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ABSTRACT

There are currently no detailed regulations or guidelines for designing the safety concept for an un-
derground terminal for buses powered by compressed natural gas (CNG). Neither are there any ex-
plicit safety targets for this type of facility in legislation or practice. A dilemma arises both in the
land-use planning process and building design process when evaluating whether the safety of such a
bus terminal is sufficient. However, there are internationally accepted principles in other sectors that
may be useful in defining a safety target in this case. In this paper it is proposed that such a safety
target can be quantified using risk acceptance criteria expressed in terms of individual and societal
risk. The method developed in this study is based on comparisons with risk acceptance criteria applied
in other types of facilities and activities, both nationally and internationally, and required an extensive
inventory of these. The method also takes into account the fact that people’s perceptions of risks af-
fect their acceptance. The proposed safety target is presented in terms of an upper and a lower F-N
curve, and includes the ALARP principle. In addition to this a maximum average risk is specified for
the facility. A plausibility check was carried out indicating that the risk level defined by the safety
target is lower than, or of the same order of magnitude as, many other corresponding risks in society,
e.g. in other transport systems.
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1 INTRODUCTION

Planning for and designing a new underground commuter bus terminal in Katarinaberget in central
Stockholm (see Figure 1) required the explicit identification and assessment of the risks and safety
aspects affecting human life and health. There were several reasons for this. A project prerequisite
was that the terminal would enable traffic with CNG buses. No specific safety targets were available
from authorities for such a facility, and common practice in this area was sparse, or had not explicitly
addressed the risk of CNG bus fire. In other words, the criteria for determination of environmental
impact significance concerning risk exposure to life-safety is lacking. This is not a unique situation in
Sweden. Very limited support can be found in international guidelines such as NFPA 502 [1] or
AS4825 [2], where the proposed design scenarios at present does not cover the potential severe fire
and explosion scenarios from a CNG bus fire in an enclosed space.

In Sweden there are no general safety targets stated in regulations for other sectors or industries, such
as the transport sector or the chemical industry, that could be adopted directly. Previous experience
has also shown that there can be significant variation between sectors when safety targets are ex-
pressed as the level of risk. This indicates that the basis for assessing the risks associated, for exam-
ple, with a bus terminal involving vehicles fuelled with CNG with the potential for serious accidents,
is not well defined when evaluating whether the level of safety is adequate or not. This causes princi-
pal problems both in the planning and design processes.
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1.1 Purpose and objectives

This paper describes the work carried out to establish a safety target that can be used to assess wheth-
er a specific detailed land-use plan has adequately addressed risk to human health and safety, in ac-
cordance with the Swedish Planning and Building Act (PBL) [3]. According to the Swedish Environ-
mental Act (MB) [4] it is also stated that human life and health and the environment shall be ade-
quately protected against accidents and other negative consequences. The safety target is necessary in
the evaluation of the assessment of the environmental impact in order to evaluate the risk of accidents.
The safety target, also used as criteria for impact significance, in the context of this paper, refers to
severe risks associated with an underground CNG bus terminal which are not covered or managed by
specific detailed regulations governing safety.

Main passenger entrance/exit Secondary passenger entrance/exit

Access to metro

Entrance/exit tunnel for buses

Figure 1. Overview of the commuter underground bus terminal in Katarinaberget in Stockholm.

The objective of this study was twofold. One objective was to develop a method of quantitatively
determining the safety target for an underground bus terminal operated with CNG bussed, taking into
account the scientific basic principles underlying safety targets. The second objective was to apply the
method in a real case for a bus terminal in central Stockholm, in order to derive a risk acceptance
criteria (i.e. criteria for impact significance) necessary in both the land-use planning and the building
design process.

1.2 Limitations

The safety target considered here is based on the conditions and requirements of a new underground
CNG commuter bus terminal in Katarinaberget, Stockholm, during normal operation, and deals only
with life safety. The purpose of defining such a target is to enable an evaluation of whether the level
of risk in the bus terminal is tolerable with regard to human life and health, and/or whether there is a
need for further risk-reduction measures. No such evaluation is made in this study, but is integral to
the type of risk assessment used for assessment of environmental impact in each specific project. This
paper provides a necessary component to be able to carry out such an assessment, i.e. the safety target.
Information about the other component that forms the base for the risk evaluation, i.e. the risk analy-
sis, is presented in [5]. The complete risk assessment performed in the specific project when gaining
permission in the planning process is publicly available [6].

The nature of the facility indirectly imposes a number of constraints, for example, the risks associated
with the facility do not affect those outside the facility, the natural environment or other important
societal functions. The safety target is only relevant for evaluation serious incidents within the bus
terminal, that are not sufficiently addressed by other specific regulations, e.g. the building code and
the workplace health and safety requirements, and their application, e.g. the fire safety design strategy
[7]. The measures for fire protection defined in the concept fire and life safety strategy are intended to
fulfil the regulations that apply to the kind of fire scenarios that may occur in the facility and in buses
running on liquid fuels such as diesel, ethanol, etc., according to the PBL [3] and the Swedish build-
ing and construction regulations [8] [9]. As protection against serious accidents involving CNG buses
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is not covered in any detail in the above-mentioned regulations, further risk-reduction measures have
been included based on a detailed analysis of these risks [10]. Corresponding means of dealing with
serious accidents can be found within other industries internationally, such as the chemical industry or
oil and gas industry.

2  BACKGROUND

There are currently no national, regional or local safety targets in Sweden that can be applied to the
kind of facility in question in this study.

An overall vision for the safety of the Swedish population has been formulated in the Government
Bill, “Goals for the Safety of the Population™ [11], where it is stated that society shall “protect the
lives and health of the population”. It is also made clear in the “National Safety Strategy” [12] that
two of the goals regarding human safety are to protect the lives and health of the population and the
functionality of society. A similar general goal has been formulated in the “Safety and Security Pro-
gramme” [13] of Stockholm City Council, which is both the commissioner and inspector of buildings
and facilities.

The Stockholm County Public Transport Authority, which will be operating the terminal, has also
formulated a general traffic safety goal [14] in which it is stated that: “No one shall suffer serious
injury or death as a result of accidents involving the operations of the Authority”. It is also stated in
the “Guidelines for Fire Protection in Buildings, Facilities and Vehicles” [15] that: “The safety of
passengers, personnel and third parties shall be high, and shall be continuously improved when
deemed reasonable and motivated. The long-term goal is that no individual shall suffer death or seri-
ous injury as a result of fire.” These general goals are formulated in different ways in terms of the
consideration of safety in Figure 2.
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Figure 2. Some of the general goals regarding safety relevant to the present study.

The way in which safety is related to concepts such as risk, risk assessment, individual and societal
risk, is not always clear, which can lead to both the goals and the results from risk analysis being per-
ceived as difficult to understand and apply in planning and design situations. Therefore, a short intro-
duction is given below to the definition of each concept, and the way in which they are used in this
paper. This is followed by a brief description of some of the areas that are important in the develop-
ment of safety targets, such as the principles underlying safety targets, risk acceptance criteria, risk-
reduction measures and the perception of risk.
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2.1 The concept of risk

The concept of risk can have different meanings depending on the context. A common definition,
often used in engineering, is that risk is regarded as an accident scenario, the probability of this acci-
dent in combination with its negative consequences [16].

Risk management is the name usually given to the process of identifying, analysing, evaluating and
managing undesirable incidents (risks) that can prevent specific goals from being achieved. In this
case, the goal is to achieve a sufficient level of safety from the perspective of society.

A risk assessment is part of the risk management process and deals with the identification, analysis
and evaluation of risks to determine whether there is a need for measures to reduce the consequences
or probabilities of that risk. In order to reduce the risk and complete the risk management process it is
necessary for the assessment to be connected to decision making that leads to the implementation of
any necessary measures, and monitoring and review of the effects of the measures.

2.2 The principles underlying safety targets

Determining whether a facility or activity is “sufficiently safe” involves determining whether a specif-
ic safety target has been achieved. In other words, it involves adopting a position and making deci-
sions regarding the effects of risks and the need for mitigation measures, i.e., following the steps of
the risk management process.

Safety targets have been developed by several countries in many sectors [17], including public
transport, nuclear power, the process industry, aviation, road transport, shipping and health care, in
order to fulfil, in various ways, the basic principles presented in Figure 3.

Justification of the activity Optimization of protection Distribution of risks

An activity should not lead to risks Risks should always be mini- Risks should be reasonably

that are unreasonably high in mized through reasonable pro- distributed within society, in

relation to the benefit to society as tective measures, bearing in relation to the benefit of the

a whole. mind their benefit (in terms of activity. This means that individ-
reducing the risks), cost and uals or groups of people should
practicability. not be exposed to disproportion-
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benefit received.

Avoiding catastrophes Proportionality Continuous improvement
If risks are realized, they should The level of detail in risk as- Levels of societal risk should in
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dealt with using existing re- tional to the level of risk, and it
sources, rather than causing should be possible to exclude
catastrophes. negligible risks from detailed risk

assessments.
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Figure 3. The basic principles underlying the development of safety targets.

The above principles were deemed to be appropriate as a starting point for the development of the
safety target in the present case. In other words, it is reasonable to expect the safety target to address
all these principles, and it is suggested that these be applied to the case of the proposed underground
bus terminal in Stockholm.

One way of developing a safety target that takes into account the above principles is to formulate risk
acceptance criteria using quantitative measures of risk. The advantage of quantitative measures is that
they are measurable, allow for comparison and consistent management of safety over time. Quantita-
tive measures of risk allow an explicit risk acceptance level to be stated. In principle, this means that a
level of risk above this level is unacceptably high (i.e., the level of safety is too low), while a risk
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level under the risk acceptance level can be regarded as acceptably low (i.e. the safety is sufficiently
high). This principle, or method of application, has been elaborated in many areas to define a range
between acceptable and unacceptable, in which it is not possible to state directly whether the risk is
acceptable or not [18]. This is sometimes called the As Low As Reasonably Practicable, or ALARP
region, and means that the risks can be accepted if all reasonable practicable measures are taken (see
Figure 4). What can be regarded as reasonable practicable, can be evaluated using cost-benefit analy-
sis, for example.

The above-mentioned basic principles (Figure 3) can be accommodated in a satisfactory way by stud-
ying the two risk measures individual risk and societal risk using a model that includes the ALARP
region.

The individual risk is the probability (often expressed as the frequency per year) of the fatality of a
hypothetical single person, who is exposed to a specific risk. The individual risk does not take into
account how many people that may be affected by the accident. The aim of this measure of risk is to
ensure that individuals are not exposed to unacceptably high risks.

The societal risk is the probability (often expressed as the frequency per year) that a certain number of
fatalities will result from exposure to a certain risk. The societal risk takes into account the density of
population, in other words, it is a measure of the consequences in terms of the number of people af-
fected by the accident scenario.

Region where risks are regard-
ed as unacceptably high.

Region where risks can be accepted if all reasonable measures
are taken, if further risk reduction is not practicable, or if the
cost of risk reduction exceeds the societal benefit.

ALARP

Level of risk

Region where risks are regard-
ed as acceptably low.

Figure 4. A principle for risk assessment when using quantitative measures of risk.

2.3 Risk acceptance criteria

The general visions regarding safety described above do not include any concrete suggestions for risk
acceptance criteria for individual risk or societal risk, and do not provide any support in the applica-
tion of quantitative risk measures. Some help has been provided by the Swedish Civil Contingencies
Agency (MSB) [18] and the Stockholm County Administrative Board [19]. This means that responsi-
bility for taking a stance regarding the effects of risk is borne by the person or operator involved, or
those responsible for a particular project.

A lack of risk acceptance criteria also leads to difficulties in determining whether the level of risk is
appropriate or not. It is thus difficult to obtain an indication of whether further safety-improving
measures are necessary using risk analysis as a tool. This was pointed out by an independent expert
committee in an early review of the bus terminal project [20], and by The Greater Stockholm Fire
Brigade [21] during the planning process.

Stockholm City Council has not taken a stance regarding the general specification of requirements
[22] drawn up together with the Greater Stockholm Fire Brigade, which stated that: “it should be clear
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whether the risks are acceptable from the point of view of both the individual and society”. The ques-
tion of actual levels of risk are not dealt with in strategic documents governing comprehensive urban
planning [23], the accompanying assessment of the environmental impact [24], or Stockholm City
Council’s Safety and Security Programme [13]. The lack of both national and local standpoints means
that the way in which the risk of accidents is described and evaluated can vary from one case to an-
other. This applies to risk management throughout the whole planning process — from the assessment
of whether the risk of accidents can cause significant effects on the environment, to the evaluation of
the need for additional risk-reduction measures, and the final assessment and compromises made be-
tween the risk of accidents and other interests.

No explicit risk acceptance criterion is given in the Stockholm County Public Transport Authority’s
safety target, but it can be interpreted as promoting the principle of continuous improvement in a simi-
lar way to the vision of zero deaths in road traffic accidents in Sweden [25].

Despite the fact that no explicit criteria are provided in the planning process regarding the effects of
risk, decisions are made continuously by, for example, the Stockholm County Administrative Board,
as to whether the detailed plan should be reviewed, where the effects of risk are part of the general
assessment. The County Administrative Board also approves assessments of the environmental impact
of, for example, planned road and rail infrastructure, which also include the effects of risk as part of
the general assessment. The basis for the Board’s assessment in such situations is not always com-
pletely transparent, and may vary from one project to another.

24 Risk-reduction measures

The principle of risk reduction (Figure 4) means that measures must be taken if the level of risk is in
the region regarded as being unacceptably high, in order to ensure that a certain safety target is ful-
filled. All reasonable measures must be taken to reduce the level of risk when risks are in the ALARP
region, bearing in mind the cost-benefit perspective. The aim of these measures is to reduce the de-
gree of risk in one way or another. Based on the definition of risk used in this context, it follows that
risk-reduction measures can be directed towards reducing the probability (or frequency) of an inci-
dent, or reducing the consequences of that incident, or both, as illustrated in Figure 5.

Probability

Consequenc-

Figure 5. The principle of risk-reduction measures when the probability of the incident is reduced (A4),
the consequences are reduced (B), or when both are reduced (C).

2.5 Risk perception

Risks and the level of risk perceived to be tolerable by society can be valued differently. The kind of
factors that affect how we perceive risk, and what kind of risk is acceptable in society may be tech-
nical/mathematical, ethical, political or societal. Some of the factors that have the greatest effect on
people’s perception of risk are described below. This is by no means a complete list, but according to
research in the field [26] [27], these factors dominate to such a degree that they give a good represen-
tation of what governs risk assessment, and why it is that there are such large variances in the levels
or targets accepted by society for different risks. This also explains indirectly why different parties are
differently inclined to invest in measures to further reduce the level of different kinds of risk.

People find it easier to accept a risk when they perceive a clear benefit of being exposed to the risk
associated with a certain activity [28]. Many perceive driving or travelling in a car to be a beneficial
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activity. However, road traffic is associated with a level of risk that would not necessarily be accepta-
ble in other technical systems; the benefit of such technical systems may be less clear to people, and
are therefore regarded as more hazardous.

Another related aspect can be considered here, namely people’s knowledge of risks. The ability to
recognise and understand the risks associated with various activities effects how we assess them, as
well as our ability to actually control the risk. There may be such differences between someone work-
ing in an underground bus terminal, and a member of the public, e.g. a passenger. These two individ-
uals have quite different knowledge regarding the nature of the activity in question, its risks, the pro-
tective measures implemented, early warnings signals, and how the extent of an accident can be lim-
ited, if this is possible.

Whether or not an activity is undertaken voluntarily is another factor that affects how risks are per-
ceived. We find it easier to accept the risk of a voluntary activity such as rock climbing, than one we
are required to carry out, for example, working in the chemical industry [28]. Similarly, people who
either live close to a route along which dangerous goods are transported, or who work within a haz-
ardous facility, do probably not want to be in the vicinity of these risks, but they accept the situation.
For a household to move may be possible, but this depends on other factors, apart from the voluntary
nature of the activity. Another aspect is that many in the public can be unaware of the risk exposure
they are subjected to, i.e. the (un)knowledge of risk.

The degree of vulnerability may vary among those exposed to a certain risk. Differences in vulnera-
bility can be discussed in the context of several factors, such as age and mobility. Public transport is
intended for all to use, but the number of more vulnerable people may vary depending on which part
of the system is being considered. The ability to escape from a dangerous situation is also related to
vulnerability. In order to be able to escape from a dangerous situation one must first become aware of
it, then react to it, and finally evacuate. All of these steps can be affected by age and mobility, but the
individual’s knowledge concerning the source of the risk is also important.

The duration of the exposure to a risk varies depending on the type of risk and how long or how often
a person is in the vicinity. There will be differences between people who use public transport regular-
ly to commute to work, and those who use it more seldom. Similarly, the exposure to risk resulting
from an industrial plant where hazardous materials are used will be quite different for someone living
in the area and someone simply passing through the area.

The potential for catastrophe is another factor affecting risk acceptance that describes how people
perceive the possibility that the source of the risk may lead to a major disaster, e.g. very severe conse-
quences. Enclosed spaces are often perceived as a factor that can increase the potential for a catastro-
phe. Examples of this are tunnels and underground spaces, as well as large underground train or bus
stations, which can also constitute totally or partially enclosed spaces, and thus have a greater poten-
tial for catastrophe than open ones.

The amount of attention directed by the media to a source of risk can vary depending on the location
of the risk; e.g., whether it is an open area, or close to a school. The kind of consequences that could
arise can also be assessed differently; the release of many small emissions are not given as much me-
dia coverage as a single large emission.

Finally, people’s perception of risk can depend on whether the source is manmade or natural. A tunnel
is perceived as being a manmade construction, and may lead to an increased concern, despite the fact
that technical equipment has been installed to detect hazardous events and reduce their consequences.

3 METHODS FOR THE QUANTIFICATION OF SAFETY TARGETS

Based on the principles for the construction of safety targets given in Figure 3, it can be deduced that
risk acceptance criteria for the risk measures individual risk and societal risk should constitute a cen-
tral part of the safety target for the bus terminal in question. Risk acceptance criteria can be used to
determine whether the level of risk is acceptable or not, or whether further measures are required. A
number of approaches for estimating a reasonable level for such risk acceptance criteria are presented
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in Section 3.1. The method chosen for application to the commuter bus terminal in Katarinaberget,
Stockholm is then presented in Section 3.2.

3.1 Possible approaches to define the acceptance level

Table 1 lists a number of well-established approaches that can be used to determine the level of risk
acceptance criteria in the bus terminal.

Table 1. Possible approaches to setting the level of risk acceptance criteria.

Description of method

Comments

Apply current best practice regarding risk
acceptance criteria for underground bus ter-
minals.

The use of buses running on CNG in underground
facilities is a relatively new phenomenon, both in
Sweden and internationally. No standards or best prac-
tice where the novel risks are considered explicitly, nor
applicable risk acceptance criteria, could be identified.

Use current data (accident statistics) for
existing comparable facilities and evaluate
whether the risk acceptance criteria should be
the same as, higher or lower than historical
outcomes.

No sufficiently comprehensive accident statistics are
available for similar vehicles in an underground facili-
ty.

However, there are examples of accidents on the open
road that show that various scenarios with potentially
serious consequences can arise.

Compare with risk acceptance criteria ap-
plied to other kinds of facilities in other sec-
tors, in Sweden or internationally.

A number of acceptance criteria have been applied to
other sectors in Sweden and internationally. Compari-
sons should take into account the different conditions,
i.e. perception factos, prevailing in the evaluation of
the different acceptance criteria.

Compare with the general death rate in the
population (e.g. natural background risks or
risks associated with transportation) and base
acceptance criteria for the facility in question
on this level.

The application of this method as the only basis for
acceptance criteria is deemed to be complicated if
large uncertainties in the results are to be avoided.
Comparison with natural background risks is deemed
to be useful provided a plausibility check is performed,

and the chosen levels are discussed.
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3.2 Proposed method for the quantification of the safety target

The method deemed to be suitable for the current conditions is to apply method C, and then to use
method D as a plausibility check. This means that a comparison is made between risk acceptance cri-
teria applied to other kinds of facilities and activities in other sectors, in Sweden and internationally.
This comparison should take into account the differences in the conditions prevailing when those
criteria were established. The risk perception factors described above should also be compared to
ascertain whether there is a need to increase or decrease the level of safety in the bus terminal in rela-
tion to the level or levels identified as being applicable. The plausibility check can be carried out as a
comparison with both background risks and the fatality rate associated with other kinds of transport
and activities.

3.2.1

An activity-based risk measure, i.e. the probability of death each time a passenger enters the bus ter-
minal, is used to evaluate the individual risk. A location-specific risk measure is not deemed as rele-
vant in a situation where the flow of people is a more dominating principle than the fact that a person
is in a specific place for a certain time. An activity-based risk measure allows comparison with a
number of other modes of transports where similar conditions prevail, and can be used for a plausibil-
ity check, as described in Chapter 6.

Individual risk
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322 Societal risk

As accidents involving CNG have the potential to affect numerous people, the societal risk must be
included in the safety target. In most sectors, the societal risk is usually expressed in terms of F-N
curves or the average risk [18].

Depending on the sector used as the reference, it may be necessary to normalise or scale the criterion
for application to the bus terminal in a proportional way. This can be done, for example, by taking
into account the size of the area where the risk exposure is evaluated with the criterion or the number
of people exposed to risk. For example, comparing the case of the bus terminal with the nationwide
transport sector will not be as relevant as comparing with a single terminal or a set distance approxi-
mating the size of the terminal, e.g. one kilometre.

4 ANALYSIS

This chapter describes the analysis based on the method proposed above. An inventory of national and
international risk acceptance criteria is made, followed by a comparison of the risk perception factors
associated with an underground bus terminal and other areas of application.

4.1 Inventory of national and international risk acceptance criteria

Quantitative acceptance criteria are used to describe safety targets in a number of sectors. We have
surveyed national and international acceptance criteria in order to obtain an idea of the levels used.
Figure 6 shows a number of examples of the levels employed in various sectors, in a number of Euro-
pean countries [17][29].
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Figure 6. Examples of quantitative risk acceptance criteria in different sectors in different countries.

It can be seen that there is considerable variation between different countries within the same sector.
There is also significant variation between different sectors in the same country. This means that there
is a broad range of acceptance criteria, making the choice of criterion appropriate for the current facil-
ity challenging.

In order to establish a suitable level, the two Swedish cases included in Figure 6 are considered, and a
comparison is made between the important factors affecting the tolerated risk in society between the
bus terminal and these two cases.

The first example (case) is a risk assessment for a Swedish modern road tunnel (Norra lidnken) includ-
ed in the submission from The Swedish Transport Administration (Trafikverket) for approval to the
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The Swedish Transport Agency (Transportstyrelsen). Although there is a legal demand for such a risk
assessment, there are as yet no relevant guidelines on applicable levels. Information on the acceptance
criteria in this case was obtained by requesting the relevant documentation from the Swedish
Transport Agency [30]. The road tunnel gained approval, which makes the risk levels used for verifi-
cation of the tunnels safety concept in this case relevant as precedent.

The second example concerns land-use planning and development adjacent to dangerous goods routes
in Sweden. Common practice in Sweden in this case is to use the risk criteria proposed by DNV (Det
Norske Veritas) [18]. Even though these criteria is not formally stated in regulations, e.g. in PBL [3],
the are referenced to in guidelines issued by several County Administrative Boards, e.g. in Stockholm
[19].

4.2 Comparison of the factors that affect risk perception

As there is a significant difference between the two Swedish examples, the factors affecting risk per-
ception, discussed in Section 2.5, are considered. The table below presents a comparison between the
present case of the bus terminal, and those regarding road tunnels and development adjacent to dan-
gerous goods routes or close to hazardous facilities, i.e. chemical industry. A simplistic assessment is
made of whether the risk perception factors lead to a higher or lower acceptance of risk in the present
case.

Table 2. Comparison of the factors affecting risk perception in the case of the bus terminal, and the
two Swedish cases described above.

Factor affecting risk perception Road tunnel (urban Land-use planning ad-

dual carriageway) jacent to dangerous
vs. bus terminal goods routes vs. bus
terminal

Possibility of knowing about the risk / /

Possibility of being able to affect the risk / -

Benefit of the hazardous activity / -

Voluntariness / -

Vulnerability of those exposed /

Possibility to evacuate the hazardous area / /

Potential for catastrophe / /

Media coverage / /

Natural or manmade risk / /

+ Higher risk acceptance than in the bus terminal
- Lower risk acceptance than in the bus terminal
/ Similar risk acceptance as for the bus terminal

S SUGGESTED RISK ACCEPTANCE CRITERIA FOR THE UNDERGROUND BUS
TERMINAL IN STOCKHOLM

The analysis presented in the previous chapter shows that the risk acceptance criteria used in the case
of modern road tunnels in Sweden can be appropriate for the underground commuter bus terminal in
Katarinaberget, in Stockholm. This conclusion was based on the levels of risk applicable to Swedish
conditions, which are in line with those applied in other European countries, and an evaluation of the
most important factors affecting the perception of risk. Sections 5.1 and 5.2 explain how the risk ac-
ceptance criteria for individual risk and societal risk can be expressed so as to represent the corre-
sponding level of risk for the bus terminal.
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5.1 Suggested individual risk criterion

The individual risk level is obtained by estimating the probability of fatality as a result of commuting
to work through a modern road tunnel. The estimate is based on information on the risk acceptance
criterion taken from the documents submitted to the Swedish Transport Agency [28] for approval in
the case of the road tunnel in question:

e Total distance travelled: 170 000 000 person-km/year.
e Maximum average risk according to the criterion for the facility: 0.46 fatalities per year'.

e Distance travelled in a tunnel by a commuter travelling to work 200 days/year: 800 km/year
(assuming a one-way journey of about 2 km).

e Maximum individual risk (probability of fatality) as a result of commuting in a modern road
tunnel on an urban dual carriageway: 2.2-10"%/year.

5.2 Suggested societal risk criterion
The suggested societal risk criterion for the bus terminal is presented as F-N curves in Figure 7.

1.E-01

Region where the risks
1.6-02 cheptably high.
1.E-03
1.E-04 - .
Region where the risks Ca\
1E-05 be accepted if all reasonable
measures have been taken \
1E-06 _— (ALARP) \
1E-07 TT=-

- o
-
- o
-

Frequency of N or more fatalities per year

1E-08 Region where the risks ~<
are acceptably low. Te-e
1.E-09 : ; T
1 10 100 1000

Number of fatalities (N)

Figure 7. Suggested societal risk criterion in terms of upper and lower F-N curves for the under-
ground bus terminal.

It may be necessary to scale or adjust the risk acceptance criterion for application to the bus terminal.
In the example with the road tunnel, the length of the tunnel was assumed to be about 1 km and during
heavy traffic conditions this means about 600-700 people will be exposed in each tunnel tube at any
one time.

The corresponding distance in the underground bus terminal, which in many key safety aspects can be
regarded as being similar to a tunnel, is 800 m, and it is estimated that about 1000 people will be in or
close to the areas used by the buses. It is here assumed that the areas used by the buses are separate
from the areas used by passengers while waiting, i.e. people in the waiting room are not exposed to

" Both the F-N curve and the probability of fatality in the Swedish road network (0.0027 fatalities per million
vehicle-km) are included in the acceptance criterion for the road tunnel. Assuming 170 000 000 person-km per
year in the tunnel gives 0.46 fatalities per year (i.e. 3.3-10” per km per year). The maximum expected number of
fatalities taken from the F-N curve for the upper risk level is equivalent about 10 fatalities per year in the tunnel.
Both these criteria must be fulfilled, i.e. neither the average risk of 0.46 fatalities per year nor the upper F-N
curve may be exceeded.
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risk from the buses. This implies that the fire compartmentation and structural elements of the waiting
room must be designed to withstand the overpressure in the event of a CNG explosion or a jet flame.

Based on the above assumptions, the bus terminal corresponds roughly to a 1 km tunnel, and the
number of people using the facilities and exposed to risks is about the same. We therefore consider it
unnecessary, at this stage, to scale or adjust the societal risk criterion.

As a complement to the F-N curves, we suggest a maximum average risk of 3.3-107 fatalities per
year, which leads to a similar level of safety as on the Swedish open road network, as in the case of
the acceptance criterion derived for the recently approved and opened for operation Swedish motor-
way tunnel Norra lanken.

In the criterion used for the road tunnel, only an upper level is given with an F-N curve. This means
that the case only specifies that the risk is unacceptably high above a certain level. Bearing in mind
the basic principles for safety targets discussed in Section 2.2, we deem it appropriate to formulate
criteria that allow the application of a plausibility check, and to emphasize the principle of continuous
improvement.

This can be done by defining an ALARP region (see Figure 4). The principle of continuous improve-
ment means that it is appropriate to set a relatively low lower limit in this region. We therefore sug-
gest that this level be set at the lower level of the DNV criterion [ 18], which is often used in cases
concerning the exploitation of land close to routes for the transportation of dangerous goods.

6 PLAUSIBILITY CHECK

This chapter presents a plausibility check of the suggested risk acceptance criteria for the individual
risk and societal risk in the underground bus terminal.

6.1 Individual risk

In order to compare the activity-based risk acceptance criterion for the individual risk, a comparison
can be made with other activities in order to gain an idea of their size. It is important to bear in mind
that the level of risk acceptable to the individual and society is governed by the perception factors
discussed above.

Another relevant comparison is to study travelling by other modes of transport that corresponds to a
probability of fatality of 2.2-10°.

e Riding a motorbike for 21 km [31]

e  Walking 58 km [32]

e Cycling 32 km [33]

e Travelling 798 km in a car [31]

e Travelling 3460 km in a jet aircraft [33]
e Travelling 21 000 km by train[31]

In order to place this in relation to other risks, the risk of fatality as a result of various background
risks and activities is given in Table 3. It can be seen that an individual risk level of fatality of 2.2-
10"%/year is below the level to which many people are normally exposed during the course of a year.
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Table 3. Examples of the annual individual risk of fatality due to various background risks and modes
of transport [34].

Cause of death Individual risk of fatality
Natural background risks per year
Being struck by lightning 1.0107
Fire 1.410°
Workplace accident (fulltime workers) 1.310°
Accidents in the home and during leisure activities 2.2:10%
All causes, individuals aged 20-40 y 1.010°
All causes, individuals aged 60 y 1.0107
Other modes of transport, gender, age range'

Car, male, 15-24 y 8.210°
Car, male, 65-84 y 74107
Car, male, 25-64 y 5.1:10°
Car, female, 65-84 y 3.210°
Car, female, 15-24 y 2.410°
Walking, male, 65-84 y 2.310°
Cycling, male, 65 -84 y 2.110°
Car, female, 25-64 y 1.910°
Walking, female, 65-84 y 1.310°
Motorbike, male, 25-64 y 1.310°
Moped, male, 15-24 y 1.010°

'Only groups for whom the risk is greater than 1.0-10 are included

6.2 Societal risk

F-N curves can be difficult to interpret and compare as the scales are often logarithmic and the curves
may have different gradients. To facilitate comparison between the different levels of risk identified
and represented by F-N curves, the so-called average risk, i.e. the expected number of fatalities per
year based on the level of risk, is presented in the table below for various cases in a number of coun-
ties, in decreasing order of risk.

Table 4. Maximum expected number of fatalities per year (average risk) based on the risk acceptance
criteria (F-N curves) for various cases in different European countries.

Country and case Maximum expected

number of fatalities/year
(average risk)

UK RORO port (per vessel) 6.910"

Italy, tunnels (per km) 4.610"

Denmark, road tunnels (per km) 4.010"

UK, chemical industry 6.9107

Sweden, modern road tunnel (Norra ldnken) (per km)

- upper level F-N curve 9.9107

- average on Swedish open road network 33107

Netherlands, road tunnels (per km) 9.910°

Netherlands, chemical industry 9.910™*

Sweden, development of land adjacent to dangerous goods 6.910™

routes (per km) upper level

Sweden, development of land adjacent to dangerous goods 6.910°

routes (per km) lower level
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It can be seen that the average risk corresponding to the upper F-N curve for the societal risk ac-
ceptance criterion corresponds to 9.9-107 fatalities per km per year in the road tunnel, while the corre-
sponding value for the Swedish road network is 3.3-10 fatalities per km per year in the road tunnel.
If the F-N curve criterion is used in the same way as in the Netherlands, where only accidents with 10
or more fatalities are included, the value obtained is 9.9-107 expected fatalities per km per year. It is
thus deemed that the suggested risk acceptance criterion is of the same order of magnitude as that in
tunnels in European countries such as the Netherlands, Italy and Denmark. However, the average risk
is higher than those applied in the chemical industry and in the land-use planning adjacent to danger-
ous goods transport routes.

7 CONCLUSIONS

Although there are no explicit safety targets for the kind of facility considered in this study, we have
presented a specific value for the proposed underground commuter bus terminal in Katarinaberget, in
the city centre of Stockholm.

The safety target was quantified using risk acceptance criteria for measures of the individual risk and
societal risk. The value obtained was based on comparisons between the risk acceptance criteria for
other types of facilities and activities in various sectors, both nationally and internationally. A plausi-
bility check was made showing that the risk level of the safety target is lower than, or similar to, that
for many other kinds of risk in society, for example, other forms of transport.

The suggested risk acceptance criterion consists of an upper and a lower F-N curve. The highest toler-
able risk level is equivalent to the individual and societal risk in a modern Swedish road tunnel. In
order for this suggestion to live up to the basic principles discussed in Section 2.2, continuous im-
provements will be necessary to reduce the level of risk. The suggested criterion includes a so-called
ALARP region, within which such improvements are required. Examples of the type of improvements
are administrative and organisational controls, or technical measures aimed at the fleet of buses. The
lower limit in the ALARP region corresponds to the risk level that is considered acceptable in the
exploitation of land close to transport routes for hazardous goods in Sweden. As a complement to the
F-N curve, we suggest a maximum average risk of 3.3-107 fatalities per year, which is equivalent to
the level of safety on the Swedish road network, and similar to the acceptance criterion applied for a
modern Swedish road tunnel.

The safety target proposed in this study has been deemed appropriate by the head of administration of
the Stockholm County Public Transport Authority [35] and has also formally been approved by the
Stockholm Municipal Council in the detailed land-use planning of the underground bus terminal [36].
No objections regarding the safety target have been raised by either The Stockholm County Adminis-
trative Board or The Greater Stockholm Fire Brigade. The presented safety target has been a central
component in both the planning and design process for the bus terminal when developing the safety
concept and evaluating the acceptability of the residual risk [6].
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