in the MER (Haskoning Nederland B.V., 2008a). 
 

Table 20. Criticism from experts and residents on the risk analysis 

Interviewee Aboveground facility Underground reservoir 
Pasman Uncertainties dispersion model, 

missing situation specific 
parameters and scenarios  

No criticism 

De Jong Inappropriate method, 
shortcomings model 

Not mentioned 

Righolt-Dam Missing weather conditions Eternal timeframe, uncontrollable, 
suitability 

Van Gorp CO2 properties and modeling, risk 
accumulation 

High pressure, under residential 
area 

Poppelaars Missing situation specific scenarios, 
inappropriate method, 
shortcomings model 

Not mentioned 

 
The results show quite diverse arguments that were stated against the CCS project. While the 
underground reservoir was not discussed in detail during the interview, several interviewees 
mentioned it. Pasman noted that the underground reservoir should pose no risks once sealed. 
Rather, the risks come from aboveground facility, i.e. the transportation and injection of CO2. Righolt-
Dam, on the other hand, was mostly opposed to the long-term storage of CO2 underground and did 
not see much risks in the aboveground facility. A release from the aboveground facility would only 
feature a limited amount of CO2 and the CO2 flow could be manually stopped. However, if the CO2 
would be released from the reservoir, it would be an uncontrollable release of very large amounts of 
CO2. While the probability of such a scenario may be small, the eternal timeframe makes it a realistic 
to occur somewhere in the future. Finally, she was wanted an independent second opinion about the 
gas field, to make sure it was suitable for CO2 storage. Van Gorp criticized the high pressures the CO2 
would be stored at, fearing this might result in damage to the underground and eventually a release 
of the CO2. Furthermore, he criticized the location, being situated below a residential area. A 
potential release from the reservoir in an uninhabited area would have little consequences and 
would therefore be preferable.  
 

Pasman: “Once the CO2 is inside the reservoir, the ‘cork stopper’ can be placed very tight, so that the 
gas cannot escape. The real issue, technically speaking, is the transportation of the CO2 from Pernis 
to the injection location and the injection process itself.” 

Righolt-Dam: “If it starts to ’bubble’ and is released instantaneously, even though the chance is 
small, it is out of our control.”  

Van Gorp: “There were sufficient arguments to say: ‘this should not be done under a population’.” 
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There is an empty gas field under the Drunense dunes. If you want to do a pilot study use that one, 
you can learn much from it and there is not a soul living above it.”  

 
While these arguments are not very relevant to the quantitative risk analysis, they show an 
interesting example of the contrast between expert opinions and resident opinions. This contrast 
could possibly be explained by the different methods of reasoning used by experts and residents. 
Whereas Pasman based his reasoning mainly on probabilities of events, the Righolt-Dam and Van 
Gorp were more concerned about worst case scenarios, regardless of their probabilities. This trend 
was also observed during other interviews. In general, the risk analysis experts used a probabilistic 
approach to assess the risks, looking at what is expected to happen. The other interviewees (De Jong, 
Righolt-Dam and Van Gorp) used more of a ‘what if this happens’ approach, looking at worst case 
scenarios. This difference complicates communication between risk analysis experts and non-experts, 
as both parties are likely to come to different conclusions when assessing the same situation. Thus, 
this trend provides another possible explanation for the communicative issues between initiating 
parties and residents, as these often consist of respectively experts and non-experts. 
 
The discussion about the aboveground facility focused mainly on the technical aspects of the risk 
analysis methodology. In general, the criticism was directed to the strict guidelines that prescribe 
how the risk analysis should be executed. This method, referred to as almost a checklist by De Jong 
and Poppelaars, does not result in a detailed analysis, including aspects relevant to the actual 
situation. The QRA was therefore not deemed representative of the actual situation, mostly due to 
missing scenarios. Thus, statements about the safety of the project based upon the risk analysis were 
not accepted. 
 
Pasman criticized the uncertainties of the dispersion model and the used parameters, such as the 
failure frequencies, the probit of CO2 and lack of validation of CO2 dispersion. Furthermore, he 
addressed several situation specific issues that were not taken into account in the risk analysis. 
Among these were the topology of the surroundings, resembling some sort of valley that could trap 
CO2, effects of other pipelines on the CO2 pipeline in the pipeline street and effects on the high 
amount of traffic in the area. De Jong focused more on the general aspects of the risk analysis 
methodology, such as the strict checklist and use of a model with several limitations. Righolt-Dam 
mainly wanted to see windless weather being taken into account, as Mönchengladbach showed this 
could be a relevant condition during CO2 dispersion. Van Gorp criticized the fact that CO2 was not 
validated for the model and stated that the corrosive properties of CO2 in combination with water 
were not sufficiently addressed. Both Van Gorp and Poppelaars mentioned that the multiple other 
hazardous activities around Barendrecht that were not taken into account in the risk analysis. While 
multiple hazardous activities might individually not have a high chance of failure, the chance that 
some failure occurs increases with each additional activity. By far the most criticism was given by 
Poppelaars, who summarized all his criticism in a document that was submitted as appendix in the 
view on the MER (Poppelaars, 2010). The comments were used to demonstrate that the current risk 
analysis methodology is unsuitable to base safety statements upon. Among the comments were the 
use of averages while the assumptions should be conservative, outdated failure frequencies, the CO2 
probit relation and a lack of situation specific scenarios. These will be discussed in more detail in 
section 7.5 and 7.6. 
 

De Jong: “The prescribed software has some serious limitations, but nevertheless it was used.” 

Van Gorp: “When accumulating all the hazards, the chance something happens around Barendrecht 
becomes much more realistic. Whether it is one thing or the other, but in a higher sequence.”  

Poppelaars: “The risk analysis is prescribed by a standardized method, almost a checklist. In my 
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opinion this method is too general and lacks detail, whereby the specific situation is insufficiently 
taken into account in the risk assessment.” 

 
The criticism shown in this section gives an overview of the type of criticism that was given during 
the project. Apart from the criticism regarding the communication, all interviewees mentioned 
mainly safety related issues, concerning either risk analyses in general or aspects related to CO2 
processing. Thus, the results show that the safety was the main issue about the project, whereas the 
criticism about the process of the project focused on the communication. In the next section, the risk 
analysis in general will be discussed. 
 

Righolt-Dam: “People asked the municipality: ‘if they would give you money, would you then have 
accepted it?’ We always responded: ‘no, it is about the safety’.”  

 

7.4 Quantitative risk assessments 
 
During the interviews, the risk analysis methodology and resulting QRA have been extensively 
discussed. In this section a selection is presented about the interviewees’ view on the purpose of 
QRAs, uniformity of the method and relation to public acceptance. The opinion on quantitative risk 
analyses of the interviewees will provide a basis on which their opinion about the improvements can 
be reflected. 
 
In three of the expert interviews, the view on the purpose of a QRA was addressed. Raben stated a 
QRA is meant for both public and companies; the public is granted a form of protection against risks 
from industry and the industry is granted the space it requires for its activities. Vijgen named the 
same purpose, spatial planning, and added it is an appropriate method for the authorities to assess 
the acceptability of a project. He furthermore stated that a risk calculation cannot be used to 
calculate the absolute value of the risk, but rather is a modeled representation of the actual risk. 
Finally, Pasman extended on the use for spatial planning, saying that the QRA was implemented as a 
tool to settle the conflicts between industry, the government and the public. Implementation of the 
quantitative risk analysis methodology gave all parties strict targets that should be met and hence 
provided security for both public and industry on the use of hazardous activities (see also Pasman 
and Reniers (2013)). 
   

Raben: “To give the public a certain level of protection against the risks of the industry and on the 
other side providing the company with the opportunity to execute its activities.” 

Vijgen: “I think a risk analysis is an appropriate method for authorities to assess whether or not a risk 
is acceptable.” 

Pasman: “It can be seen as an armed truce, to settle the tensions between industry and the 
government.”  

 
It is interesting to note that none of the experts mentioned establishing the safety of a project as 
purpose of a QRA. However, it is clear that the discussions around the CCS project clearly focused on 
this aspect of the QRA. As mentioned before, this is likely due to the communication of Shell and the 
national government, whom addressed safety concerns with statements about calculations, proving 
the project would be safe. Such communication likely created a distorted image about the purposes 
of a QRA, spatial planning and clear rules for all involved parties, as mentioned by the experts. For 
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example, Van Gorp and Poppelaars mentioned a very different purpose of risk analyses. They 
criticized the complexity of QRA, making such documents hardly accessible for the general public, 
while the public is supposed to be the main audience of a QRA. This again shows the importance of 
clear communication, as different expectations on the purpose of a QRA are likely to result in further 
differentiation between residents and experts. 
 
The primary discussion about the risk analysis methodology was about its uniformity. In the 
Netherlands, a strict set of guidelines has to be followed that results in very clear and consistent risk 
analyses. These aspect were valued by Raben and Vijgen, stating that this allows for good 
comparison between different situations or processes. Furthermore, they state that in order to 
calculate risks by using models, it is required to make assumptions, as it is impossible to model 
reality. Using a uniform method ensures a measure consistency among the uncertainties. This allows 
for the easy use of QRAs in decision making (Pasman & Reniers, 2013). 
 

Raben: “At some point assumptions need to be made if you want to perform calculations. Models 
remain approximations of reality.” 

Vijgen: “The absolute risk is not calculated, it is always an approximation. By prescribing a single 
calculation methodology we ensure that at least everyone uses the same approximation.” 

 
However, the suitability of the method for all situations has been questioned by the other 
interviewees, as well as in literature (see for example AGS (2010)). The lack of situation specific 
parameters and scenarios can reduce the realism of the analysis, up to a point where the analysis can 
no longer be deemed representative to the actual situation. In general, Vijgen noted that the 
methodology prescribes a number of scenarios for a specific situation, which should be 
representative for the possible incidents. Poppelaars criticized this method for only functioning as a 
checklist, neglecting the actual situation. Scenarios relevant to the specific situation which are not on 
the checklist are simply not included in the risk analysis. The representation of all possible incidents 
by the prescribed scenarios then becomes questionable.  
 
Furthermore, De Jong criticized the prescribed model, SAFETI-NL, which is incapable of calculating 
the effects of circumstances relevant to the specific situation. Examples were the lack of taking into 
account objects and density differences between air and CO2 during dispersion and a minimum wind 
speed of 1.5 m/s. These points were also addressed by Righolt-Dam en Van Gorp, who criticized the 
lack of windless weather in the risk analysis and the fact that CO2 as a substance was not taken into 
account when establishing the methodology. Therefore, it was questionable if the model would 
function properly for CO2 dispersion.  
 

De Jong: “For example windless weather, differences in densities of CO2 and air, and long exposure 
times could not be dealt with. For these circumstances you probably require different models than 
the one currently used.” 

Van Gorp: “They used the argument ‘the method is prescribed by law’, but this law was never made 
or written for CO2.”  

 
Raben commented on the criticism, stating that while it is correct that not every detail is taken into 
account, it is unrealistic to do so. Adding to that, Vijgen mentioned that the probability of a scenario 
should also be taken into account. Some scenarios require several low probabilistic events to occur at 
the same time, making them simply to improbable to take into account.  
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Raben: “You cannot take into account everything because that takes so much time and money, it is 
not feasible within the scope of a QRA.” 

Vijgen: “It becomes jeopardy on jeopardy; you start with the small chance something goes wrong, 
times the small chance there is windless weather, times the small chance of this, times the small 
chance of that. At some point you must say: ‘it is no longer realistic for this to happen’.” 

 
The relativizing of the criticism shows again the differentiation between experts and non-experts. 
The experts used an economic and probabilistic approach to assess which limitations of the 
methodology should be addressed, whereas non-experts want an ‘as-complete-as-possible’ model. It 
is important to realize that these differences complicate the communication and thus should be 
taken into account when coordinating communication between different parties. 
 
The final point of discussion regarded the assumptions made is the uniform method. There are 
several uncertainties regarding the substantiation of the parameters upon which the QRAs are based. 
In particular the failure frequencies were commented on. Vijgen stated that the origin of the failure 
frequencies is largely unknown and therefore it is difficult to assess which safety measures would be 
effective. In general, Raben mentioned that due to the unknown origin of some assumptions, it 
cannot be determined whether they are truly conservative. Especially for CO2 there are many 
uncertainties that make it hard to predict whether the modeling is conservative or too optimistic. 
Poppelaars noted that the current failure frequencies are too optimistic, considering the much higher 
failure rates of underground CO2 pipelines in America. He furthermore stated that the use of average 
values for assumptions is not conservative, as the risk lie in the more extreme values. Finally, Pasman 
mainly commented on the lack of taking into account the ‘human factor’, as human errors contribute 
a significant part to the failure rates. Also situational aspects that could increase the failure 
frequency, such as traffic and other pipelines, should be taken into account for a more complete 
representation of the risks. He stated that while the current methodology suffices for calculating risk 
contours regarding the external safety, it lacks too much detail to assess the safety of a project. 
 

Raben: “The problem is also that we do not really know the origin of some parameters, which makes 
it hard to determine whether they are conservative.” 

Poppelaars: “The risk is not in the average but in the tail of the probability distribution.” 

Pasman: “If you really want to assess the safety of the installation, and make improvements, then 
one must go into much more detail.”  

 

It is clear from the criticism that a QRA is not deemed a suitable method to assess the safety of a 
specific situation. However, considering the purpose that the experts assigned to a QRA, it is 
debatable whether this should be the case. As Pasman stated, the method suffices for calculating risk 
contours, which can be used for spatial planning, and thus suits the purpose mentioned by the 
experts. However, the QRA of the CCS project in Barendrecht was also used as the argument to 
justify the safety claims, stretching it beyond its purpose, and as shown above, beyond its 
capabilities.  Thus, it is either required to use a different tool to determine the safety of a project, or 
to improve the current methodology. In the next sections, the possible improvements identified in 
chapter 5 will be discussed, in relation the views of the interviewees.  
 

Poppelaars: “At the moment, QRAs are used somewhat like a shield. ‘The risks have been calculated 
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and thereby we have met the requirements. The results were positive, thus it is alright’.” 

 

7.5 Assumptions and parameters 
 
The four identified assumptions (concentration averaging, the release duration, sub-lethal effects 
and solid CO2 formation) were discussed with six interviewees. Based on the comments of the 
interviewee, an assessment was made about the perceived relevance of the parameters. The results 
are shown in Table 21. The table also shows additional parameters or assumptions requiring 
improvement that were addressed by the interviewee. Only the aboveground facility was taken into 
account. 
 

Table 21. Results of the parameter discussions 

Interviewee Concentration 
Averaging 

Release 
duration 

Sub-lethal 
effects 

Solid CO2 
formation 

Additions 

Raben Relevant Relevant Relevant Relevant Official probit CO2 
Pasman Neutral Irrelevant Relevant Relevant Failure frequency, 

human factor 
Vijgen Irrelevant Irrelevant Irrelevant Irrelevant Failure frequency, 

probit CO2 

Righolt-Dam Relevant Relevant Relevant Irrelevant None 
Van Gorp Relevant Relevant Relevant Irrelevant Purity CO2 
Poppelaars Relevant Relevant Relevant Neutral Risk measure, 

averages, failure 
frequency, probit 
CO2 

 
The results show an interesting distribution of the value given to the four parameters. Most notably, 
Vijgen did not think any of the identified parameters would be relevant to take into account in a 
QRA. The detail level of concentration averaging, increased release durations and solid CO2 formation 
was deemed insignificant compared to the uncertainties in the failure frequencies and the probit 
relation of CO2. Improving the discussed parameters is therefore not expected to have an effect on 
the outcomes of the risk analysis. On a side note, the release duration was deemed irrelevant for 
outdoor releases, regardless of its significance. While sub-lethal effects were seen as relevant, they 
are already being taken into account in the justification of the societal risks and hence do not need to 
be implemented in the calculations. Thus, neither of the discussed parameters were deemed 
relevant to improve in risk calculations. 
 

Vijgen: “These are typically issues that can be improved three digits behind the comma with a lot of 
effort, while the real uncertainty lies at one digit behind the comma.” 

 
The concentration averaging was deemed relevant by four out of six interviewees, of whom the three 
residents. Besides Vijgen, only Pasman had some remarks regarding the concentration averaging. He 
stated that it would only be relevant to compounds that could be lethal at short exposure durations, 
which was not thought of CO2. Since it was deemed possibly relevant for other compounds, five out 
of six interviewees were positive about improving the parameter. Thus, concentration averaging is a 
relevant parameter, considering the overall opinion of the interviewees. 
 

Pasman: “Whether it is lethal if you are exposed to, for example, 10% CO2 for a short duration (e.g. 
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part of a minute). I do not think so.”  

Raben: “This is a valid point. Adjusting the concentration averaging time should fix the issue.” 

 
Increasing the release duration was also deemed relevant by four out of six interviewees. However, 
in general the interviewees stated this parameter would be mainly relevant to heavier-than-air 
gasses, as no accumulation of the gas would occur. Poppelaars and Raben mentioned that it would 
be especially relevant in urban areas where there would be plenty of opportunities for the CO2 to 
build up. Pasman stated that this parameter would be mainly relevant to smaller leaks, with a low 
momentum, in order for accumulation to be possible. However, CO2 is only hazardous in relatively 
high concentrations and therefore small leaks are not seen as a threat, making the parameter 
irrelevant. De Jong made a remark about the release duration, in relation to the incident in 
Mönchengladbach, where effects were seen only two hours from the start of the incident. This 
shows that calculations up to 30 minutes are too limited. Since five out of seven interviewees 
deemed an increased release duration relevant, it is considered a relevant parameter for 
improvement of risk calculations. 
 

Righolt-Dam: “When substances are heavier than air I think an increased release duration should 
definitely be taken into account.” 

De Jong: “As an example, in Mönchengladbach CO2 started to enter houses after six hours. That is an 
example that the models should be run longer than is currently prescribed.” 

 
Sub-lethal effects were by far the most important parameter discussed. Five out of six interviewees 
were of the opinion that sub-lethal effects should be taken into account in risk calculations. As 
mentioned above, Vijgen stated it is already taken into account in the justification of the societal 
risks and therefore does not need to be included in the calculations. Nevertheless, he stated it is an 
important aspect of risk assessments. One reason for not incorporating sub-lethal effects in QRAs is 
that it is very difficult to calculate sub-lethal effects. There is no sub-lethal probit and there are 
several categories of sub-lethal effects. While there are several models for sub-lethal effects under 
development, there is not one acknowledged model that could be used. Furthermore, Raben stated 
that the current methodology is based on a 1% lethality norm, which would require major changes in 
order to adapt to sub-lethal norms as well. Thus, while sub-lethal effects are the most relevant 
parameter, it was also noted by the interviewees it is the most difficult parameter to take into 
account. 
 

Van Gorp: “The point of departure should be how many people could suffer from injuries or damaged 
property. That is a much better starting point.” 

Pasman: “Sub-lethal effects are of course very important. It causes a lot of agitation, which in return 
results in societal stress.” 

 
The last parameter discussed was the formation of solid CO2 during dispersion. Only Raben and 
Pasman deemed this a relevant parameter. Pasman stated that with the validation experiments by 
DNV this issue should be resolved, while Raben was more skeptic. Only those types of releases 
(horizontal, vertical, impinged, etc.) that were actually tested would be validated. Since, for example, 
hindered releases were not tested, the validation was not yet deemed complete. Solid CO2 formation 
was of little concern to the residents. Only Poppelaars stated it would increase the accuracy of the 
model, but would unlikely have an effect on the public acceptance. With only two out of six 
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interviewees that deemed the formation of solid CO2 a relevant parameter, this parameter is 
considered irrelevant in regard to the overall opinion. 
 

Poppelaars: “What is mainly important is does it give you a safer feeling? These are not the most 
determining factors to me.” 

Righolt-Dam: “We did not really study solid CO2 formation in detail. That was not my main issue.” 

 
When looking at the additions, the results show that the most frequently named additions are the 
failure frequencies and probit relation of CO2. The other additions were only named by one 
interviewee and lack data to be adequately addressed in this research project. Therefore they were 
not taken into account. The comment about risk measures by Poppelaars, however, is an interesting 
addition to the probability-safety discussion. Poppelaars criticized the risk calculations for not 
differentiating between the risk on one victim every year or 100 victims every 100 years, as it both 
has the same lethality rate. He stated that the total amount of victims should be addressed, 
regardless of the probability, as this has the largest impact on the system.  
 
Vijgen and Raben stated that the probit relation was one of the main uncertainties in CO2 modeling, 
whereas Poppelaars criticized it for not being the most conservative probit in in the lower 
concentration region (Poppelaars, 2010). On the other hand, Pasman stated it was sufficiently 
studied and a conservative probit was used. To solve the issue, Raben suggested that a single probit 
would be recommended, until a more conclusive probit will be available. While it is an uncertain 
parameter, the probit used by Tebodin is deemed conservative by the majority of the interviewees. 
Thus, the CO2 probit is not considered an important parameter to improve in risk calculations. 
 

Raben: “There is no official probit for CO2 in the Netherlands. It would be convenient to recommend a 
probit, in the lack of anything better.”  

Pasman: “The probit was also uncertain, but they approached it conservatively. There cannot be 
much wrong with that.” 

 
The failure frequencies were a more pressing matter. As mentioned above, the origin of many failure 
frequencies is unknown and since they are hard to validate, it is difficult to assess whether they are 
conservative. Poppelaars criticized them for being too optimistic in comparison to failure rates of CO2 
pipelines in America. Pasman criticized the absence of environmental factors being taken into 
account in the failure frequencies, such as roads and other pipelines in the pipeline street. A traffic 
accident of some sort or failure of another pipeline could lead to failure of the CO2 and thus increase 
the failure frequency. In addition, human failure is not taken into account, which is a significant 
factor of overall failure rates. Vijgen deemed this the most relevant parameter to improve, as it 
removes a major uncertainty and would allow for taking proper safety measures when the origin is 
known. In conclusion, the uncertainties in the failure frequencies is an important aspect of risk 
calculations and thus the failure frequency is a relevant parameter for improvement. 

 

7.6 Scenarios 
 
The four identified scenarios (windless weather, crater formation, hindered releases and a 
combination of windless weather and hindered releases) were discussed in all interviews. Again, the 
comments of the interviewees were used to make an assessment about the perceived relevance of 
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each scenario. Additional scenarios mentioned by the interviewee will also be discussed in this 
section. The results are shown in Table 22 and only concern the aboveground facility. 
 

Table 22. Results of the scenario discussions 

Interviewee Windless 
weather 

Crater 
formation 

Hindered 
release 

Windless & 
hindered 

Additions 

Raben Neutral Relevant Neutral Relevant Running fractures 
Pasman Relevant Relevant Relevant Relevant Effects on traffic 
De Jong Relevant Irrelevant Relevant Relevant Specific situation 
Vijgen Irrelevant Neutral Relevant Relevant None 
Righolt-Dam Relevant Irrelevant Neutral Relevant None 
Van Gorp Relevant Neutral Relevant Relevant Accumulating risks 
Poppelaars Relevant Neutral Relevant Relevant Specific situation, 

obstacles and 
topology, 
Accumulating risks  

 
Windless weather was deemed important by most of the interviewees under a number of different 
conditions. Raben noted that the effects of windless weather will depend on the scenario, because it 
is unlikely to have any effect on high momentum releases. Vijgen shared this opinion, stating 
windless weather would only be relevant for a low momentum release, i.e. the fourth scenario. 
Pasman and Van Gorp noted that its relevance would depend mostly on the topology of the 
surroundings and Poppelaars mentioned it would be relevant for heavier-than-air gasses. Thus, while 
it is deemed a relevant scenario, the many conditions make it less relevant for general risk 
calculations. Therefore, it is considered a relevant situation specific scenario. 
 

De Jong: “Windless weather is certainly a scenario that should be taken into account, because it is 
one of the more hazardous conditions.”  

Poppelaars: “Also take into account that it may not be relevant, for example, to methane, but it is to  
CO2 since it is heavier than air.” 

 
Crater formation was not deemed an important scenario by five out of seven interviewees. Only 
Raben and Pasman perceived crater formation as a relevant scenario, although Raben noted it is a 
complex process and more research would be required to show its true relevance. In general, the 
other interviewees mentioned that it could be interesting to look into in more detail, but it was not a 
main concern nor priority. Therefore, crater formation is an irrelevant scenario to take into account 
in risk calculations, considering the overall opinion. 
 

Raben: “Eventually it can only be shown by experiments or advanced calculations whether or not this 
is of influence to risk calculations.” 

Righolt-Dam: “It would be worth additional research, but it would not have my first priority.” 

 
Hindered releases were deemed relevant by five out of seven interviewees. The compressor building 
was mentioned in several interviews as a possible location for hindered releases. Raben stated that 
hindered releases would only be relevant if the flow out of the building would be significant, and 
thus gave it less priority. Righolt-Dam deemed a hindered release from the compressor building less 
relevant, since compressor failure would only feature a limited amount of CO2 compared to a release 
from the reservoir. Whereas De Jong also considered obstacles to be relevant for hindered releases, 
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Vijgen stated that only releases inside an object, such as buildings, would be relevant. Merely 
hindering the release would not result in a total loss of impulse and thus the cloud would still mix 
with air due to its impulse. However, Vijgen stated that rather than taking it into account in the QRA, 
safety measures should be employed to prevent such a low momentum release. Van Gorp and 
Poppelaars mentioned a hindered release during crater formation, but deemed the compressor 
building a more relevant location. In general, the interviews show that a hindered release is mainly 
deemed relevant for indoor releases. Therefore, hindered releases inside buildings are relevant to 
take into account in risk calculations. 
 

Vijgen: “Hindering the release is not much of a problem. It is the release inside an object that makes 
the cloud lose its impulse.” 

De Jong: “It is simple to imagine a situation that, if only temporarily, features an object which 
hinders the release, resulting in a whole different convection than a free release.” 

Pasman: “Let’s say where a building is, in which the compressors are placed, then you should 
definitely take it into account.” 

 
A hindered release in combination with windless weather was deemed important by all interviewees 
and was clearly perceived as the most important scenario. As supplement, the topology of the 
surroundings was mentioned by five out of seven interviewees, which should also be taken into 
account. In case of Barendrecht, featuring a ‘valley’ created by dikes and a highway, this scenario was 
deemed relevant. As mentioned above, Vijgen stated that windless weather would only be relevant 
in the event of a low momentum release. Scenarios featuring these conditions should thus be taken 
into account, but preferably prevented by removing the possibility of a low momentum release at 
the facility. Van Gorp and Poppelaars perceived Mönchengladbach as an example of an accident with 
CO2 and thus deemed it relevant to take these conditions into account. Righolt-Dam stated that the 
scenario should have been taken into account and possibly addressed with safety measures, such as 
monitoring equipment. However, it would be important to assess the probability on such a scenario, 
before implementing safety measures. Thus, the results show that the scenario is relevant to take 
into account in risk calculations, but with the topology of the surroundings as a determining factor of 
the effects. Therefore, the combination of windless weather and a hindered release is another 
situation specific scenario. 
 

Poppelaars: “Mönchengladbach confirmed our thoughts. It is about realizing the possible events with 
a reasonable probability.” 

De Jong: “The geography of Barendrecht featured some sort of dike, which could contain the CO2 for 
a longer period of time. It depends much on the local situation, but it is a worst case scenario.”   

Righolt-Dam: “It should at least have been taken into account. We have said that we wanted CO2 
monitors in the residential area, forever, to detect leaked CO2.” 

 
It is interesting to note that both proponents and opponents perceived the fourth scenario as 
important, yet the conditions have still been the topic of debates. One of the main issues is taking 
into account the topology in risk calculations, which is deemed a significant contributor to the effects 
of this scenario. Currently, only CFD models are capable of calculating dispersions in three-
dimensional surroundings, but these are deemed too costly in terms of time and money and too 
labor intensive. Raben stated that it is practically not yet possible to use these models for QRAs. 
Vijgen noted that using CFD models might give the illusion of modeling reality, while the many 
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assumptions and uncertainties in the models still make it only an approximation. As long as the 
approximation is used within the boundaries of its limitations, there is no need for CFD modeling. On 
the other hand, Poppelaars criticized the method for not taking into account objects and topological 
features. Furthermore, windless weather was deemed irrelevant in Barendrecht and hence not taken 
into account, based on probabilistic arguments (Kaman, 2010). However, the opponents argued from 
a worst case perspective and were not convinced by such argumentation. Thus, miscommunications, 
different interpretations of scenarios or modeling limitations can still lead to discussions, even 
though a scenario is deemed relevant by all parties. This clearly shows that upon addressing a specific 
issue, care must be taken that all parties are taken into account when formulating the solution. 
 

Raben: “Such situations can be perfectly calculated with CFD models, but this is more time-
consuming and thus more expensive than the currently used models for QRAs. When you want to do 
that for all QRAs and all scenarios, that is currently not feasible.”   

Van Gorp: “They returned with wind force measurements from Zestienhoven, (Rotterdam-The Hague 
airport), stating windless weather was never measured there. We said: ‘what are you up to? We are 
talking about Barendrecht here with three dikes surrounding it. It can and will be windless here’.” 

Poppelaars: “Another limitation is for example that ‘buildings and obstacles cannot be modeled’ and 
‘no terrain and or slope can be modeled’.” 

 
Several additional scenarios were mentioned during the interviews. The additions mentioned by 
Raben and Pasman were only mentioned once and thus lack data to be adequately addressed in this 
research project. Therefore, only additions that were mentioned by more than one interviewee were 
considered usable.  
 
The accumulation of risks, i.e. more hazardous activities increase the chance on any one incident as 
discussed in section 7.3, was mentioned by both Van Gorp and Poppelaars. Righolt-Dam also made a 
comment about the amount of hazardous activities in and around Barendrecht. Since all three 
residents showed a concern about the multitude of activities, this is a relevant aspect that should be 
taken into account in a risk analysis.  
 
De Jong and Poppelaars mentioned that while the discussed scenarios would improve the QRA of the 
situation in Barendrecht, a default set of scenarios will most likely not cover all situations. Therefore, 
the situation specific scenarios should be addressed in each individual project. Vijgen, on the other 
hand, stated that there will be always scenarios that are odd or are not addressed. As long as the 
scenarios that are taken into account can be deemed representative to the risks, this should not be a 
problem though. Combining these statements suggests that the golden mean is to assess which 
situation specific scenarios would be required to acquire a representative risk calculation and only 
add these to the default set. This method would take into account the specific situation, while not 
leading to too much details. 
 

De Jong: “No matter which legal framework the method is placed in, as long as it is a checklist it will 
always fall short to what is an optimal analysis for the specific situation.” 

Vijgen: “You look at the causes of an incident and assess whether the scenarios that are taken into 
account are representative to those causes. There will be always causes that are odd or are not 
included. If the probabilities of these are high enough, the scenarios have to be adjusted.” 
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7.7 Impact and implementation of the improvements 
 
In the final section of the interviews, the parameters and scenarios were discussed regarding their 
impact on the quality of QRAs and on the different stakeholders. Furthermore, methods of 
implementing the improvements and potential acceptance of the project were discussed. A 
quantitative implementation would be to include the relevant new parameters and scenarios in the 
HRB, incorporating them in the risk calculations. More qualitative methods would be to prescribe an 
qualitative analysis of potential scenarios or events, in addition to the QRA. Table 23 shows the 
results of the discussions. Here, the representation and value regard the measure of how 
representative the improvements would be to the risks of CCS and their value to QRAs in general. 
 

Table 23. Results of impact and implementation discussions of the improvements  

Interviewee Representation 
and value 

Impact on public 
acceptance 

Impact on expert 
discussions 

Method of 
implementation 

Raben Positive Neutral Positive Quantitative 
Pasman Neutral Neutral Positive Combined process 
De Jong Positive Neutral Positive Qualitative 
Vijgen Negative Negative Neutral Qualitative 
Righolt-Dam Positive Neutral Not discussed Combination above- 

underground  
Van Gorp Neutral Neutral Not discussed Qualitative 
Poppelaars Neutral Neutral Not discussed Scenario specific 

 
The representation and value of the improvements received mixed responses from both experts and 
residents. Raben, De Jong and Righolt-Dam deemed the four scenarios and parameters 
representative for the aboveground CCS risks and those relevant would improve the realism of risk 
analyses. However, De Jong, Righolt-Dam and Van Gorp noted that not all CCS risks would be 
represented, as the underground reservoir was not addressed. Vijgen also deemed the 
improvements representative to the risks of CCS, but did not expect any significant changes in the 
conclusions, making the improvements of low value. Pasman stated that for a license regarding the 
spatial planning of a project, the improvements are unnecessarily detailed. For a more detailed 
analysis on the safety of a project, these improvements might be important to the process of 
assessing the risks and should then be taken into account. Van Gorp and Poppelaars stated that while 
the improvements increase the detail level of the risk calculations, this does not equal a more safe 
feeling. Furthermore, Poppelaars has mentioned several other aspects of the risk methodology that 
would require improvement, such as the use of averages and the risk measure. Overall, the 
conclusion can be made that while the improvements are providing a representative and detailed 
image of the aboveground CCS risks, their value to QRAs in general is indirect, as it determined by 
several other factors. 
 

Raben: “When you take into account at least these improvements you will have more realistic 
calculations, providing more value to the QRA as it is more realistic.”  

Pasman: “When it is about licensing you cannot expect everything. There is also an economic factor 
that plays a role. It is about how much money will it cost to ask ever more questions?” 

Righolt-Dam: “It would certainly provide a more complete representation of the aboveground risks, 
especially the windless weather. That is a real deficiency with heavier-than-air gasses.” 

Poppelaars: “Would an increased detail level give the feeling ‘it is ok’? Or is it more about knowing 
that the relevant scenarios have been modeled properly?” 
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As discussed in section 7.2, none of the interviewees expected the improvements to have an effect 
on the public in Barendrecht. There are too many issues concerning other aspects of the project, e.g. 
trust in the decision makers, emotions and communicative errors, that prevent the improvements to 
take effect. In new projects, six out of seven interviewees deemed the improvements to have a 
potential effect. Raben stated that more specific scenarios increase the realism of the risk 
calculations, which was expected to have a positive influence on the public acceptance. However, 
she also stated that the improvements are unlikely to convince people that are really opposed to a 
project, as there will always be other aspects that are not taken into account in the model. Vijgen 
stated that in principal, the relevant improvements were taken into account in the justification of the 
societal risks. But, since the authorities and experts were not trusted, the justification was also not 
trusted. Therefore, it would be unlikely that incorporating the improvements in the risk calculations 
will have a significant positive effect on the public acceptance. Pasman mentioned that benefits can 
also play a role to public acceptance, an aspect the improvements do not address. Furthermore, the 
controversies around the Barendrecht project might also lead to suspicions to future projects. He 
deems it unlikely that without trust the improvements could positively influence the public opinion. 
Righolt-Dam, Van Gorp and Poppelaars stated that good communication is required in order to gain 
public acceptance. Improvements to the risk calculations alone would not suffice to increase the 
public acceptance. In conclusion, the improvements are deemed to have a potential influence on the 
public acceptance but would require additional aspects, such as proper communication, to take 
effect. Thus, the improvements are relevant regarding the public acceptance of hazardous project, 
under the condition that there are no limiting issues concerning trust or communication. 
 

Raben: “It will partially have an effect on the public acceptance as you take into account specific 
situations. Looking at more situations makes it more realistic." 

Van Gorp: “It is better to do the calculations first and then communicate the safety assessment in 
terms of scenarios; scenarios that the public can understand.” 

Poppelaars: “The model will never provide a safe feeling, but will only provide insights on the basis of 
which decisions can be made. This also applies to communicating safety. The statement ‘we have 
calculated it, it is safe’ is not the correct statement.” 

 
The effect  of the improvements on expert discussions was deemed more positive by the experts. 
Three out of four experts stated that by taking into account more scenarios in the risk analysis, there 
should be less discussion among experts. Vijgen stated that while the discussion about what will 
happen would be reduced, the discussion on how likely it is to happen will stay an issue. Pasman 
addressed the same situation, but did not perceive the discussion about the probability of scenarios 
a limiting factor of the value of the improvements. Raben commented on the expert discussions, 
stating that these might influence the public acceptance as well. As the general public will lack the 
knowledge to understand risk calculations, they might use the opinion of experts instead. When 
experts do not show a consensus it will be hard for the public to construct an opinion. This comment 
suggests that less discussion among experts would increase the public acceptance. Since the 
statements of the interviewees show that the improvements are deemed relevant to the expert 
discussions and they should indirectly have a positive influence on the public acceptation. 
 

Raben: “In general it will come down to many experts having an opinion that in some cases might 
contradict each other, leaving the public confused.” 

De Jong: “When quantitative risk experts take a proper look at a broader set of scenarios, I definitely 
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think there will be more agreement.”  

Vijgen: “You might have less discussion about what happens when a certain scenario occurs, but you 
will always have differences between experts how likely they think a certain scenario is to occur.” 

 
However, while the experts state the improvements would have a positive effect on expert 
discussions, it is interesting to note that there was little agreement among the experts about the 
relevance of the discussed parameters and scenarios. Out of the eight discussed topics, only 
hindered releases and a combination of windless weather and hindered releases had three or more 
experts agreeing on their relevance. It is therefore questionable to what extend the other 
improvements would have an effect on the expert discussions. On the other hand, this observation 
instantiates the relevance of the scenarios that was agreed upon. Thus, the scenarios that showed 
good agreement among experts are relevant in relation to the expert discussions. The scenarios and 
parameters that showed less agreement are not expected to have a positive influence on the expert 
discussions. 
 
The discussions about implementation methods of the improvements resulted in several interesting 
suggestions. Raben was the only interviewee suggesting to incorporate the improvements 
quantitatively in the risk calculations. The advantage of this method would be that all new 
parameters and scenarios are then taken into account for all future QRAs and all substances. 
However, some of the improvements are difficult or unpractical to model, as Vijgen noted. 
Therefore, he states that the improvements should be taken into account qualitatively, in the 
justification of the societal risks. De Jong and Van Gorp were also in favor of a more qualitative 
method. De Jong stated that a checklist would never result in an optimal risk analysis for a specific 
situation and hence a more open approach should be used to assess the specific situation. While Van 
Gorp did not address the method of implementation in specific, he stated that models should not be 
mentioned in the communication of the risk analysis. Thus, quantitative implementation of the 
improvements would be less suitable for communication to the public. Poppelaars did not have a 
preference for either a quantitative or qualitative method of implementing the improvements. 
Rather, a situation specific analysis should be made for every project, which can result in new 
scenarios that than are to be taken into account in the risk calculations. A similar method was 
advocated by Pasman, who stated that assessing the safety of a project should become more of a 
procedure in itself, using both qualitative as quantitative methods. The responsible company should 
make an optimal analysis, for example by communicating with stakeholders, determine which 
scenarios should be taken into account and use risk calculations to determine their effects. A final 
comment was made by Righolt-Dam about the separation between the aboveground and 
underground components of the CCS chain. In order to get a proper risk assessment of the 
underground reservoir, removing the separation would allow for the reservoir to be included in the 
QRA as well. A seen from the results, the interviewees have mentioned quantitative, qualitative and 
a combination of both as methods to implement the improvements. Considering the diversity among 
the answers, it is unlikely that there is an absolute best method of implementing the improvements. 
Nevertheless, a more qualitative aspect to the risk analysis is clearly a welcome addition.  
 

Pasman: “A very detailed risk analysis with a norm is not a solution either. It is more of the procedure 
that should be followed, with the goal of obtaining an adequate safety level.” 

De Jong: “It would be preferred if there would be some sort of challenge session, that studies in a 
more qualitative way the specific situation.”  

Poppelaars: “A list of scenarios is fine, but add a list with the specific scenarios that also should be 
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taken into account in the calculations so a proper representation of the possible risks is obtained.” 

 
However, Pasman also noted several complications regarding the implementation of improvements 
to the quantitative risk calculation methodology. The fact that in the Netherlands a strict norm is 
used, the 10-6 contour, limits the possibilities for renewal. The norm provides a form of legal certainty 
to companies and thus cannot be easily adjusted, as it may result in activities being no longer 
acceptable while they were before the changes. Furthermore, he mentioned that for a standard 
license application, such a detailed procedure is too complicated and a regular QRA might suffice. A 
more detailed procedure would only be required for the more complex cases, such as the CCS project 
in Barendrecht. Thus, when considering a method of implementing the improvements, the 
established rights of companies should be taken into account, as well as the purpose the risk analysis 
is used for. 
 

Pasman: “Above a certain threshold, the suggestion is to have a discussion with the stakeholders. For 
the more severe cases non-standard scenarios and implementation of adequate safety measures 
shall be discussed.” 

 
Finally, the acceptance of the project was discussed with the three residents. All residents stated 
they would not yet accept the project upon implementation of the improvements. The fact that the 
underground reservoir was not properly addressed, especially concerning the eternal timeframe, 
made Righolt-Dam still question its safety. The lack of an assessment of the reservoir was also 
addressed by Van Gorp as a concern. Poppelaars stated that a good combination of the model 
(SAFETI-NL) and analysis method (the HRB) is required for a proper risk analysis. The improvements 
would only address some issues with the model and therefore do not make the project acceptable. 
Additional issues with the model, i.e. averages, the CO2 probit, failure frequencies, etc., would also 
need to be addressed. On top of that, the methodology would also require improvements, 
addressing issues like the lack of situation specific scenarios, risk measure and accumulation of risks. 
In case a suitable analysis would be used, Van Gorp and Poppelaars would then be willing to accept 
the outcome of the risk analysis. Righolt-Dam also stated that the option to accept the project was 
always open, if the safety could be sufficiently guaranteed. If the analysis would show a number of 
bottlenecks regarding the safety, the residents were willing to accept safety measures, if their 
effectiveness could be shown. The interviews clearly show that the residents were not acting out of 
principles, opposing the project no matter what. However, in order to be acceptable, the risk analysis 
would require a number of serious adaptations, of which the discussed improvements only cover a 
minor part. Thus, the improvements alone would not be sufficient to make the CCS project 
acceptable, nor any CCS projects in the future. 
 

Poppelaars: “When executing the analysis in the same way, only with an improved model, then there 
are still some things that I find important to be taken into account as well.” 

Righolt-Dam: “If there would have been good reasons to accept that it could be done, look, 
everything has a risk in this world, we have always had that opening to accept the project.” 

 

7.8 Conclusion to sub-question 4 
 
The results of the interviews have shown a number of interesting findings regarding the opinion of 
stakeholders on QRAs in general, the communication of QRAs and the relations among themselves. 
The criticism on the CCS project in Barendrecht was mainly about the communication during the 
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process and the safety of the project itself. The communication was shown to have a strong effect on 
the criticism about the safety. It is likely that much of the criticism on the safety of the project was 
triggered due to initial poor communication. In addition, communicative issues cause a lack of trust, 
which in turn reduces the impact of arguments from the initiating parties and experts. The 
communication between experts and non-experts and residents is furthermore complicated by 
different ways of argumentation. Whereas experts tend to use probabilistic reasoning to assess the 
relevance of scenarios and other issues, non-experts and residents tend to use more of a worst case 
reasoning, assessing scenarios by their effects, regardless of their probability. Since risk analyses are 
executed by experts, but to be accepted by the public, this poses a communicative challenge. In 
conclusion, the interviews showed that communication is a very important aspect of public 
acceptance and hence should be handled with great care. 
 
The criticism on the QRA clearly showed that the current methodology and resulting QRA are not 
suited for an assessment of the safety of a project. In short, a QRA lacks too much detail to give a 
representative analysis of the risks. However, the purpose of a QRA, as mentioned by the experts, 
mainly featured spatial planning rather than the assessment of safety. Pasman even considered the 
current method suitable for this purpose. The expectations of an assessment of the safety were 
mainly started by statements that the project was safe, which was determined by modeling the risks. 
While this is again a communicative issue, it is also important to make sure a quantitative risk 
analysis is properly suited for its purpose. In case a QRA is only used for granting licenses, the current 
methodology is likely to suffice, but then another process should be used to assess the safety of a 
project. In case a QRA should also be assessing the safety of the project, several improvements need 
to be implemented in both the model and methodology for it to be acceptable to experts and the 
public.  
 
Suggestions made about the implementation of such improvements featured both quantitative as 
qualitative methods. Most frequently suggested was a Qualitative section, next to the QRA, by three 
interviewees, followed by a combination of qualitative and quantitative improvements, mentioned 
by two interviewees. While not a definitive method of implementing of improvements could be 
derived from the interviews, they clearly show that a qualitative aspect should be added to the QRA 
when assessing the safety of a project. This could be for example a session with relevant 
stakeholders to determine what kind of scenarios, in addition to the prescribed method, should be 
taken into account as well. 
 
On a side note, the results have shown that the safety of the project was heavily commented on. 
However, when the interviewees were asked about their opinion on CCS, only Van Gorp mentioned a 
safety related issue, stating the high pressures might damage the underground. The other 
interviewees were mainly concerned about the (cost) effectiveness of CCS. This indicates that CCS in 
itself is not regarded unsafe by definition and thus the safety issues were specific to the Barendrecht 
project. Less criticism is therefore expected to CCS projects outside of residential areas. 

 

Of the parameters, the concentration averaging, release duration and sub-lethal effects are 
considered relevant based on interviewee opinions. In addition, the failure frequency was mentioned 
by four interviewees and was also concluded to be a relevant parameter that requires improvement. 
Of the scenarios, windless weather, hindered releases and a combination of these scenarios are 
considered relevant based on interviewee opinions. Additionally, the need for situation specific 
scenarios was mentioned by three interviewees. Based on the comments of the interviewees, a 
suggestion was made to address this issue. An assessment should be made on which situation 
specific scenarios would be representative for the situation, and add these to the default set of 
scenarios. This would then result in a representative set of scenarios that can be calculated for the 
specific situation, without getting lost in situation specific details.  
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Finally, the impact of the improvements was discussed. The improvements were deemed to increase 
the realism of the calculations, but this does not necessarily lead to a more safe feeling. Furthermore, 
several other aspects were still missing, making the improvements less valuable as they addressed 
only a part of the problems. The effects on public acceptance was expected to be significantly 
influenced by the communication about the risk calculations. While more realistic calculations should 
have a positive effect on the public acceptance, the public will only be open to such improvements 
when they are suitably communicated. While the experts expected the improvements to have a 
positive effect on expert discussions, no agreement was shown on the relevance of the individual 
improvements. Therefore it is unlikely that they will reduce the discussions among experts.  The 
residents would not reconsider to accept the project based on these improvements. There were 
several uncertainties regarding the safety of the project and issues regarding the methodology and 
method that still needed to be addressed. However, if all issues would be sufficiently addressed, the 
residents stated they would be willing to accept the outcomes of the risk analysis. 
  

7.8.1 Sub-question 4 
 
What is the opinion of experts and stakeholders that were involved during the Barendrecht CCS 
project on the impacts of the modeled improvements? 
 
The results show that the perceived impact of the modeled improvements is limited. Most notably, 
the improvements would improve the realism of the calculations. This might have a positive effect on 
the public, under the condition that proper communication is employed  during the process of 
implementing a project. The improvements were also deemed to have positive influence on expert 
discussions, but since the experts did not agree on the relevance of the improvements, this 
conclusion is questionable. Finally, the improvements do not address a sufficient amount of issues to 
make the project acceptable to residents. Overall, the improvements are expected to have a limited 
impact on the value of QRAs, experts and the public. A number of additional improvements would be 
required to bring the modeling and analysis of risks to acceptable levels. Most importantly, the 
communication with hazardous projects should be sufficient and match the purpose of a QRA, 
otherwise a QRA is unlikely to have a positive effect on the public, regardless of improvements. In 
addition, a qualitative section should be added that allows for a detailed analysis of the actual 
situation, in order to get a proper risk analysis. 
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8 Conclusion and discussion 
 

8.1 Conclusions of the four sub-questions 
 
The literature study and expert interview about public acceptance showed that the proposed 
definition was suitable for his research project. The definition, ‘a lack of the amount of negative 
opinions on a project that would lead to the cancellation of the project in question’, links the public 
opinion to public acceptance. The public opinion was shown to be influenced by, among others, 
safety, trust in the decision makers, perceived benefits and procedural fairness. Regarding CCS, these 
factors are not very positive. The general public perceives CCS as unsafe and does not see its 
benefits. Furthermore, the Dutch public has relatively low trust in the national government and 
commercial parties and perceive they have a lack of influence on decision-making processes. Thus, 
trying to improve the (rather) negative public opinion on CCS poses a challenge.  
 
The safety criticism on the CCS project in Barendrecht was mainly based on the risk analysis. The QRA 
was criticized for lacking several scenarios and hence the safety of the project could not properly be 
assessed. By addressing the criticism on the QRA, the QRA should become a suitable tool for 
assessing the safety of a project. While safety is only one of many factors influencing the public 
opinion, the answer to the first sub-question showed it will have a positive influence on the opinion 
and thus improve the public acceptance. 
 
The answer to the second sub-question showed which aspects of risk analyses of CO2 projects could 
be improved. Four parameters and four new scenarios were identified and deemed relevant to 
improve risk analyses for CO2 projects in general and in specific the CCS project in Barendrecht. The 
four parameters included the averaging time, release duration, sub-lethal effects and solid CO2 
formation. The four new scenarios included crater formation, windless weather, impinged releases 
and a combination of the latter two. The modeling of the impact of objects on dispersion was also 
identified as a possible improvement, but this would require CFD modeling which was beyond the 
scope of this research project. 
 
In order to assess the relevance of the identified parameters and scenarios, their impact on risk 
calculations and stakeholder opinions was studied. The answer to the third sub-question showed that 
only sub-lethal effects, impinged releases and windless weather in combination with low momentum 
releases had a relevant impact on the risk calculations. The area in which sub-lethal effects could be 
expected was significantly larger than the 1% lethality area. The other two had significant effects on 
the risk contours, potentially even increasing the 10-6 contour up to a point where the project would 
no longer have been acceptable. No significant impact on the risk calculations was observed for the 
other parameters and scenarios, and therefore were not deemed relevant. 
 
The results of the interviews showed that the averaging time, release duration and sub-lethal effects 
were relevant parameters, regarding the opinion of the interviewees. Of the scenarios, windless 
weather, impinged releases and a combination of both were relevant. However, the improvements 
were unlikely to have any direct effects on risk acceptance, apart from increasing the realism of the 
risk calculations.  First, a number of additional deficiencies of the risk analysis methodology were 
mentioned, most notably the failure frequencies and the need for taking into account situation 
specific scenarios. It was concluded that the current methodology is unsuited to make a safety 
analysis of a project due to these deficiencies. A more qualitative aspect should be added to the risk 
analysis to broaden its scope to a suitable safety analysis. Second, the communication was shown to 
be of major importance to the acceptance of a project. Without proper communication, any 
improvements to the risk analysis methodology are unlikely to have a positive impact, regardless of 
their relevance.  
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The answer to the fourth sub-question showed that the improvements were not expected to have an 
impact on the public acceptance or expert discussions. Their main impact would be increasing the 
realism of the risk calculations. While this is a valuable aspect in itself, it does not fully resolve the 
safety criticism on the QRA and hence does not improve the safety perception. The answer to the 
first sub-question showed that the public acceptance depends on this safety perception and 
therefore the improvements are unlikely to influence the public acceptance. Thus, a risk analysis 
should be modified to a safety analysis of a project in order to improve the public acceptance of that 
project. 
 

8.2 Conclusion to the research question 
 
What relevant improvements can be made to the current risk assessment methodology of CO2 related 
projects, considering the failed carbon capture and storage project in Barendrecht? 
 
Out of the four studied parameters and four studied new scenarios, one parameter and two 
scenarios were considered relevant to both risk calculations and the opinion of experts and 
stakeholders. Taking into account sub-lethal effects, impinged releases and windless weather for low 
momentum releases would increase the realism of quantitative risk assessments. Hence, these 
improvements are considered relevant for implementation in the methodology. 
 
However, these improvements alone will not significantly influence the public acceptance of CO2 
related projects. In order to influence the public acceptance with improvements to the risk analysis 
methodology, two conditions should be met. First, risk analyses should be capable of providing a 
suitable safety assessment by the public. A more situation specific analysis, preferably qualitative, 
would need to be implemented to achieve this. Second, proper communication should be employed 
during the project in question, minimizing the amount of communicative issues that could occur. This 
includes matching the communication regarding the interpretation of the results of a QRA with its 
actual purpose. Without addressing these two aspects, the relevant improvements are not expected 
to have an impact beyond increasing the realism of risk calculations. 
 

8.3 Discussion 
 
The results of the four sub-questions have shown a number of interesting findings and observations. 
In this research project, it was tried to improve the public acceptance of hazardous projects, in 
specific CO2 projects, by addressing the realism of QRAs. The results clearly showed that there is not 
a direct link between increasing realism of risk calculations and increasing public acceptance. Several 
other factors influence the impact of improvements in the risk assessment methodology on public 
acceptance, which have to be taken into account as well. The relation between these concepts  can 
be represented in a simple figure (Figure 34).   
 

 

Figure 34. Schematic representation of the relation between the realism of risk calculations, public perception 
and public acceptance. 



117 
 

The figure shows how the correctness of risk calculations does not influence the public acceptance of 
a project directly, but is subjected to the public perception on these calculations. Feedback from the 
public acceptance, such as criticism on the safety of a project, can be used to improve the 
correctness in hopes to improve the acceptance in turn. However, when it is actually the perception 
that distorts the risk calculations to have an insufficient effect, failing to address this aspect may 
render the improvements in the correctness irrelevant. In the following sections, the results of the 
four sub-questions are discussed in more detail, regarding the above figure and theoretical 
background.  
 

8.3.1 Theoretical frameworks of public risk acceptance 
 
The correctness and perception of risk analyses nicely correspond to respectively the realistic and 
constructivist framework. Quantitative risk assessments are clearly in coherence with the realistic 
framework and the interviews showed that residents assess these calculations from the within the 
constructivist framework. Several of the arguments made in the interviews were connected to the 
factors identified by Covello (1991), such as controllability, effects on future generations and trust in 
institutions. Some of the criticism in literature on the realistic framework was also concluded from 
the interviews, namely that QRAs are unsuited to convince the public of the safety of a project and 
that the public does not think in terms of probabilities. However, whereas literature mentioned that 
people have difficulties interpreting probabilities, the interviews showed that probabilities were 
simply not important to the residents. Finally, the limited scope of QRAs, i.e. lethality, was also 
addressed by the interviewees as an area for improvement. Overall, the results from the interviews 
showed good coherence with the theories on frameworks of risk acceptance. Thus, in order to 
improve the public acceptance, the realistic framework and constructivist framework should in some 
way be aligned. 
 

8.3.2 All we have to do is…  
 
The above section showed that there is a significant distinction between the realistic and public 
(constructivist) perception of risks, both in theory and practice. The quantitative methods from the 
realistic framework are often the legally adopted methods for risk assessments, but it is the public 
that has to accept the risks. In literature, several solutions have been proposed to solve the issues 
and bring the frameworks closer together. Fischhoff (1995) described in seven stages how the public 
could be involved in the quantitative risk assessment process to close the gap between the two 
different perceptions (Table 24). 
 

Table 24. Communication stages in risk management. Adapted from Fischhoff (1995). 

1 All we have to do is get the number right 
2 All we have to do is show them the numbers 
3 All we have to do is explain them what we mean by the numbers 
4 All we have to do is show them that they’ve accepted similar risks in the past 
5 All we have to do is show them that it’s a good deal for them 
6 All we have to do is treat them nice 
7 All we have to do is make them partners 

 
The seven stages show the extend of the risk communication towards the public, i.e. to what extend 
the public should be involved and what types of information should be provided. Each stage is 
complementary to the previous stage(s) and can be linked to some of the influence factors discussed 
above. The first stage represents the realistic framework, i.e. quantitatively assessing the risk. If the 
public would not accept the implementation of a project, the results of the QRA are then shown to 
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them. However, the public might not have the knowledge to interpret the results (information deficit 
model, section 2.6.2) and these should then be explained. But knowing and understanding the risk 
does not make the public accept it. By relating a new risk to a known, already accepted risk the 
uncertainty and familiarity of the new risk are addressed.  
 
The fifth stage addresses the benefit factor. Even when people might know a risk and have accepted 
similar risks in the past, there is little reason to accept another when there are no (perceived) 
benefits. The earlier communication stages are not effective, however, when the decision-makers are 
not trusted. Hence, decision-makers should build rapport with the public, in order for their messages 
to be believed. The final stage addresses procedural fairness. While not yet addressed by Covello 
(1991), research has shown that participation in the decision-making process is important to public 
acceptance of a project (Daamen et al., 2010; Tyler & Degoey, 1995). By involving people during the 
implementation of a project, the decision-makers acknowledge not only the ability of the public to 
reject a project, but also to support it. 
 
Fischhoff (1995) showed how in every stage of communication conflicts can arise that could be 
solved by applying the next communication stage. But even at the latest stage conflicts are bound to 
arise. “Avoiding all conflict is not a realistic, or even a legitimate, goal for risk communication” 
(Fischhoff, 1995, p. 144). Due to the nature of the seventh communication stage, it is capable of 
solving its own issues, by considering both the objections and support from the public.  
 
A similar conclusion was drawn from the results of the interviews. In order to increase the suitability 
of QRAs to assess the safety of a project, a qualitative section should be incorporated in the risk 
analysis, featuring an analysis of the specific situation. The specific situation could for example be 
analyzed during a session involving the relevant stakeholders, as was suggested in one the 
interviews. While not all interviewees directly suggested that the seventh stage would be required 
for an optimal risk analysis procedure, the results suggest that this would have been the most 
efficient method. By treating the public as partners in the project, communication issues should be 
mostly solved and criticism is more likely to be properly addressed. To the statement that in order to 
gain public acceptance, the public should have the possibility to be actively involved in the 
implementation process of projects in their habitat, the social scientist (2013) commented: “People 
should be taken seriously, allowed to inform themselves in time and be able to participate in the 
development of large projects in their habitat.”.  
 
It is interesting to note that the results of the interviews showed that criticism on the process of the 
project led the residents to criticize the safety of the project. This was also addressed by Fischhoff 
(1995), who stated that safety is often used due to its legal standing rather than it being the actual 
problem. Thus, issues in one of the later stages can lead to criticism on the first stage, the actual 
calculations. The interviews showed that in Barendrecht the poor communication caused a lack of 
trust and the crisis and the use of the recovery act is directly opposed to the seventh stage. 
Furthermore, the CCS project was a first pilot study under a residential area and the long-term 
effects of the storage was of major concern to some interviewees. This unfamiliarity and uncertainty 
make it difficult to explain the risk analysis, as suggested by stage three. Clearly, the criticism on the 
CCS project reflected to the safety, in accordance with the seven stages model.  
 
A similar statement was made in the essay “Why citizens do accept risks and why governmental 
directors do not see this36” (van Eeten et al., 2012). In this essay the authors describe how the public 
is forced to focus on the safety by a lack of communication from the national government. As a 
central statement they use the paradox: the more the government emphasizes that a project is safe, 
the larger the resistance and distrust becomes towards that project. 

                                                           
36

 In Dutch: Waarom burgers risico’s accepteren en waarom bestuurders dat niet zien. 
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The government focuses on the technocratic aspects of risks and uses QRAs to justify imposing the 
risks on its citizens. By doing so, the government avoids any risk communication to close the gap 
between the realistic risk assessment and public perception of risks. The moral argument that lies 
behind this approach, “we may impose this risk on you because it is negligibly small” (van Eeten et 
al., 2012, p. 11), is not being communicated to the public. Instead, the government claims that the 
project is safe and hence should be accepted. 
 
Due to the lack of communication from the government, specifically regarding the question “why is it 
acceptable to impose a risk on society?”, the public can only focus on the safety claim. Since there is 
no such thing as 100% safe, there is always some criticism to be found. Researchers and the models 
they use are simply incapable of perfectly describing reality. The government addresses this criticism 
by additional quantitative risk calculations to show that the project really is safe, while the public is 
actually concerned about factors such as benefits, procedural fairness and equity. The absence of 
these topics in the governments’ response makes that the public focuses again on the safety claim, 
resulting in a vicious circle (van Eeten et al., 2012). This statement was agreed on by the social 
scientist (2013): “trying to build acceptance by just telling how safe a project is, is an 
oversimplification of the process of public acceptance”. 
 
However, by far the majority of the criticism that was mentioned during the interviews was related 
to the safety of the project and the risk assessment method. The arguments were genuine safety 
arguments and showed little to no ‘substitution’ for other issues. Therefore, it is questionable 
whether the statements about safety substitution by Fischhoff (1995) and van Eeten et al. (2012) are 
correct. An alternative is that safety issues are genuine additional criticisms that are caused by issues 
relating to other factors, such as communication or procedural fairness. The reason for using safety 
related arguments might be indeed due to their legal standing, but safety is also a core aspect of 
every project, i.e. getting the numbers right (stage 1, Table 24). Dismissing safety issues as 
substitutions and focusing solely on the additional issues is therefore unlikely to positively affect the 
acceptance. When the correctness is not sufficient, it will be very difficult to create a perception that 
makes the project acceptable. It is much more likely that both the correctness and perception have 
to be in agreement in order to gain public acceptance. 
 

8.3.3 Perception of interviewees 
 
The ‘public’ perception that was obtained during the interviews, however, needs to be put in the 
right perspective. The questionnaires on CCS among the general public and residents from 
Barendrecht showed a number of misconceptions to be present (Daamen et al., 2010; De Best-
Waldhober et al., 2006; De Best-Waldhober et al., 2008), which were absent during the interviews. 
Also, the opinion of CCS was more negative than the questionnaires showed. Considering their 
knowledge about CO2 and the used argumentation, these residents are not representative for the 
general public. Therefore, a slightly distorted perception could have been obtained, which cannot be 
projected on the general public. However, since the public is influenced by the opinion of key players 
in the implementation process, the obtained perception from the interviews does relate to that of 
the general public. For example, the Zembla and Netwerk documentaries featured all three 
interviewed residents and were shown to have an important influence on the opinion of the public 
(Daamen et al., 2010). Thus, the above statement about correctness and perception both being 
important may not apply to the general public, which could follow the theories of Fischhoff (1995) 
and van Eeten et al. (2012), being mostly concerned about non-safety issues, i.e. perception. 
However, the correctness is likely to play a role for more knowledgeable individuals and thus should 
be taken into account as well when communicating with the public. 
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On a side note, the knowledge perception of the public that was stated as incorrect supposes there is 
an absolute truth. However, as Cross (1992) mentioned, the truth that scientists adapt is also 
subjected to subjectivity. In this research project, the scientific truth was used as absolute truth for 
convenience, but it should be realized that scientific knowledge can also change over time. 
 
The influence of experts on the public opinion was also addressed during the interviews. Raben 
noted that due to arguments among experts, the public does not know which side to choose and 
hence people are inclined to choose the one that suits them best. Critical experts were also used by 
the residents as substantiation of their arguments, which show that experts clearly influence the 
perception of the correctness. While increasing the correctness was believed to increase the 
coherence among experts by the interviewed experts, there was little coherence in expert opinions 
on the improvements and therefore this relation was questionable. Nevertheless, the theory that 
decreasing arguments between experts should improve the public perception was in coherence with 
the results from the interviews.  
 

8.3.4 Correctness and risk calculations 
 
In this research project, the correctness of risk calculations was attempted to be improved, using 
among others the criticism on the CCS project in Barendrecht, by addressing a number of 
deficiencies. When comparing the identified scenarios to the criticism of the interviewees, there is 
only a partial agreement between the identified scenarios and the main concerns of the 
interviewees. The results of the interviews showed that sub-lethal effects, windless weather and 
impinged releases were indeed major concerns of both experts and residents. On the other hand, the 
additions mentioned by the interviewees showed that there were several issues that also required 
improvement in order to get the correctness to acceptable levels. This indicates the importance of 
involving the relevant stakeholders in the risk assessment process, in order to identify the scenarios 
most representing the concerns of the public.  
 
The degree to which the correctness could be addressed was not only limited by the identified 
scenarios, but also by the available calculation methods. The results of the risk calculations showed 
that with the current practically available models, it is almost undoable to calculate the effects of, for 
example, windless weather and impinged releases. Apart from a general impression, the effects 
could not be modeled in a suitable way. Thus, while the public may expect calculations that 
represent reality, this is not a realistic point of view, as the techniques to do so efficiently are simply 
not yet available. It is therefore important to develop new calculation methods that address the new 
issues of upcoming risks, such as windless weather for CO2 projects. On the other hand, the 
limitations of risk calculations should also be acknowledged. Good communication will be required to 
explain these limitations and how they are taken into account in the overall assessment, so that the 
calculations are still representative to the actual situation. 
 

8.3.5 QRAs, a suitable tool for safety assessments? 
 
The above discussion has shown a clear distinction between the goal, use and expectations that the 
different parties have of a QRA. Officially, a QRA as prescribed by the HRB is a tool for common risk 
analyses of facilities containing hazardous substances that are covered by the Bevi. Its main goal is to 
calculate results regarding the spatial planning around such facilities. However, the HRB has also 
been applied to other type of facilities, such as the CCS facility in Barendrecht and the QRA was used 
as a safety analysis of this project. Finally, the public expects a full-detail analysis of their situation to 
ensure their safety.  
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When putting the risk analysis of a CCS project in these perspectives, the results clearly showed that 
the HRB does not provide a suitable method to assess the risks of such new processes. As Van Gorp 
mentioned, the HRB was never developed for CO2 project and hence it is not surprising the 
methodology is not suitable. On the other hand, the full-detail analysis that is expected by the public 
is not realistic either. The amount of time, effort and money such full-detail analyses cost outweigh 
their practical use. Thus, a solution must be found between the strict quantitative risk calculations 
described in the HRB and a full-detail analysis featuring overly complex calculations. 
 
The majority of the interviewees stated that the improvements should be implemented in a 
qualitative fashion. The main function of this qualitative aspect is to bridge the gap between the 
current goal and the expectations of the public, meeting the requirements of its alternative use, i.e. a 
safety analysis. In order to do so, the qualitative aspect should address both the correctness of the 
risk analysis and the perception on this analysis of the public. Only then the risk analysis is likely to 
have a positive influence on the public acceptance. 
 
One possibility of implementing this qualitative aspect is by introducing some sort of challenge 
session or stakeholder meeting, as proposed by respectively De Jong and Pasman. Using the HRB as 
basis, the goal of this session would then be to determine what kind of additional scenarios and 
other risks are to be taken into account in the risk analysis. Such a session would allow for acquiring 
the desired level of detail for a safety assessment of the specific situation. Since the public has to 
eventually accept the analysis, it is important that representatives of the public are present during 
such meetings. The participation of the public was also advocated by Fischhoff (1995) and the social 
scientist (2013). Giving the public the opportunity to participate in a positive and constructive 
atmosphere, the perception of the risk analysis is likely improved as they were capable of adjusting it 
to their liking. Furthermore, the input of the public will also align the correctness of the risk analysis 
to the wishes of the public, leading to an optimal link between the correctness and perception. Thus, 
a qualitative session to analyze the situation in detail with input of the public, resulting in a suitable 
safety analysis, is likely to improve the public acceptance. While this is by no means a guarantee that 
a project will be accepted, as many other factors besides safety can influence the acceptance, it is a 
promising first step towards improving public acceptance. 
 
The final question remains in which legislative form this qualitative section of risk analyses should be 
implemented. The Bevi only applies to common industries and hence is not suitable to cover a 
qualitative section that applies to all different kinds of projects. Furthermore, the methodology 
prescribed by the HRB is suitable for the goal it is to fulfill, namely providing a risk analysis regarding 
the spatial planning for environmental permits. Pasman also stated that for such permits, the current 
methodology is suitable and hence does not require major changes. The results showed that there 
are two improvements that can be made to the methodology (impinged releases and windless 
weather for low momentum releases), but a qualitative section is not necessary for spatial planning. 
 
A more suitable judicial framework is the EIA, which covers all projects that fall under the Wm and 
prescribes the need for a risk analysis. In this prescription, a notion could be made that states a 
qualitative analysis of the specific situation is required, in order to get a detailed risk analysis that can 
be used to assess the safety of the project. This qualitative section could then be used as the 
prescribed risk analysis or in conjunction with a more quantitative risk analysis, e.g. as prescribed by 
the HRB. In order to optimize the public acceptance of the project, it should be advised to include the 
public in this qualitative analysis. 
 
In conclusion, a QRA in itself is not a suitable tool for assessing the safety of a project. However, with 
a number of improvements, most importantly a qualitative section that allows for a detailed analysis 
of the situation and participation of the public, a QRA can become a suitable safety analysis. Upon 
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these improvements, it is likely that the correctness and public perception of risk analyses are 
improved which leads to the improvement of the public acceptance.  
 

8.4 Reflection on the methodology 
 
In this research project, three types of methods were used to acquire data: literature studies, 
computer calculations and interviews. A fourth method, questionnaires, was initially considered, but 
this was dismissed due to several practical reasons. One of the reasons is that the CCS project in 
Barendrecht has ended about 2.5 years ago and may have become statute-barred, for example 
resulting in people having no longer up-to-date knowledge. This prevented the research project from 
addressing the general public’s opinion. While the experts and residents are likely to have an 
influence on the public opinion, care must be taken not to link the results directly to the general 
public. 
 
The influence of experts and key players on the general public could not be tested in this project. 
While it was not the aim of the project to do so, it is a major assumption regarding the validity of the 
results. In order to verify the validity of the results, this assumption should be tested in practice. Until 
then, there is only a theoretical basis upon which the results can be related to the general public’s 
opinion. 
 
The interviewees represented a wide variety of stakeholders in the CCS project. However, none of 
the initiating parties could be interviewed, giving the results some sort of bias towards the opinion 
and experiences of the residents, like a one-sided story. On the other hand, both proponents and 
opponents were interviewed, covering some of the possible bias. Furthermore, as the discussion 
above showed, the perception of the public is a very important aspect of public acceptance. Even 
though the initiating parties may have a different point of view on the process, it is eventually the 
perception of the public that is determining whether or not the public will accept a project.  
Therefore, the lack of initiating parties among the interviewees is not considered a relevant 
limitation of the data. 
 
The strict interview guides, with a diamond or funnel structure, resulted in a coherent set of data, 
which was easily processed with the corresponding coding guide. This approach allowed for a semi 
quantification of the results. The relatively low number of interviews was taken into account though, 
which does not allow for full quantification of the results. Therefore, the results were assessed both 
qualitatively and quantitatively. The diamond structure for the expert interviews was well suited for 
these type of interviewees. The funnel structure did allow the residents more room for elaboration 
and expressing themselves in the beginning, but made it difficult to address all questions without 
exceeding the agreed time limit. Thus, while the funnel structure functioned properly, it did not 
match very well with the strict setup of the interview guide. 
 
A more important limitation concerning the interviews was the planning in relation to the 
identification of new scenarios and parameters. Because the interviews were conducted after 
identifying which scenarios and parameters would be addressed, the additional concerns of the 
interviewees could no longer be taken into account in the calculations or other interviews. This 
resulted in a number of important additions (e.g. failure frequencies and situation specific scenarios) 
that were addressed by several interviewees which have potentially more relevance than some of 
the identified scenarios and parameters. As noted in the conclusions, the lack of addressing these 
additions likely limits the effectiveness of the proposed improvements. It is therefore advisable to 
study these additions in more detail.  
 



123 
 

However, conducting the interviews prior to the literature study could have led to a lack of 
background knowledge and inconsistent data that would have been difficult to process. Since 
addressing the criticism of the public on the correctness of the risk analysis is the main focus of this 
research project, it would have been more appropriate to conduct the interviews prior to the 
calculations. This would have allowed for taking into account additions that were mentioned during 
the interviews as well, to give a better representation of the criticism of the public with the proposed 
improvements. Now, the strict structure of the research project did not allow for adjusting or 
extending the preselected scenarios and parameters. The chosen structure was suitable to fully 
address these preselected improvements though. 
 
The complexity of calculating new scenarios and parameters was underestimated. Whereas it was 
expected that when SAFETI-NL would not be suitable an alternative modeling program could be 
used, such models turned out to be unsuited, unavailable or too complex for this research project. 
Therefore, a number of workarounds had to be developed in SAFETI-NL, in order to get at least an 
impression of the effects of new scenarios and improvements. While it is favorable in practice to 
calculate all scenarios with the same program, SAFETI-NL had several limitations that prevented the 
calculation of the actual effects for a number of new calculations. Especially sub-lethal effects, 
windless weather impinged releases were difficult to model in SAFETI-NL. Due to the lack of detail, 
the results only allow for concluding what improvements are relevant to make, but not how these 
should be implemented in the risk calculations. Therefore, a number of follow-up studies will be 
required to bring the results up to their full potential. 
 
The final limitation concerns the scope of this research. Only those components present in the CCS 
facility in Barendrecht have been addressed in this study. For example, storage tanks were not taken 
into account as the CCS project did not feature any storage tanks. Therefore, the results only apply to 
the sections of the HRB that describe components of the CCS facility and the results must thus be 
placed in perspective. Furthermore, the research project focused on CO2, possibly neglecting new 
scenarios or parameters that could be relevant to other substances. In addition, extending the 
improvements to relevant to CO2 calculations to the HRB in general could potentially lead to issues 
with other hazardous substances. Thus, the results may not be suitable for other sections of the HRB. 
When applying this research in a broader context, these possible limitations should be taken into 
account. 
 
However, the clear focus also has its advantages, as the results present a rather complete overview 
of the issues concerning CO2 risk analyses and public acceptance. The CCS project in Barendrecht was 
a good case study that allowed for studying correctness, perception and acceptance at the same 
time. Studying all three aspects in the same case study made it possible to create more in-depth links 
between these aspects, which gives more value to the results. Thus, while the research project may 
not have addressed all issues of the risk analysis methodology, the studied part resulted in an in-
depth and rather complete overview of the issues concerning the public acceptance of CCS projects. 
 
Finally, the data that was used to draft the conclusions was sufficiently triangulated in this research 
project, due to the nature of the research question. The fact that only improvements were chosen 
that were both relevant in terms of calculations (quantitative) and interviewee opinions (qualitative) 
automatically triangulates the main results. Furthermore, to answer the first and second sub-
question, several sources were used (e.g. an expert interview, scientific literature, TV documentaries 
and an incident database), which also leads to triangulation of the data. The main results that have 
not been triangulated sufficiently are the calculation approaches and additions mentioned by the 
interviewees. Both data sets had only one source (respectively literature and interviewees) and 
hence require additional research in order to determine how the improvements should be calculated 
and what additional improvements are required. 
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9 Recommendations 
 
Based on the conclusion and discussion, a set of recommendations  is made to the RIVM. The 
recommendations are divided in four categories: risk calculations, safety, communication and follow-
up research. 
 

9.1 Risk calculations: 
 In order to improve the realism of risk calculations, the RIVM should develop a standardized 

method to calculate the effects of (a) impinged releases and (b) windless weather. The 
developed methods should be incorporated in the Reference Manual Bevi Risk Assessments 
(HRB) and prescribed for (a) a release inside a building, tunnel or similar structure and (b) low 
momentum releases. 

 The RIVM should make a clause in the HRB regarding the modeling of CO2, that states that 
solid CO2 formation should not be taken into account with separate calculations. SAFETI-NL 
6.54 does not underestimate the risks of dispersing CO2 and hence can be used without 
modifications. 

 In order to maintain an up-to-date methodology, the RIVM should stay informed on the 
developments regarding crater formation. The sensitivity analysis of crater formation effects 
showed that the effect distances are highly dependent of the assumptions regarding release 
angle and momentum. In case new information becomes available that indicates another 
approach may be required, the effect of crater formation should be reassessed accordingly. 

 

9.2 Safety: 
 To make risk calculations more suitable for safety assessments, it is advised to develop a 

standardized method to calculate sub-lethal effects. In case a risk analysis is made regarding 
the safety of a project, sub-lethal effects modeling should then be applied as well. In case the 
risk analysis is merely used for an environmental permit the sub-lethal effect calculations are 
not required. 

 Furthermore, a clause should be made in the EIA that dictates the need of an analysis of 
situation specific scenarios next to the default set, or gap analysis, in case the risk analysis is 
used for a safety assessment. In the gap analysis, new scenarios are to be identified in a 
qualitative manner and it should include a section how these scenarios are going to be taken 
into account in the risk calculations. 

 

9.3 Communication: 
 To bridge the gap between the complexity of QRAs and lack of expert knowledge of the 

general public, it is advised to the RIVM to write an explanatory document about QRAs. This 
document should explain in lay-language to what purpose a QRA is used, how the results are 
acquired and how the results are to be interpreted. In addition, it should explain why the 
current methodology is used and what is been done to maintain a high quality for risk 
analyses. 

 

9.4 Follow-up research: 
 Finally, the RIVM should do additional studies on the modeling of objects, impinged releases 

and windless weather. Currently there are too many uncertainties and inaccuracies to 
properly model these topics. In addition, the failure frequencies should be brought up-to-
date, including the establishment of their origin of failures, so that safety measures can be 
used adequately.  
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12 Appendix 
 

12.1 Interview guides 
 

12.1.1 Social scientist interview guide 
 
Goedemorgen, laat ik beginnen met mijzelf voor te stellen en de structuur van dit interview uit te 
leggen. Ik ben Laurens van Gelderen, tweedejaars masterstudent scheikunde met een 
maatschappelijke variant aan de VU. Voor mijn afstudeeropdracht loop ik stage bij het RIVM en doe 
onderzoek naar het verbeteren van risicoanalyses van gevaarlijke stoffen, waarover ik een rapport zal 
schrijven. In dit interview wil ik focussen op de maatschappelijke kant van projecten met gevaarlijke 
stoffen, zoals CCS. In dit interview hoor ik graag uw mening over CCS en enkele theorieën over 
publieke acceptatie, onder andere gerelateerd aan het CCS project in Barendrecht. Het interview is 
daarom ingedeeld in vier delen: een inleiding over CCS, een middenstuk wat dieper in gaat op 
publieke acceptatie en publieke opinie, een vervolg deel dat betrekking heeft op Barendrecht en als 
laatste een afsluiting. 
Voordat we beginnen heb ik twee praktische vragen: vind u het goed als ik het interview opneem? 
De opname zal alleen door mijzelf gebruikt worden om data te verwerken. De tweede vraag is of er 
naar dit gesprek gerefereerd mag worden in het verslag, met een eventuele samenvatting als bijlage. 
De mogelijkheid bestaat dat dit wordt gepubliceerd door het RIVM. Als u geen verdere vragen heeft 
zou ik graag beginnen met het interview. 
 
Opening/CCS 
1. Hoe bent u betrokken geraakt in het CCS onderzoeksgebied?  

 Wat is uw rol daarbij (specifiek in het CATO project)? 
 

2. Bent u een voor- of tegenstander van CCS? Ziet u daarin een verschil in onshore en offshore? 

 Wat vindt u van de opzet van het afgelaste CCS project in Barendrecht en de manier waarop 
het is geannuleerd? 
 

3. Wat is uw beeld van de huidige positie van CCS in de Nederlandse maatschappij? 
 
4. Verwacht u dat CCS weer bespreekbaar wordt in de maatschappij als er meer en/of betere 
informatie is omtrent CCS? 

 bijvoorbeeld door de kennis die wordt opgedaan tijdens offshore projecten 

 Wat is naar uw idee belangrijke informatie die nog ontbreekt? 
 
-Voorlopig zal de regering geen CCS op land toestaan.- 
5. Verwacht u dat er in de komende jaren tot 2020 nieuwe CCS projecten op land zullen worden 
opgezet? 
 
Middenstuk 1/Publieke opinie/Veiligheid 
- In onderzoek naar de mening van het publiek over zes verschillende CCS technieken is aangetoond 
dat gebalanceerde informatie de mening van het publiek kan veranderen, zowel positief als negatief 
(De Best-Waldhober et al., 2006).-  
 
6. Denkt u dat mensen over het algemeen neigen naar een negatieve of een positieve mening 
wanneer gebalanceerde informatie met betrekking tot nieuwe technologieën wordt verschaft?  

 [Eventueel] Hoe gevoelig is het vormen van een mening voor verschuivingen in deze balans, 
dat wil zeggen meer positieve of negatieve informatie? 
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7. Wat vindt u van de stelling: publieke acceptatie is het ontbreken van een dusdanige hoeveelheid 
negatieve meningen dat deze leiden tot het stopzetten van een project. 

 Doorvragen naar de link tussen publieke acceptatie en publieke mening 
 
8. In hoeverre denkt u dat veiligheid invloed heeft op de publieke opinie? 
- Bij risicoanalyses voor de externe veiligheid wordt alleen gekeken naar risicocontouren en letale 
effecten. -  
9. Is dit naar uw idee een geschikte methode om te kunnen rekenen op acceptatie van het publiek? 

 Waarom wel/niet? 
 
- Ik zou nu graag het aspect van veiligheid willen bespreken in vergelijking met andere factoren die 
de publieke opinie kunnen beïnvloeden. -  
 
10. Ik heb de volgende vier factoren geïdentificeerd uit wetenschappelijke publicaties als invloedrijk 
op de publieke opinie. Heeft u hier nog aanvullingen op? 

1. Veiligheid van het project 
2. Kennis van de technologie 
3. Perceptie van de technologie (Brunsting et al., 2013) 
4. Vertrouwen in de beslissingsmakers  

 
11. Zou u de volgende vier factoren kunnen rangschikken op de hoeveelheid invloed die ze volgens u 
hebben op de publieke opinie?  

 Zou u deze keuzes kunnen toelichten? 
 
Middenstuk 2/Barendrecht 
- Voor de volgende vraag wil ik een korte situatie schetsen. In een peiling uit 2004 over zes 
verschillende CCS technologieën kwam naar voren dat het publiek niet erg enthousiast was, maar 
ook niet CCS als methode afwees. (De cijfers varieerden van een 5,9 tot 6,5.) In een volgende peiling 
in 2007, waarbij CCS vergeleken werd met andere mitigatietechnologieën, bleek dat CCS minder 
populair is dan de meeste andere opties, maar ook in dit geval niet afgewezen werd. De peiling van 
Barendrechters in 2010 door Dancker Daamen liet een veel negatiever beeld zien van CCS onder de 
inwoners. -  
 
12. In hoeverre denkt u dat het NIMBY effect een rol heeft gespeeld in het vormen van de 
(negatieve) mening van de inwoners van Barendrecht? 

 Bij een grote rol: had men dit effect kunnen voorkomen? Waarom wel/niet? 

 [Eventueel] Hoe denkt u dat het NIMBY effect de mening van het publiek in het algemeen bij 
de invoering van nieuwe technologieën beïnvloed? 

 
13. Is het CCS project in Barendrecht te zien als een representatief voorbeeld van de publieke 
acceptatie van nieuwe technologieën? 
 
Wanneer er voldoende tijd is voor de volgende vragen worden deze ook gesteld: 
 
- De plannen voor aardgasopslag in het Bergermeer onder Alkmaar zijn wel goedgekeurd en 
uitgevoerd. De risico’s werden als niet anders dan aardgaswinning beschouwd (door de Raad van 
State). - 
14. Kunt u verklaren waarom de kritiek vanuit de maatschappij wel hebben gezorgd voor de 
annulering van het CCS project in Barendrecht, maar niet de gasopslag onder Alkmaar? 
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15. Bent u gedurende uw werk met CCS en publieke acceptatie in aanraking gekomen met 
risicoanalyses? 

 Zo ja, op wat voor een manier heeft u hier mee te maken gehad? 

 Weet u of er programma’s lopen om inzicht in risico’s te verbeteren? 

 Weet u of er programma’s lopen die proberen een risicoanalyse methodiek op te stellen? 
 
Afsluiting/waarom burgers risico’s accepteren 
- Als laatste wil ik een theorie bespreken over de risicoacceptatie van burgers en strategie van de 
overheid. In het rapport “Waarom burgers risico’s accepteren en waarom bestuurders dat niet zien” 
stellen de auteurs dat de overheid zich voornamelijk op de technische aspecten van risico’s en 
veiligheid richt [in plaats van het morele vraagstuk: waarom mag de overheid het risico opleggen aan 
een gemeenschap?]  
De overheid verantwoord zich met het argument “we mogen u dit risico opleggen, omdat het 
verwaarloosbaar klein is”. Door het gebrek aan een moreel debat focussen burgers zich op de 
veiligheid die nooit 100% te waarborgen is. Dit creëert een vicieuze cirkel waarbij de overheid nog 
meer op de veiligheid focust, in plaats van het morele vraagstuk, waardoor de burgers zich ook weer 
op diezelfde veiligheid storten.-  
 
16. Wat is uw mening over deze theorie? 

 Als u nu terugkijkt naar de vier factoren uit de vorige vragen, herkent u deze theorie daar dan 
in terug? 

 
Hartelijk dank voor dit interview, ik heb nog wat voor u meegenomen als bedankje (merci). Ik zal een 
samenvatting van het interview naar u opsturen, zodat u kunt controleren of de boodschap goed is 
overgekomen. Het rapport wordt eind juli verwacht, zou u het leuk vinden daar een kopie van te 
ontvangen? 
 

12.1.2 Expert interview guide 
 
Goedemorgen, laat ik beginnen met mijzelf voor te stellen en de structuur van dit interview uit te 
leggen. Ik ben Laurens van Gelderen, tweedejaars masterstudent scheikunde met een 
maatschappelijke variant aan de VU. Voor mijn afstudeeropdracht loop ik stage bij het RIVM en doe 
onderzoek naar het verbeteren van risicoanalyses van gevaarlijke stoffen, met als voorbeeldstudie 
het CCS project in Barendrecht. In dit interview wil ik focussen op de externe veiligheid van het 
project, de risicoanalyse en de scenario’s die hierin zijn gebruikt en hoe het publiek hier tegenaan 
kijkt. Hierbij wil ik u vragen naar uw mening over het project en de veiligheidsdiscussies die zijn 
gevoerd.  
Het interview is ingedeeld in drie delen: een inleiding met algemene vragen over uw ervaring met het 
Barendrecht project, daarna een middenstuk wat ingaat op risicoanalyses in het algemeen en 
gerichter op de QRA van Barendrecht, waarvoor ik u een aantal scenario’s zal voorleggen. Als 
afsluiting wil ik reflecteren op mijn resultaten.   
Voordat we beginnen heb ik een praktische vragen: vind u het goed als ik het interview opneem? De 
opname zal in de eerste plaats alleen door mijzelf gebruikt worden om data te verwerken. Als u geen 
verdere vragen heeft zou ik graag beginnen met het interview. 
 
Opening 

1. In welke mate was u betrokken bij het CCS project in Barendrecht? Indien niet duidelijk wordt 
hoe de geïnterviewde erbij betrokken is geraakt: 

 En hoe bent u betrokken geraakt bij het project? 
2. Wat is uw houding ten opzichte van CCS? 
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Risicoberekeningen algemeen 

3. Wat is volgens u het nut van een risicoberekening t.o.v. de externe veiligheid? 
 

4. In hoeverre denkt u dat met de algemene uitgangspunten de risico’s voor de externe 
veiligheid voldoende kan worden ingeschat? 

 In hoeverre ziet u dit specifiek voor het schatten van de (bovengrondse) risico’s voor CCS 
projecten? 

 
Verdieping op de CCS risicoanalyse Barendrecht 
Vanuit het RIVM heb ik mij gericht op de risicoanalyse van het project, welke de bovengrondse 
installaties beschouwd. Deze infrastructuur bestaat uit de afvangstlocatie in Pernis, het transport van 
de CO2 via de ondergrondse buisleiding en de injectielocaties in Barendrecht en Barendrecht-
Ziedewij. 
 
Indien de expert publiekelijk commentaar heeft geleverd op de QRA van het CCS project vraag 5, 
anders vraag 6: 
 

5. Kunt u samenvatten wat uw kritiek was op de risicoanalyse van het CCS project?  

 Wat is voor u de reden geweest om mee te werken aan de nieuwsuitzendingen over het 
CCS project? 

OF 
6. In hoeverre bent u bekend met de QRA van het CCS project in Barendrecht? 

 Wat weet u van de kritiek die op de QRA is geuit? 
 
Zoals uit het project in Barendrecht is gebleken heeft de publieke acceptatie een grote invloed op de 
invoer van een project. 

7. Wat voor een effect denkt u dat een risicoanalyse heeft op de publieke acceptatie? 

 Hoe kijkt u tegen de kritiek van het publiek aan? 
 
[Mede door u is indertijd / Zoals u wellicht weet is er] commentaar geuit op de uitgevoerde 
risicoanalyse van het CCS project. Aan de hand van de documentatie omtrent het project in 
Barendrecht, wetenschappelijke literatuur en CCS projecten in het buitenland heb ik een 
inventarisatie gemaakt van nieuwe scenario’s en aannames die niet in acht zijn genomen. Uiteindelijk 
heb ik een set van 4 scenario’s en 4 aannames samengesteld die als aanvulling kunnen dienen van de 
huidige methode en de werkelijkheid beter zouden moeten benaderen. Graag zou ik deze nu met u 
willen bespreken, beginnend met de aannames. Deze aannames zijn, zoals u wellicht weet, 
noodzakelijk om ondanks de onzekerheden en complexiteit toch de risico’s te kunnen berekenen. 
 

8. Wat is uw mening in het algemeen over de aannames die gedaan moeten worden in QRAs 
om de risicocontouren te berekenen? 

 
Ik wil nu de specifieke aannames die uit de QRA van het CCS project in Barendrecht naar voren 
kwamen bespreken. *Presenteer aannames en de daaruit resulterende parameters.* 
 

9. Wat vindt u van deze aannames op het gebied van risicoanalyses? 
10. Heeft u nog op- of aanmerkingen of toevoegingen op deze aannames?  

 
Indien andere onzekerheden worden aangedragen, hier op doorvragen.  

 Mochten deze ontbrekende aannames worden verbeterd, zou volgens u dan een 
betere benadering van de risico’s worden weergegeven? 
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Dan zou ik nu graag verder willen gaan met de vier onderzochte scenario’s.  *Presenteer de vier 
scenario’s.* 
 

11. Wat vindt u van deze aanvullende scenario’s op het gebied van risicoanalyses? 
12. Heeft u nog op- of aanmerkingen of toevoegingen op deze scenario’s? 

 
Indien andere scenario’s worden aangedragen, hier op doorvragen.  

 Mochten deze ontbrekende scenario’s mee worden berekend, zou volgens u dan een 
betere benadering van de risico’s worden weergegeven? 

 
Discussie 

 
13. Heeft u het idee dat met een combinatie van deze nieuwe scenario’s en aanpassing van de 

parameters een compleet beeld van de CCS risico’s verkregen kan worden? 

 Hoe waardevol acht u dergelijke toevoegingen aan een kwantitatieve risicoanalyse? 

 Verwacht u dat dergelijke toevoegingen een positief resultaat hebben op de publieke 
acceptatie? 

 In hoeverre verwacht u dat dergelijke toevoegingen de discussies onder experts 
zullen oplossen? 

 
Ik heb nog één afsluitende vraag. In het buitenland wordt regelmatig gebruik gemaakt van een meer 
kwalitatieve aanpak, waarbij per project wordt bekeken wat relevante scenario’s kunnen zijn. 
Hoewel de geïdentificeerde scenario’s en aannames ook algemeen toepasbaar zijn, zijn deze toch 
redelijk gefocust op CO2. De vraag is dus hoe deze scenario’s binnen de huidige risicoanalyse 
methode geplaatst moeten worden. 
 

14. Wat is volgens u de beste manier om de risicoanalyse methodiek te verbeteren? Ik denk 
hierbij aan een kwalitatieve analyse als aanvulling op de Bevi berekeningen of het aanpassen 
van de richtlijnen met een breder scala aan scenario’s. 

 
Afsluiting 
 
Hartelijk dank voor dit interview, ik heb nog wat voor u meegenomen als bedankje (merci). Ik zal een 
samenvatting van het interview naar u opsturen, zodat u kunt controleren of de boodschap goed is 
overgekomen. Ten slotte wil u vragen of er naar dit gesprek gerefereerd mag worden in het verslag, 
met een eventuele samenvatting of transcript als bijlage. De mogelijkheid bestaat dat het verslag 
wordt gepubliceerd door het RIVM. Het rapport wordt eind juli verwacht, zou u het leuk vinden daar 
een kopie van te ontvangen? 
 

12.1.3 Expert interview guide – short version 
 
Goedemiddag, laat ik beginnen met mijzelf voor te stellen en de structuur van dit interview uit te 
leggen. Ik ben Laurens van Gelderen, tweedejaars masterstudent scheikunde met een 
maatschappelijke variant aan de VU. Voor mijn afstudeeropdracht loop ik stage bij het RIVM en doe 
onderzoek naar het verbeteren van risicoanalyses van gevaarlijke stoffen, met als voorbeeldstudie 
het CCS project in Barendrecht. In dit interview wil ik focussen op de externe veiligheid van het 
project, de risicoanalyse en de scenario’s die hierin zijn gebruikt en hoe het publiek hier tegenaan 
kijkt. Hierbij wil ik u vragen naar uw mening over het project en de veiligheidsdiscussies die zijn 
gevoerd.  
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Het interview is ingedeeld in drie delen: een inleiding met algemene vragen over uw ervaring met het 
Barendrecht project, daarna een middenstuk wat ingaat op de risicoanalyse van Barendrecht, 
waarvoor ik u een aantal scenario’s zal voorleggen en als afsluiting wil ik reflecteren op mijn 
resultaten.   
Voordat we beginnen heb ik een praktische vragen: vind u het goed als ik het interview opneem? De 
opname zal in de eerste plaats alleen door mijzelf gebruikt worden om data te verwerken. Als u geen 
verdere vragen heeft zou ik graag beginnen met het interview. 
 
Opening 

15. In welke mate was u betrokken bij het CCS project in Barendrecht? Indien niet duidelijk wordt 
hoe de geïnterviewde erbij betrokken is geraakt: 

 En hoe bent u betrokken geraakt bij het project? 
16. Wat is uw houding ten opzichte van CCS? 

 
 
Verdieping op de CCS risicoanalyse Barendrecht 
Vanuit het RIVM heb ik mij gericht op de risicoanalyse van het project, welke de bovengrondse 
installaties beschouwd. Deze infrastructuur bestaat uit de afvangstlocatie in Pernis, het transport van 
de CO2 via de ondergrondse buisleiding en de injectielocaties in Barendrecht en Barendrecht-
Ziedewij. 
 

17. Kunt u samenvatten wat uw kritiek was op de risicoanalyse van het CCS project?  

 Wat is voor u de reden geweest om mee te werken aan de nieuwsuitzendingen over het 
CCS project? 

 
 [Mede door u is indertijd / Zoals u wellicht weet is er] commentaar geuit op de uitgevoerde 
risicoanalyse van het CCS project. Aan de hand van de documentatie omtrent het project in 
Barendrecht, wetenschappelijke literatuur en CCS projecten in het buitenland heb ik een 
inventarisatie gemaakt van nieuwe scenario’s die niet in acht zijn genomen. Uiteindelijk heb ik een 
set van 4 scenario’s samengesteld die als aanvulling kunnen dienen van de huidige methode en de 
werkelijkheid beter zouden moeten benaderen. Graag zou ik deze nu met u willen bespreken. 
*Presenteer de vier scenario’s.* 
 

18. Wat vindt u van deze aanvullende scenario’s op het gebied van risicoanalyses? 
19. Heeft u nog op- of aanmerkingen of toevoegingen op deze scenario’s? 

 
Indien andere scenario’s worden aangedragen, hier op doorvragen.  

 Mochten deze ontbrekende scenario’s mee worden berekend, zou volgens u dan een 
betere benadering van de risico’s worden weergegeven? 

 
Discussie 

 
20. Heeft u het idee dat met een combinatie van deze nieuwe scenario’s en aanpassing van de 

parameters een compleet beeld van de CCS risico’s verkregen kan worden? 

 Hoe waardevol acht u dergelijke toevoegingen aan een kwantitatieve risicoanalyse? 

 Verwacht u dat dergelijke toevoegingen een positief resultaat hebben op de publieke 
acceptatie? 

o [Eventueel: Hoe kijkt u tegen de kritiek aan van het publiek in Barendrecht?] 

 In hoeverre verwacht u dat dergelijke toevoegingen de discussies onder experts 
zullen oplossen? 
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Ik heb nog één afsluitende vraag. In het buitenland wordt regelmatig gebruik gemaakt van een meer 
kwalitatieve aanpak, waarbij per project wordt bekeken wat relevante scenario’s kunnen zijn. 
Hoewel de geïdentificeerde scenario’s en aannames ook algemeen toepasbaar zijn, zijn deze toch 
redelijk gefocust op CO2. De vraag is dus hoe deze scenario’s binnen de huidige risicoanalyse 
methode geplaatst moeten worden. 
 

21. Wat is volgens u de beste manier om de risicoanalyse methodiek te verbeteren? Ik denk 
hierbij aan een kwalitatieve analyse als aanvulling op de Bevi berekeningen of het aanpassen 
van de richtlijnen met een breder scala aan scenario’s. 

 
Afsluiting 
 
Hartelijk dank voor dit interview, ik heb nog wat voor u meegenomen als bedankje (merci). Ik zal een 
samenvatting van het interview naar u opsturen, zodat u kunt controleren of de boodschap goed is 
overgekomen. Ten slotte wil u vragen of er naar dit gesprek gerefereerd mag worden in het verslag, 
met een eventuele samenvatting of transcript als bijlage. De mogelijkheid bestaat dat het verslag 
wordt gepubliceerd door het RIVM. Het rapport wordt eind juli verwacht, zou u het leuk vinden daar 
een kopie van te ontvangen? 
 

12.1.4 Resident interview guide 
 

Goedemorgen, laat ik beginnen met mijzelf voor te stellen en de structuur van dit interview uit te 
leggen. Ik ben Laurens van Gelderen, tweedejaars masterstudent scheikunde met een 
maatschappelijke variant aan de VU. Voor mijn afstudeeropdracht loop ik stage bij het RIVM en doe 
onderzoek naar het verbeteren van risicoanalyses van gevaarlijke stoffen, met als voorbeeldstudie 
het CCS project in Barendrecht. Middels een evaluatie van dit project wil ik de resultaten hiervan 
terugkoppelen aan de huidige risicoanalyse methode. In dit interview wil ik focussen op de veiligheid 
van het project, de risicoanalyse en de scenario’s die hierin zijn gebruikt en hoe het publiek hier 
tegenaan keek. Hierbij wil ik u dus vragen naar uw mening over het project en de veiligheids-
discussies die zijn gevoerd.  
Het interview is ingedeeld in drie delen: een inleiding met algemene vragen over uw ervaring met het  
Barendrecht project, daarna een middenstuk wat ingaat op de risicoanalyse, waarvoor ik u een aantal 
scenario’s en aannames zal voorleggen. Als afsluiting wil ik reflecteren op mijn resultaten.   
Voordat we beginnen heb ik een praktische vraag: vind u het goed als ik het interview opneem? De 
opname zal alleen door mijzelf gebruikt worden om data te verwerken. Als u geen verdere vragen 
heeft zou ik graag beginnen met het interview. 
 
Opening 
 

1. Hoe bent u betrokken geraakt bij het CCS project? 
2. Hoe heeft u het verloop van het project ervaren? 
3. Wat is uw algemene mening over CCS in Nederland? 
4. Kunt u samenvatten wat uw kritiek was op het CCS project? 

 Het ongeval in Mönchengladbach is ook vaak aangehaald, heeft dit voor u ook een 
rol gespeeld in het vormen van uw mening over het project? 

 Zo ja, hoe? 
5. Wat is voor u de reden geweest om mee te werken aan de nieuwsuitzendingen over het CCS 

project? 
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Toespitsing op het onderwerp 
Vanuit het RIVM heb ik gefocust op de risicoanalyse van het project, welke de infrastructuur op 
grondniveau analyseert. Deze infrastructuur bestaat uit de afvangstlocatie in Pernis, het transport 
van de CO2 via de ondergrondse buisleiding en de injectielocaties in Barendrecht en Barendrecht-
Ziedewij. 
 

6. In hoeverre denkt u dat kwantitatieve risicoanalyses geschikt zijn voor een maatschappelijke 
beoordeling van projecten met gevaarlijke stoffen? 

Indien dit niet het geval is: 

 Waar moet volgens u nog meer rekening mee gehouden worden? 
7. Hoe goed bent u bekend met de risicoanalyse zoals opgesteld door Tebodin? 

Als de respondent (enigszins) bekend is met de risicoanalyse: 

 In welke mate heeft de risicoanalyse u kunnen voorzien van relevante informatie? 
 
[Mede door u is indertijd / Zoals u wellicht weet is er] commentaar geuit op de uitgevoerde 
risicoanalyse van het CCS project. Aan de hand van de documentatie omtrent het project in 
Barendrecht, wetenschappelijke literatuur en CCS projecten in het buitenland heb ik een 
inventarisatie gemaakt van nieuwe scenario’s en aannames die niet worden voorgeschreven in de 
rekenmethode. Uiteindelijk heb ik een set van 4 scenario’s en 4 aannames samengesteld die als 
aanvulling kunnen dienen van de huidige methode en de werkelijkheid beter zouden moeten 
benaderen. Graag zou ik deze nu met u willen bespreken, beginnend met de vier onderzochte 
aannames. scenario’s. *Presenteer aannames en de daaruit resulterende parameters.*  
 

8. Kunt u zich een voorstelling maken van deze aannames? Indien dit niet het geval is wordt een 
korte uitleg gegeven van de scenario’s. 

9. Wat vindt u van deze aannames op het gebied van risicoanalyses? 
10. Heeft u nog op- of aanmerkingen of toevoegingen op deze aannames?  

 
Indien andere onzekerheden worden aangedragen, hier op doorvragen.  

 Mochten deze ontbrekende aannames worden verbeterd, zou volgens u dan een 
betere benadering van de risico’s worden weergegeven? 

 
Dan zou ik nu graag verder willen gaan met de vier onderzochte scenario’s. *Presenteer de vier 
scenario’s.* 
 

11. Kunt u zich een voorstelling maken van deze scenario’s? Indien dit niet het geval is wordt een 
korte uitleg gegeven van de scenario’s. 

12. Wat vindt u van deze scenario’s op het gebied van risicoanalyses? 
13. Heeft u nog op- of aanmerkingen of toevoegingen op deze scenario’s?  

Indien andere onzekerheden worden aangedragen, hier op doorvragen.  

 Mochten deze ontbrekende aannames worden verbeterd, zou volgens u dan een 
betere benadering van de risico’s worden weergegeven? 

 
Discussie 
 

14. Heeft u het idee dat met een combinatie van deze nieuwe scenario’s en aanpassing van de 
parameters een compleet beeld van de CCS risico’s verkregen kan worden? 

 Verwacht u dat dergelijke toevoegingen een positief resultaat hebben op de 
acceptatie vanuit het algemene publiek? 
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Als laatste wil ik u twee theoretische mogelijkheden voorleggen. Als de zojuist besproken parameters 
en scenario’s zouden worden toegevoegd aan de risicoanalyse van het project is het mogelijk dat 
ofwel het externe risico binnen de wettelijke norm blijft of dat de norm wordt overschreden. 

15. In het geval dat het risico binnen de norm blijft, zou u dan met deze toevoegingen 
heroverwegen het project te accepteren? 

 Zo nee,  wat zou er dan –eventueel buiten de risicoanalyse- nog meer moeten 
gebeuren? 

16. In het geval dat het risico de norm overschrijdt, zou u dan open staan voor risico-
verkleinende maatregelen waarna het risico van het project wel binnen de norm zou kunnen 
vallen en daarmee wettelijk acceptabel is? 

 Zo nee, wat zou er dan –eventueel buiten de risicoanalyse- nog meer moeten 
gebeuren? 

 
Afsluiting 
 
Hartelijk dank voor dit interview, ik heb nog wat voor u meegenomen als bedankje (merci). Ik zal een 
samenvatting van het interview naar u opsturen, zodat u kunt controleren of de boodschap goed is 
overgekomen. Ten slotte wil u vragen of er naar dit gesprek gerefereerd mag worden in het verslag, 
met een eventuele samenvatting of transcript als bijlage. De mogelijkheid bestaat dat het verslag 
wordt gepubliceerd door het RIVM. Het rapport wordt eind juli verwacht, zou u het leuk vinden daar 
een kopie van te ontvangen? 
 

12.2 Parameter and scenario explanation 
 

12.2.1 Parameters 
 
Concentratie bemiddeling 
De concentratie van een gaswolk wordt in SAFETI-NL als een gemiddelde waarde over een aantal 
minuten berekend. Echter is bekend dat in een gaswolk de concentratie behoorlijk kan variëren. 
Gezien de toxische lading exponentieel met een macht 8 toeneemt ten opzichte van de concentratie 
kan een klein concentratieverschil al grote gevolgen hebben voor de toxiciteit. 
 
Uitstroomduur 
De uitstroomduur is in de standaard methodiek gelimiteerd tot 30 minuten. Echter zijn er ongevallen 
bekend waarbij een lekkage veel langer onopgemerkt bleef. Doordat CO2 zwaarder is dan lucht zou 
het zich in theorie kunnen ophopen op een locatie. Daarbij is de kans dat iemand wordt getroffen 
door de CO2 ook groter als het lek langer duurt. 
 
Letaliteitsgrens 
Subletale effecten worden op het moment niet meegerekend, maar is wel een zorg die veel mensen 
hebben. In het buitenland worden subletale effecten doorgaans wel meegerekend. 
 
Vaste CO2 vorming 
Het vormen van vast CO2 is ten tijde van Barendrecht gemodelleerd aan de hand van enkele 
aannames omdat de destijdse versie van SAFETI-NL dit niet kon berekenen. Echter waren deze 
aannames niet gevalideerd. Versie 6.7 heeft wel de mogelijkheid om de vorming van vast CO2 te 
modelleren en is gevalideerd aan de hand van experimenten van Shell en BP. 
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12.2.2 Scenarios 
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12.3 Coding guides 
 

12.3.1 Expert coding guide 
 

Table 25. Expert interview coding guide 

Category Label Sub-label Explanation 

CCS In general Safety Issues related to (external) safety 

Environment Issues related to the environment, 
such as long-term effects of stored 
CO2  

Principal Issues related to principles of the 
interviewee about CCS and climate 
mitigation 

Barendrecht Contact How the expert came into contact 
with the project 

Involvement To what extend the expert was 
involved in the procedure of 
implementation 

Zembla Reasoning for participating in the 
Zembla or Netwerk documentaries 

QRA The amount of knowledge the 
expert has of the QRA of the 
project 

Criticism Criticism on the CCS project and the 
QRA 

Risk calculations Purpose Public A QRA is made to ensure the public 
of the safety of a project 

Companies A QRA is a tool for companies to 
provide the space required to safely 
execute their processes  

Decision makers A QRA is a tool for decision makers 
to evaluate the safety of a project 

Other Other purposes a QRA might have 
as addressed by the expert 

Methodology Assumptions Comments on the assumptions 
made in the methodology for risk 
calculations 

Scenarios Comments on the scenarios used in 
the methodology for risk 
calculations 

Uniformity Comments on the guidelines that 
prescribe a uniform method 

Carbon dioxide Aspects of the risk calculation 
method that are specifically related 
to carbon dioxide 

Public acceptance Influence on The influence QRAs can have on the 
public 

Criticism from View on the criticism that the 
public has given on QRAs 

Communication View on the communication of a 
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QRA to the public 

Expert discussion View on expert discussions related 
to the public opinion 

Results Assumptions Significance Are the assumptions expected to 
have a significant effect on the 
calculated outcomes 

Importance to CO2 
modeling 

How relevant these assumptions 
are to CO2 in specific 

Practice To what extend the assumption can 
be modeled and its effects 
calculated 

Validation Validation of the assumption based 
on experiments or experiences 

Value The value the expert gives to 
improving the assumption 
presented 

Additions Additional assumptions that are 
relevant according to the expert 

Scenarios Significance Are the scenarios expected to have 
a significant effect on the 
calculated outcomes 

Representative Is the new scenario providing a 
representative approximation of 
the possible incidents and following 
effects 

Importance to CO2 
modeling 

How relevant the scenario is to CO2 
in specific 

Practice To what extend the scenario can be 
modeled and its effects calculated 

Validation Validation of the scenario based on 
experiments or experiences 

Value The value the expert gives to 
including the scenarios presented 

Additions Additional scenarios that are 
relevant according to the expert 

Discussion Effect of the 
improvements 

Representation Do the improvements provide a 
(more) complete approximation of 
the risks associated with CCS 

Public acceptance The expected effect the 
improvements may have on public 
acceptance 

Expert discussions The expected effect the 
improvements may have on expert 
discussions 

Value The value the expert gives to 
including the improvements to the 
current risk analysis method 

Implementation Extension of the 
guidelines 

Incorporating the improvements in 
the risk analysis method 

Qualitative analysis Project specific qualitative analysis 
in addition to the QRA 
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Other Another method of implementing 
the proposed improvements 

 

12.3.2 Resident coding guide 
 

Table 26. Resident interview coding guide 

Category Label Sub-label Explanation 

CCS In general Safety Issues related to (external) safety 

Environment Issues related to the environment, 
such as long-term effects of stored 
CO2  

Principal Issues related to principles of the 
interviewee about CCS and climate 
mitigation 

Barendrecht  Experience How the resident experienced the 
progress of the project 

Contact How the resident came into contact 
with the project 

Zembla Reasoning for participating in the 
Zembla or Netwerk documentaries 

QRA The familiarity with and usefulness 
of the QRA  according to the 
resident 

Criticism Criticism on the CCS project and the 
QRA 

Mönchengladbach To what extend had the incident in 
Mönchengladbach an influence on 
the residents’ opinion 

Risk calculations Value Communication Comments on how risk calculations 
are communicated towards the 
public 

Complexity Comments on the complexity of 
QRAs  

Representative To what extend the risk calculations 
are deemed representative to the 
actual situation 

Safety To what extend a risk calculation is 
capable of ensuring the safety of a 
project 

Methodology Assumptions Comments on the assumptions 
made in the methodology for risk 
calculations 

Scenarios Comments on the scenarios used in 
the methodology for risk 
calculations 

Uniformity Comments on the guidelines that 
prescribe a uniform method 

Carbon dioxide Aspects of the risk calculation 
method that are specifically related 
to carbon dioxide 
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Results Assumptions Significance Are the assumptions expected to 
have a significant effect on the 
calculated outcomes 

Importance to CO2 
modeling 

How relevant these assumptions 
are to CO2 in specific 

Practice To what extend the assumption can 
be modeled and its effects 
calculated 

Validation Validation of the assumption based 
on experiments or experiences 

Value The value the resident gives to 
improving the assumption 
presented 

Additions Additional assumptions that are 
relevant according to the resident 

Scenarios Significance Are the scenarios expected to have 
a significant effect on the 
calculated outcomes 

Representative Is the new scenario providing a 
representative approximation of 
the possible incidents and following 
effects 

Importance to CO2 
modeling 

How relevant the scenario is to CO2 
in specific 

Practice To what extend the scenario can be 
modeled and its effects calculated 

Validation Validation of the scenario based on 
experiments or experiences 

Value The value the resident gives to 
including the scenarios presented 

Additions Additional scenarios that are 
relevant according to the resident 

Discussion Effect of the 
improvements 

Representation Do the improvements provide a 
(more) complete approximation of 
the risks associated with CCS 

Public acceptance The expected effect the 
improvements may have on public 
acceptance 

Value The value the resident gives to 
including the improvements to the 
current risk analysis method 

Implementation Extension of the 
guidelines 

Incorporating the improvements in 
the risk analysis method 

Qualitative analysis Project specific qualitative analysis 
in addition to the QRA 

Other Another method of implementing 
the proposed improvements 

Acceptance of the 
project 

Implementation To what extent would the project 
be accepted would the 
improvements be implemented 

Safety measures To what extend additional safety 
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measures would improve the 
acceptance of the project 

Additions Additional aspects that need to be 
taken into account before the 
project could be accepted 

 

12.4 Risk calculations input 
 
In this section calculation methods and assumptions are explained in more detail, including the data 
used to calculate the results. Data specific to the CCS facility in Barendrecht were derived from the 
MER, QRA, addendum and additional information37 (Haskoning Nederland B.V., 2008a, 2008b, 2008c; 
Heijne & Kaman, 2008; Kaman, 2010). The thermodynamic modeling parameter ‘Rainout, Non-
equilibrium’ was changed to ‘Rainout, Equilibrium’, which is a default work around of an error that is 
obtained for risk calculations with CO2. The probit as proposed by Tebodin was used, Pr = -98.81 + 
ln(C9 x t). Apart from these adjustments the standard parameters of SAFETI-NL 6.54 were used, 
unless mentioned otherwise. For the weather data the location Rotterdam was chosen. Failure 
frequencies were used as prescribed by the HRB (RIVM, 2009a), unless mentioned otherwise. 
 

12.4.1 General scenarios 
 
The possible failure scenarios at the Barendrecht CCS facility were all related to pipeline failure, 
either underground or aboveground. In SAFETI-NL two types of scenarios are used to model the 
failure of a pipeline: a leak and a rupture. Hence, only these two scenarios were used in this report. 
As prescribed by the HRB underground pipelines were modeled with vertical releases at a height of 0 
m (the minimum in SAFETI-NL) and aboveground pipelines were modeled with horizontal releases at 
1 m height.  
 
A leak scenario assumes a steady state release, dependent of the amount, temperature and pressure 
inside the pipeline and size of the orifice. Since a steady state is assumed there should be no 
reduction in mass flow over the whole release duration so an amount of 1 x 109 kg CO2 was used. The 
temperature and pressure represented the conditions of the pipeline section that was addressed. 
The orifice size was used as prescribed by the HRB, i.e. 10% of the pipeline diameter for aboveground 
pipelines and 20 mm for underground pipelines (RIVM, 2009a). 
 
In the event of a rupture, the inventory in both pipeline ends is quickly released. This results in a 
reduction of the pressure and as a result a reduction of the mass flow. Once the pipeline is 
depressurized, the mass flow is determined by the pumped inflow. To model this, a ‘long pipeline’ 
scenario was used, which accounts for the loss of pressure and mass flow. The variable release rate 
was modeled in 5 averaged segments by using the ‘multiple rate’ scenario, as prescribed by the HRB 
(RIVM, 2009a). The other parameters (temperature, pressure, pipeline length, pipeline diameter, 
distance to break and pumped inflow) were determined based on the position of the rupture in the 
transportation and injection chain. To represent a full-bore rupture the aperture area was set equal 
to the diameter of the pipeline. 
 
 

                                                           
37

 A SAFETI-NL file was received from the DCMR. However, it described only a part of the CCS facility and it is 
unknown whether this was the final version used in the QRA. Hence the data was only used as reference for 
the reconstructed QRA. 
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12.4.2 Transportation pipeline 
 
The underground transportation pipeline would have a length of 15,373 m from Pernis to the 
injection location in Barendrecht and was divided in several sections. The CO2 was to be transported 
under 40 bara and at ambient temperature. For modeling of the scenarios a pressure of 44 bar and 

temperature of 10 C were used, in correspondence with the QRA by Tebodin (Heijne & Kaman, 
2008; Kaman, 2010).  Using 44 bara, the maximum pressure the pipeline could endure, was used as a 
conservative assumption. The pumped inflow from Pernis was 14.8 kg/s during injection and 0 kg/s 
when the injection was halted (about 50% of the time). While the diameter of the pipeline was not 
yet decided upon, a diameter of 14” was chosen as this was the most likely option (Haskoning 
Nederland B.V., 2008c). A surface roughness of 0.3 m was used for the pipeline street and Groene 
Kruisweg tunnel and a surface roughness of 1.0 m was used for the Beneluxplein tunnel, in 
accordance with Tebodin (Heijne & Kaman, 2008). 
 

Beneluxplein tunnel
300 m

Groene Kruisweg tunnel 
73 m

3000 m 4400 m 4400 m 3200 m

Length: 15373 m
Diameter: 14"
Pressure: 43 barg

Temperature: 10 °C
Pumped inflow: 14.8 kg/s

Transportation pipeline

Figure 35. Schematic representation of the underground transportation pipeline. 
 
Failure of the underground pipeline was modeled with the two default scenarios, except for the two 
tunnels. For the pipeline street sections, both the rupture and puncture scenario featured an 
unmodified vertical release. Releases from the tunnel were calculated with a modified exit velocity, 
via a user defined source, related to the surface area of the cover plates. The area of the steel cover 
plates were respectively 104 m2 and 84 m2 for the Beneluxplein tunnel and Groene Kruisweg tunnel 
(section 6.2.2). Releases were modeled on both ends of the tunnels, with two 10 m pipeline routes. 
The failure frequency was adjusted accordingly, to compensate for the shorter length of the modeled 
pipeline route. The relevant data is summarized in Table 27. Only the first release segment is shown 
here for the rupture scenarios, as this segment showed the largest effect distances. The hindered 
release approach was used as the standard approach to model failure scenarios in the pipeline 
tunnels. Thus, the modified parameters and additional scenarios were calculated in combination with 
the hindered release for these pipeline sections. 
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Table 27. Parameter results of impinged releases in the pipeline tunnels 

Parameter Leak 
(Benelux) 

Leak 
(Kruisweg) 

Rupture 
no inflow 
(Benelux) 

Rupture 
inflow 
(Belenux) 

Rupture 
no inflow 
(Kruisweg) 

Rupture 
inflow 
(Kruisweg) 

Mass flow (kg/s) 4,3 4,3 654 589 662 605 

Orifice velocity (m/s) 343 343 422 420 422 420 

Final temp. (C) -88 -88 -78 -76 -79 -77 

Duration (s) 1800 1800 36 47 35 45 

Density (kg/m3) 2.95 2.95 2.80 2.77 2.81 2.78 

Volume flow (m3/s) 1.5 1.5 234 213 236 218 

CO2 for 0.7 bar (kg) 6.0 x 10
3 

1.5 x 10
3
 5.9 x 10

3
 5.8 x 10

3
 1.5 x 10

3
 1.5 x 10

3
 

Critical timea (s) 1392 348 9.0 9.9 2.2 2.4 

Exit velocityb (m/s) 1.4 x 10
-2

 1.8 x 10
-2

 2.2 2.0 2.8 2.6 

Failure frequency 1.65 x 10
-6 

4.02 x 10
-7

 2.78 x 10
-7

 2.78 x 10
-7

 6.75 x 10
-8

 6.75 x 10
-8

 
 

a
The critical time was calculated by dividing the amount of CO2 required for an overpressure of 0.7 bar by the mass flow. 

b
The exit velocity was calculated by dividing the volume flow (= mass flow/density) by the steel cover plate area. 

 
The very low exit velocities resulted in some complications in SAFETI-NL. Therefore, the release 
height of the puncture scenarios was increased to 1 m. This was not deemed to have a significant 
effect on the results and hence could be adjusted.  
 
For the modeling of craters, as described in section 6.2.1, three rupture and three puncture scenarios 
were used, with the release angle and failure frequency were adjusted according to Table 14. For 
example, the standard failure frequency for a rupture in an underground pipeline is 5 x 10-7 per meter 
per year (RIVM, 2009a). The unmodified vertical release with a 60% probability was then modeled 
with a failure frequency of 3 x 10-7. The momentum was adjusted by creating a ‘used defined source’ 
which allows for manually changing parameters, such as the velocity. An inflow of 1.5 times the 
regular inflow was used (22.2 kg/s), in accordance to a conservative assumption by Tebodin (Heijne & 
Kaman, 2008). 
 

12.4.3 The Barendrecht injection site 
 
The injection site in Barendrecht featured several components. First, the transportation pipeline 
contains a short aboveground section which is connected to the compressor. The compressor is then 
connected to the heat exchanger, after which the CO2 is transported in an aboveground pipeline to 
the injection well. Detailed information about temperature, pressure, etc. is shown in Figure 36. The 
compressor would function approximately 50% of the time, injecting CO2 with 14.8 kg/s. A surface 
roughness of 1 m was used, as determined by Tebodin (Heijne & Kaman, 2008). 
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Length: 15373 m

Diameter: 14" 

Pressure: 43 barg

Temperature: 10°C

Compressor

Non-return valve

Blocking system

Well protection

Injection site Barendrecht

Transportation pipeline

Heat exchanger Injection 
pipeline

Length: 135 m

Diameter: 8" 

Pressure: 124 barg

Temperature: 65°C

Injection well

Depth: 1670 m

Tubing diam.: 4,6" 

Reservoir pres.: 166 barg

Reservoir temp.: 65°C

 
Figure 36. Schematic representation of the injection site in Barendrecht. 

 
The two aboveground pipeline sections were modeled as prescribed in the HRB, featuring two 
scenarios (rupture and 10% diameter puncture) with a horizontal release direction (Kaman, 2010). A 
rupture in the transportation pipeline was modeled at the beginning of the aboveground section, 
approximately 40 m from the compressor. In case of a rupture in the injection pipeline, the inventory 
of the injection well is also released. To model this scenario an 8”diameter pipeline was used, as this 
leads to conservative effect distances compared to a 4.6” diameter well tubing. The length of the 
injection well was adjusted to 552 m for an 8” diameter to match the same inventory as a 1670 m 
long, 4.6” wide pipeline. Thus, a rupture in the middle of the injection pipeline was modeled as an 8” 
diameter pipeline with a total length of 687 m. At 5 m from the compressor a blocking system is 
installed, which should close after 120 seconds and stop the inflow from the compressor in case of a 
rupture. The blocking system has a probability of failure on demand of 1 x 10-3 and therefore another 
rupture scenario is used to account for the event that the blocking system fails as well. 
 
A failure in the compressor was modeled as a corresponding failure in the upstream pipeline, i.e. a 
rupture for the catastrophic failure of the compressor and a puncture for a 10% diameter leak in the 
compressor. This approach is somewhat different from the approach by Tebodin, who assumed there 
would be a release from the downstream pipeline as well. However, the HRB prescribes only a 
release from the suction side and hence this method was chosen (RIVM, 2009a). Since the 
compressor is only active 50% of the time, the failure frequencies are reduced with a factor 2. This 
results in a failure frequency of 0.5 x 10-4 yr-1 for a rupture and 2.2 x 10-3 yr-1 for a puncture. A blocking 
system is installed at 5 m upstream from the compressor, so two rupture scenarios were taken into 
account. 
 
Three failure scenarios are prescribed for a heat exchanger: the rupture of 10 pipes, rupture of 1 pipe 
and 10% diameter puncture of 1 pipe (RIVM, 2009a). Tebodin stated that the puncture scenario was 
insignificant compared to the other scenarios and hence was not taken into account (Heijne & 
Kaman, 2008).  As mentioned in section 6.5, the modeling approach by Tebodin was not deemed 
realistic and therefore an alternative rupture scenario with the long pipeline method was used. This 
scenario used the same parameters as a rupture in the injection pipeline, except the relative 
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aperture area was set to 0.2 instead of 1 to represent a 80 mm diameter hole (equivalent to the area 
of 10 pipes).38 The blocking system was also taken into account for this scenario, setting the valve 
distance at 0 m and distance to break at 1 m. The rupture of 1 pipe was modeled as a puncture 
scenario with a diameter equal to the diameter of the pipe (1”), in accordance with Tebodin (Heijne 
& Kaman, 2008). Since no concluding information was available on the conditions prior to cooling in 
the heat exchanger, the conditions after cooling were used to model failure of the heat exchanger. 
Failure in the pipeline section between the compressor and the heat exchanger was deemed unlikely 
to have an effect on the risk contours and hence was not taken into account. 
 
For the injection well and monitoring well the failure scenarios as described by Tebodin, a well 
release (10% diameter puncture) and a blowout, were used. Tebodin also took into account the 
potential blowout of natural gas that could still be present in the reservoir. The blowout was 
modeled as a rupture, using the long pipeline model, with a vertical release direction. The relevant 
blowout data is summarized in Table 28 (Heijne & Kaman, 2008). In case of a failure in the injection 
well the inventory of the injection pipeline would also be released. The monitoring well was modeled 
as a single pipeline of 1670 m length. A surface temperature and pressure equal to the injection 

pipeline were used, i.e. 65 C and 124 barg. The well protection was incorporated in the failure 
frequency of a blowout scenario. The scenarios were modeled for both for CO2 as well as methane, 
the main component of the natural gas, to cover all possibilities. The amount of solid CO2 formed 
during a blowout was determined based on the Mollier diagram of CO2 (Heijne & Kaman, 2008). Solid 
CO2 formation was modeled via a user defined source of a horizontal leak scenario. The mass flow 
was set equal to the evaporation flow of the solid CO2 (Table 28). The velocity was set to 0.2 m/s and 

the temperature was set equal to the sublimation point of CO2 (-78.8 C).  
 

Table 28. Blowout parameters of the monitoring and injection well (Heijne & Kaman, 2008). 

Well Blowout 
inflow (kg/s) 

Evaporation 
flow solid 
CO2 (kg/s) 

Diameter 
(inch) 

Blowout 
pressure 
(barg) 

Failure frequency (per year) 

Well release rupture 

Monitoring 
well 

6.11 3.15 3.1 109 2.72 x 10-4 7.82 x 10-5 

Injection well 16.81 8.66 4.6 109 2.94 x 10-4 1.01 x 10-4 

 
In SAFETI-NL 6.7 the formation of solid CO2 is incorporated in the dispersion models. Therefore, it is 
not required to manually model the dispersion from solid CO2 via user defined sources. Thus, the 
blowout used the combined inflow of the initial blowout scenario and evaporation flow of the solid 
CO2 and no user defined sources were used. 
 
An impinged release in the compressor building was modeled with a 2 m2 orifice area, as established 
in section 6.2.2. To calculate the density of the CO2, which is required to calculate the exit velocity, an 
assumption had to be made about the conditions of the CO2. Upon release of CO2, initially a mixture 
of air and CO2 will be present in the compressor building. After the orifice is created the initial 
mixture will be released and the atmosphere in the building replaced with cold CO2 from the 
compressor. Since the initial release has a relatively small volume compared to the subsequent pure 
CO2 release, the release conditions of the pure CO2 are used. The temperature was calculated by 
SAFETI-NL and the final pressure was assumed to be 1 atmosphere. It is deemed unlikely that the 
compressor building would contain an overpressure after the orifice is opened. With these data the 

                                                           
38

 The actual relative aperture area of an 80 mm hole in an 8” pipeline is 0.16, but the lowest value in SAFETI-NL 
for this parameter is 0.2. Using a somewhat larger aperture area is a conservative assumption and hence 
acceptable. 
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density was calculated in SAFETI-NL, which was used to calculate the volume flow and exit velocity. 
The calculated parameters are shown in Table 29. 
 

Table 29. Parameter results of impinged releases in the compressor building 

Parameter Puncture  Rupture 
Mass flow (kg/s) 14 227 

Orifice velocity (m/s) 343 412 

Final temp. (C) -88 -69 

Duration (s) 1800 117 

Density (kg/m3) 2.9 2.7 

Volume flow (m3/s) 4.7 85 

CO2 for 0.7 bar (kg) 968 910 

Critical timea (s) 70 4.0 

Exit velocityb (m/s) 2.3 42 
 

a
The critical time was calculated by dividing the amount of CO2 required for an overpressure of 0.7 bar by the mass flow. 

b
The exit velocity was calculated by dividing the volume flow (= mass flow/density) by the steel cover plate area. 

 


