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a b s t r a c t

This paper summarises the main results of a European project BEQUAR (Benchmarking Exercise in Quan-
titative Area Risk Assessment in Central and Eastern European Countries). This project is among the first
attempts to explore how independent evaluations of the same risk study associated with a certain chemical
establishment could differ from each other and the consequent effects on the resulting area risk estimate.
The exercise specifically aimed at exploring the manner and degree to which independent experts may
disagree on the interpretation of quantitative risk assessments for the same entity. The project first com-
pared the results of a number of independent expert evaluations of a quantitative risk assessment study for
the same reference chemical establishment. This effort was then followed by a study of the impact of the
different interpretations on the estimate of the overall risk on the area concerned. In order to improve the
enchmarking
afety reports

inter-comparability of the results, this exercise was conducted using a single tool for area risk assessment
based on the ARIPAR methodology. The results of this study are expected to contribute to an improved
understanding of the inspection criteria and practices used by the different national authorities responsi-
ble for the implementation of the Seveso II Directive in their countries. The activity was funded under the
Enlargement and Integration Action of the Joint Research Centre (JRC), that aims at providing scientific and
technological support for promoting integration of the New Member States and assisting the Candidate

ards
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Countries on their way tow

. Introduction

This paper summarises the main results of a European project
EQUAR (Benchmarking Exercise in Quantitative Area Risk Assess-
ent in Central and Eastern European Countries) that was

onducted by the Joint Research Centre (JRC) of the European Com-
ission (EC) in collaboration with a team of experts from new EU
ember States between 2004 and 2007. The activity was funded

nder the Enlargement and Integration Action of the Joint Research
entre (JRC), which aims at providing scientific and technological
upport for promoting integration of the New Member States and
ssisting the Candidate Countries on their way towards accession
o the European Union.
This project represents the third in a series of JRC benchmark-
ng studies on major hazards of establishments falling under the
eveso Directive [1–3]. These studies were launched in order to
xplore the state-of-the-art in the process of risk assessment, which
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s an essential aspect of a chemical establishment’s safety report
s defined by the Seveso II Directive [4]. Their findings represent
mportant new information on implementation of the Directive of
he Member States, in particular, a clear overview and improved
nderstanding of the different practices, methodologies and tools

n use within the different EU Members States for this purpose. In
ddition, the results pinpointed some of the main sources of poten-
ial uncertainty in these assessments, confirming at the same time
hat each phase of the risk assessment process is subjected to a high
egree of uncertainty.

The first benchmarking exercise, the Benchmark Exercise on
ajor Hazard Analysis (BE-MHA) [5,6], was conducted during

988–1990. The focus of the exercise was an ammonia storage facil-
ty, which, during the exercise, was analysed by eleven different
eams of experts, representing control authorities, research organ-
sations, engineering companies and industry. The study produced
n independent assessment of the risks in the reference facility

nd resulted in a comprehensive overview of currently available
ethodologies for industrial risk assessment in Europe. It ulti-
ately led to the conclusion that: (i) further work is necessary to

educe the inherent variability that is typical of any risk assessment
rocess; (ii) the role of expert judgement is fundamental in any

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:luciano.fabbri@jrc.it
dx.doi.org/10.1016/j.jhazmat.2008.06.071
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i
ducted from the competent authority’s standpoint, might differ
from each other and be reflected in a different understanding of
the risk associated with a certain Seveso-type establishment. The
466 L. Fabbri, S. Contini / Journal of Haz

isk assessment process; (iii) there are clear limitations to the risk
odels adopted, which should be used for their specific purpose

nly; (iv) research priority should be given to the development
nd validation of more consistent models for the description of
mmonia accidental release.

As a follow up of the benchmarking some “models’ evaluation
roups” were established, with the primary objective of defin-
ng criteria for the applicability of consequence models [7], and

number of years later an opportunity arose to launch a second
enchmarking exercise to re-assess the situation. The second exer-
ise was named ASSURANCE (Assessment of the Uncertainties in
isk Analysis of Chemical Establishments), and was conducted from
998 to 2001 [8,9]. This benchmarking aimed at improving the
nderstanding of uncertainties associated with the risk analysis.
even different teams executed an independent analysis of risks
ssociated with an ammonia storage facility, located in a hypo-
hetical site, considered as the reference establishment. Again the
xercise contributed to increase awareness of the intrinsic uncer-
ainty present within the risk assessment process and it helped to
dentify some of the main sources of uncertainty. More specifically,
he hazard identification phase was addressed as a very critical
spect and it was emphasised that probabilistic and determinis-
ic approaches can lead to quite different ranking of the postulated
cenarios. This was particularly evident for those scenarios char-
cterised by less severe consequences. The estimate of scenarios’
requency was quite inconsistent amongst the teams although less
ivergence was present among those having made use of the prob-
bilistic approach. Large differences were also observed with the
alculation of the consequences: the outflow of ammonia from a
eakage, the dispersion of the released ammonia and the health
ffects on humans exposed to the toxic gas, gave the greatest prob-
ems. Nevertheless the analysis of the above discrepancies has
llowed the development of a report providing a qualitative assess-
ent of the particular importance of uncertainties in assumptions,

ata and calculation methods to the risk estimate. This assessment
ontinues to be useful as a guide to areas where, in particular,
aution must be taken when performing and interpreting risk anal-
ses.

A point to note is that both of the first two benchmarking exer-
ises were conducted from the viewpoint of risk analysts with
xperience in the elaboration of Seveso safety reports, and as such
epresented more or less a plant operator’s perspective. In both
rojects, moreover, the benchmarking consisted of an independent
nalyses of the same reference establishment, and covered all the
ifferent aspects of the risk assessment process, including: (i) the
escription of potential accident scenarios, (ii) the likelihood of
heir occurrence and (iii) the assessment of their consequences on
uman beings (i.e., source terms and damage curve calculations,
nd vulnerability assessment). The large variability of responses
y the benchmarking participants for all the different steps of the
isk assessment process clearly demonstrated the complexity of the
isk assessment process and the inherent uncertainty associated
herewith.

. Purpose and structure of the benchmarking

.1. General

In order to appraise whether a discrepancy of opinions similar
o those of the previous benchmarking could also be found in the

rocess of reviewing a risk assessment, it was decided to launch a
hird benchmarking exercise, whose description is the object of the
resent paper. Review of the risk assessment is a typical responsi-
ility of the competent authorities, and their inspectors who, with
eference to article 18 of Seveso Directive, are required to review

o
t
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he safety reports of establishments falling under the Directive. In
rder to address this issue from a competent authority perspec-
ive, the benchmarking was structured in such a way to consist
f a re-assessment, by independent reviewers, of an existing risk
ssessment, and the following analysis of the possible discrepancies
mongst the different responders. The selected chemical estab-
ishment used as the reference plant was an existing lower tier
eveso establishment and, for the purposes of this exercise, a mock
ersion of the original risk assessment was used. This mock ver-
ion, hereafter referred as the ‘reference analysis’, was generated
y reworking the original data, assumptions and calculations used
n the original safety report of the reference plant and ‘relocating’
he plant to a different environment. These measures were specifi-
ally intended to avoid any possible correlation of the results of this
enchmarking with the actual risks associated with the existing
lant.

The participants in this benchmarking study were a heteroge-
eous group, consisting of representatives of competent authorities

rom the Member States within EU-12,1 with responsibilities asso-
iated with the implementation of the Seveso Directive in their
ountries. Risk assessment experts working in research organisa-
ions were also represented in this group. All risk experts were
xplicitly asked to provide their feedback at different stages of the
isk assessment process by taking into consideration the particular
erspective and concerns of the competent authorities within their
ountry.

The main purpose of the benchmarking study was to explore
ow independent reviews by individual experts of the same risk
ssessment might differ in their findings and conclusions, and how
hese differences subsequently might influence the calculation of
isk estimates associated with a particular zone of impact in the
rea surrounding the plant. By focusing the study on the review
f an already completed risk assessment, and its implications for
particular impact area, the benchmarking study represented an

pproach to analysing risks of a chemical establishment closely
ligned with the competent authority perspective. In this sense, the
roject differed significantly from previous benchmarking studies
oordinated by the JRC that focused on the independent execution
f the risk assessment itself (rather than the review), by different
eams of experts.

.2. Benchmarking objectives

The main objectives of the BEQUAR project were:

to conduct independent reviews of the same risk assessment of
a particular hazardous establishment (reference establishment),
as re-elaborated from its original safety report;
to assess the impact of the risk of the reference establishment
on the overall area affected by potential accidents, and to make a
first attempt to analyse how different reviews/interpretations of
a specific risk study might be reflected in the different estimate
of area risk.

The main intention was to offer a general perspective on how
ndependent reviews of the same risk assessment, which are con-
utcome of such an analysis has the evident advantage of con-
ributing towards a better understanding of the approaches and the

1 The EU-12 refers to the countries that entered the EU after 1 May 2004.
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urrent practices used by the different national authorities and how
hese choices might have different technical, social and economic
mpacts.

The participants in this benchmarking were mainly representa-
ives of the competent authorities belonging to the European Union
ewly associated and candidate countries (see Appendix A). During
he project execution they played the role of: (i) inspectors respon-
ible for the evaluation of the risk assessment conducted by the
perator of the selected establishment, and (ii) decision-makers,
aving to assess the impact of the selected industrial site on the
verall area risk.

.3. Reference establishment

The industrial establishment used as the reference plant for
he BEQUAR project belongs to an existing international food-
rocessing company, which produces starch, dextrose, glucose
yrups, isosugars, alcohol, and feed products using maize as main
aw material. This plant makes use and produces dangerous sub-
tances exceeding the qualifying quantity of Column 2 of Annex I
f the Seveso II Directive, which determines the automatic appli-
ation of Art. 6 & 7 (low-tier establishment) [2]. Specifically, the
nvolved substances are: (i) liquid sulphur-dioxide used for the step-
ing process, and (ii) ethanol produced by the company and stored

n different locations.
The installations considered as more critical for their poten-

ial off-site effects and, therefore, to be submitted to complete risk
ssessment were identified through a screening method [11]. The
elected installations were:

1) Tank wagon unloading station: containing sulphur-dioxide
(SO2), which in case of accident could lead to release of this
toxic substance into the environment. The unloading station is
designed to allow the operation of one tank wagon at a time
(every month). This station is characterised by a 15 m long con-
crete platform with mesh screen for protection.

2) Storages of ethanol: which in case of loss of containment could
lead to fire and explosion (hereafter referred as tanks Tn with
n = 1, . . ., 6). Loading of ethanol is continuous (12 h). Automatic
closure of the valve and stopping of the pump is activated in
case of overflowing. The tanks are of cylindrical shape which are
assumed to be 100% full of liquid ethanol under environmen-
tal conditions with temperature maintained through external
water-cooling by 20 ◦C during hot summer time. All tanks are
characterised by external concrete walls, designed to contain
the complete tank contents in case of accidental release.

.4. Benchmarking outline

The risk assessment data submitted for review were extracted
rom the safety report of the reference establishment. However,
ome of the original data, assumptions and calculations used
n the original safety report were intentionally re-manipulated
o avoid any possible correlation of the benchmarking results
ith the actual risks associated with the existing plant. In

ddition, it was intentionally decided to artificially replace the
nvironmental setting of the plant, its local vulnerability, and its
opulation density. All these measures have been taken in order
o guarantee anonymity of the selected plant and in order to
revent that any outcome of the benchmarking might be mis-
nterpreted in terms of actual risk associated with the existing
lant and surrounding area. Rather, the exercise assumed that
he reference plant was located in proximity of an urban area
ith a high population density and flat terrain. Virtual local
ata on population distribution and population presence were

t
t
r
f
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aken into consideration for use in social risk calculations (FN-
urves).

A point to note is that, in order to improve the inter-
omparability of results, the risk assessment study was conducted
nd presented by using a single tool for area risk assessment, based
n the ARIPAR methodology [12–16]. ARIPAR is a quantitative area
isk assessment tool used to evaluate and aggregate the risks result-
ng from different sources, including hazardous substances that are
tored, processed and transported, in a defined area. It is based on a
eographical information system (GIS) platform running under dif-
erent versions of MS-Windows. The application of ARIPAR requires
he quantification in terms of frequency and consequence of all
ignificant accident scenarios for fixed installations and for the
ransport of dangerous substances. It is based on a set of proce-
ures designed to determine – through the combination of the
ccurrence frequency of postulated accidents and their associated
onsequences (i.e., on-site and off-site causalities) – local, individ-
al risk and societal risk.

.4.1. Documentation phase
A set of documents containing all relevant information of

he reference plant and its installations were distributed to the
articipants in the benchmarking. The documents contained: (i)
erritorial data (i.e., topographic map of the fictitious site, meteo-
ological conditions and atmospheric stability, population density
nd distribution), (ii) establishment data (detailed description of
he installations, layout diagrams, process and instrumentation
iagrams), and (iii) risk assessment data (i.e., hazard identifica-
ion analysis, frequencies of accident scenarios with information
n existing mitigation measures and devices and related reli-
bility and availability, source terms, damage profiles for each
ccident scenario, and vulnerability data). A visit to the premises of
he reference establishment was also organised. All relevant data
xtracted from the produced documentation were uploaded into
he ARIPAR software and distributed to the benchmarking mem-
ers.

.4.2. Working phase I
In the first phase the participants were asked to review all

he risk assessment data provided within the documentation. The
eviewers conducted this activity independently, by using their
wn personal experience, judgment, data, and tools. They were
iven the possibility to modify the revised data directly within the
oftware system used for the risk calculation (ARIPAR) in order to
ave an overview of the effect of their assumptions on the over-
ll estimated risk for the plant. The focus of this reviewing activity
as on the completeness and consistency of the postulated sce-
arios, the frequency of the top events and the effectiveness of
itigation measures, the appropriateness of the source terms, and

he vulnerability data used for consequence assessment (i.e., probit
ata).

The modelling calculations concerning the accident damage
rofiles were excluded from the scope of the present project, and
herefore, they were not considered in the review process. This
as due to the fact that the majority of the benchmarking partic-

pants, who represented safety authorities within the EU-12, were
ot in possession of full or short-cut model tools that are normally
ecessary for such calculations.

.4.3. Working phase II

In the second working phase, the different reviews conducted in

he first phase were compared. This activity was particularly impor-
ant to confront the different approaches adopted for evaluating a
isk assessment (databases, methods, procedures, models), and to
ully explore the variability of independent reviews, conducted by
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Table 1a
List of postulated SO2-related scenarios: short description (TW stands for tank wagon unloading station)

Scenario Description Causes Outflow

SO2-related scenarios (tank wagon unloading station)
TW111 54 t SO2 release as a consequence of the

catastrophic rupture of the TW
Mechanic impact (hydrochloric acid or alkali
tank wagon, 26 times per year)

Instantaneous two-phase release of the whole
TW content at once.

TW211 54 t SO2 release as a consequence of the
catastrophic rupture of the TW

Mechanic impact during tank wagon change
(10 times per year)

Instantaneous two-phase release of the whole
TW content at once.

TW221 Not isolatable leakage of equivalent Ø 40 mm
at the flange connection

Failure in the flange connection to the
uploading station AND failure of the tank
wagon valve

Vertical two-phase release during 10 min (time
required for mounting the shut-off valve) with
mass flow rate of ca. 8.8 kg/s at the height of
4.35 m.

TW121 Isolatable leakage of equivalent Ø 10 mm at the
flange

Flange leakage Horizontal two-phase outflow during 20 min
(time necessary for detection and intervention)
with mass flow rate of ca. 1.8 kg/s at the height
of 4.35 m.

TW131 Isolatable leakage of equivalent Ø 25 at the
flexible pipe

Flexible pipe-end rupture AND failure of the
protection valve (spring valve)

Vertical two-phase outflow during 20 min
(time necessary for detection and intervention)
with mass flow rate of ca. 3.9 kg/s at the height
of 5 m.

TW151 Not isolatable leakage at the flange Flange leakage AND tank wagon valve failure Horizontal two-phase outflow of equivalent Ø
10 mm during 20 min (mass flow rate of ca.
1.8 kg/s) at the height of 4.35 m; afterwards,
vertical two-phase outflow from Ø 40 mm for
10 min (time required for mounting the
shut-off valve) with mass flow rate of ca.
8.8 kg/s at the height of 4.35 m.

TW161 Not isolatable leakage at the flexible pipe Flexible pipe-end rupture AND failure of the
protection valve AND failure of the tank wagon
valve

Vertical two-phase outflow at equivalent Ø
25 mm during 20 min (time necessary for
detection and intervention) with mass flow
rate of ca. 3.9 kg/s at the height of 5 m.;
afterwards, vertical two-phase outflow from Ø
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ssessors with different experiences and national cultures. In addi-
ion, it was a good opportunity to study the role played by the single
teps of the risk assessment (scenarios’ identification, frequency
nd consequence assessment) on the final risk estimate, through a
ery preliminary sensitivity study.
.5. Postulated accident scenarios

The postulated accident scenarios were taken directly from the
riginal safety report of the reference plant. These were determined
hrough hazard identification analysis, which was presented to the

2

w
e

able 1b
ist of postulated ethanol-related scenarios: short description for (E stands for ethanol ta

cenario Description Causes

thanol-related scenarios (ethanol storages)
1 (Tn) Catastrophic rupture of the tank Tn. Structural failure

Bunds are, respectively: 1500, 817, 900, 100, 113,
113 m2, which correspond to the following volume
containments: 5000, 2000, 930, 230, 700, 700 m3

2 (Tn) Not isolatable drainage nozzle rupture in the tank
Tn.

Pipe branch ruptu

Discharge velocity depends on the hydrostatic
head. Liquid levels are, respectively: 13.2, 10, 4.6,
9.3, 8.9, 8.9 m.
Containment bunds as above.

n: nth tank (n = 1, . . ., 6); An = ethanol content in the nth tank (n = 1, ..., 6).
40 mm for 10 min (time required for mounting
the shut-off valve) with mass flow rate of ca.
8.8 kg/s at the height of 5 m.

enchmarking participants during the visit to the plant. As the plant
as characterised by quite simple processes, the hazard identifica-

ion analysis was relatively simple. Standard guidewords were not
sed, and the whole set of parameters, which are typical of process
perations of more complex systems, have not been considered.
he list of scenarios resulting from this analysis is given in Table 1.
.5.1. Sulphur-dioxide-related scenarios
The tank wagon unloading station (hereafter indicated by TW),

as modelled as a horizontal cylinder 10.5 m long with 3 m diam-
ter, placed at 1.1 m height from the concrete surface. The full tank

nks)

Outflow

Instantaneous release contained in the bund
(An = 5000, 2000, 930, 230, 700, 700 m3)

re on a not isolatable section Ethanol release (An = 5000, 2000, 930, 230,
700, 700 m3, n − 1, . . ., 6)
Horizontal leak from Ø 80 mm pipe, with
average mass flow rate mn and with outflow
time tn:
m1 = 24.21 kg/s; t1 = 72 h
m2 = 19.57 kg/s; t2 = 35 h
m3 = 15.69 kg/s; t3 = 20 h
m4 = 14.58 kg/s; t4 = 3.4 h
m5 = m6 = 17.96 kg/s; t5 = t6 = 11.2 h



L. Fabbri, S. Contini / Journal of Hazardous Materials 162 (2009) 1465–1476 1469

res of

c
t
s

i

(

h
r
c
T
s

t
a
c
m

2

7
i
t
p

3

3

o
a
e
t
n

t
i
p
s

b
a
a
s
a
t
i
a

3

t
r
f
s
c
f
e
s
c
s
i
t
n
u
p
n
t

Fig. 1. Tank wagon unloading station: possible failu

ontains 54 t of liquid SO2 in the saturated conditions at tempera-
ure of 40 ◦C, which was maintained by external water heating (i.e.,
aturated water with temperature 120 ◦C).

The TW system was modelled by considering two main operat-
ng phases:

(i) mission start (i.e., arrival of the tank and its connection to the
unloading system), and

ii) on-line operation.

For the first case (i), since all events were established to be
uman-action-related, no mission time was considered. The cor-
esponding postulated scenarios were either associated with a
atastrophic event, i.e., the mechanical impact of the tank (TW111,
W221), or due to a possible faulty connection with the unloading
tation (TW211).

The on-line operation (ii) referred to the process of unloading
he tank wagon’s contents into the plant. The operation was char-
cterised as 10 missions per year with 876 h duration each. The
orresponding scenarios were associated with the failure of one or
ore passive components as summarised and depicted in Fig. 1.

.5.2. Ethanol-related scenarios
Concerning the 6 ethanol tanks (volumes: 5000, 2000, 930, 230,

00, 700 m3, respectively), no systems analysis was performed. The
nvolved scenarios were simply: the catastrophic rupture of the
ank [E1 (Tn), with n = 1, . . ., 6], and the release due to non-isolatable
ipe rupture (E2 (Tn), with n = 1, . . ., 6).

. Review of the risk assessment: main results

.1. Introduction

The present section describes the main outcome of the review

f the benchmarking participants for the different steps of the risk
ssessment process. As mentioned in the introduction, the refer-
nce analysis submitted for review was generated by reworking
he original data, assumptions and calculations used in the origi-
al safety report of the reference plant. The complete outcome of

a

p
(
t

components and corresponding accident scenarios.

his analysis is presented elsewhere [10], however, all the relevant
nformation necessary to understand and to interpret the review
rocess are included in the following sections, which refer to the
eparate steps of the risk assessment process.

In particular, the following sections represent a digest of the
enchmarking reviewers’ position with regard to the appropri-
teness and completeness of postulated scenarios, frequency of
ccident scenarios with information on existing mitigation mea-
ures and devices including related reliability and availability, and
ccident consequences. A point to note is that the representation of
he group position as a whole required some simplifications. Thus,
n some cases, the results presented here represent general trends
nd do not have statistical significance.

.2. Hazard identification analysis

In general, the perception of the reviewers with regard to
he hazard identification analysis was quite positive. The positive
esponse referred to various aspects of the analysis such as the
ormat used, the underlying assumptions, the completeness of the
cenarios’ list and the quality and level of detail. Amongst the few
riticisms raised by the reviewers, the lack of a clear explanation
or excluding other possible hazards from the scenarios’ final list
merged as the main negative point. These scenarios were actually
creened out due to their low likelihood/consequence, but without
lear explanation in the hazard identification analysis. In addition,
ome reviewers also alleged that conclusions within the hazard
dentification study lacked adequate detail, particularly concerning
he definition of measures used to improve safety. (In fact, reviewers
oted that prevention and mitigation measures were often mixed
p within the study; moreover, their descriptions often lacked the
roper level of detail.) Nevertheless, all the reviewers (representing
ine countries of the EU-12) declared that the present hazard iden-
ification analysis would be considered as acceptable by the safety

uthorities in their countries.

Particularly interesting is the comparison of the reviewers’
ositions concerning the credibility of the catastrophic scenarios
Fig. 2a). The highest credibility value was scored by the catas-
rophic rupture of the SO2 tank wagon as a consequence of the
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a higher scatter of responses amongst the different benchmarking
reviewers. As expected, the highest scatter was found for the lowest
frequency scenario (TW211) due to the high uncertainty associated
therewith. A similar situation was found for those scenarios involv-
ig. 2. Reviewers’ opinion about the credibility of the catastrophic scenarios (a),
nd the reviewers’ perception whether these scenarios would be required by their
ational authorities in any case and regardless of their likelihood (b).

mpact with the alkali/chlorine tank wagon (TW111). The catas-
rophic rupture of ethanol tanks (E1) was considered the second
redible, while there was an even split (50% very credible–50% not
ery credible) in reviewer perceptions regarding the catastrophic
upture of the SO2 tank wagon during wagon change (TW211).

Fig. 2b summarises responses to the question of whether the
afety authorities in the reviewers’ countries would require a
etailed analysis of these accident scenarios regardless of their
redibility. The majority of reviewers responded in the affirmative
or each of the three catastrophic scenarios, confirming the existing
rend among safety authorities that gives particular importance to
igh consequence/low likelihood scenarios.

.3. Frequency assessment

The accident frequency data submitted to review were taken
rom the safety report of the reference plant. However, some of the
riginal input data (i.e., frequency of basic events), assumptions and
alculations were intentionally altered by the JRC in order to avoid
ny possible correlation of the results of this benchmarking with
he actual data of the reference plant. In this way it was possible to
roduce a consistent data set that differed from the original analysis
nd, therefore, could be the object of an open and unconstrained
eview.

The benchmarking participants were asked to review the fre-

uency data for each scenario and to provide alternative values
hen they deemed it necessary. In particular, the review of fre-

uency data involved all aspects of frequency assessment, by
ncluding the frequency of basic events, assumptions and calcu-
ations. The final outcome of this review was a set of possible
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lternative data for each benchmarking participant with regard to
he frequency of top events. Different sources were quoted by the
eviewers, which were used to support their analyses [10]. In some
ases they evoked expert judgment to justify their position.

The comparison of the data reviewed by the participants with
hose of the reference analysis is outlined in (Fig. 3a and b), which
efer to the catastrophic and non-catastrophic scenarios, respec-
ively.

For the catastrophic scenarios (Fig. 3a), the benchmarking
eviewers demonstrated a clear preference for higher accident
requency values if compared with their reference values, for all
ulphur-dioxide-related scenarios (black symbols). A point to note
s that these scenarios are driven by human factors-related basic
vents. For this reason, they were considered as very difficult to
ssess due to their dependence on a combination of several fac-
ors. These factors are company and plant specific (e.g., specific
nstructions and procedures in use, specific safety culture within
he organisation, etc.), rendering any review of this aspect rather
ifficult for competent authorities. By contrast, for the ethanol-
elated catastrophic scenarios (white symbols) the response was
elatively more uniform and in agreement with the reference value.
his scenario is driven by structural aspects and it was thereby
onsidered more predictable.

Similarly to the previous case, the benchmarking participants
lso preferred higher values of accident frequency for non-
atastrophic scenarios (Fig. 3b). This case was also characterised by
ig. 3. Frequency of the accident scenarios as assessed by the reviewers vs. reference
nalysis’ frequency data. (a) Catastrophic scenarios; (b) non-catastrophic scenarios.
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outflow rate vs. time [10].

Some interesting observations were made with regard to the
assumptions used for certain scenarios involving sulphur-dioxide,
specifically, the duration of the release that is, the time elapsed from
when the component failed until intervention by the operator. For
L. Fabbri, S. Contini / Journal of Haz

ng the failure of the flexible pipe component (TW131 and TW161,
ee also Fig. 1). This fact is attributable to the greater uncertainty
ssociated with this type of component, which in turn is mainly
ue to the large variation in the data found in the literature. The
ata related to the frequency of ethanol-related scenarios were also
haracterised by a very large scatter, probably due to the inade-
uate clarity of this scenario description, as some of the reviewers
amented.

During discussions at the group’s final meeting, the risk con-
ultant, who provided the frequency data for the reference plant’s
afety report argued that the frequency values proposed by some
f the benchmarking participants were often quite unrealistic and
hat the differences between their preferences and from the ref-
rence values actually used in some cases were extremely high.
oreover, he stated that in a number of instances their preferences

ould, probably not be validated by existing data sources, which
mplied that some members were making judgements solely on
he basis of their subjective views rather than objective evidence.
onetheless, it was commonly recognised that, although the dif-

erences were perhaps a bit excessive for a few cases, uncertainty
bout frequency values is an ongoing and well-known problem, as
lso highlighted in the previous benchmarking. In addition, the out-
ome of this discussion further confirmed that the lack of access to
eliable reference databases for evaluating specific process hazards
ithin the competent authorities is a significant obstacle to making

nformed judgments about the frequency assessments selected by
he operators.

.4. Consequence assessment

For the purpose of the benchmarking, the reference plant had
o be ‘relocated’ in a different environment. Therefore, the origi-
al consequence assessment study available in the safety report
ad to be readapted to the different environmental setting. For
his reason, the JRC, with the assistance of the consultant who pre-
ormed the risk assessment study for the actual plant, recalculated
he entire set of consequence data. This was conducted by making
he same assumptions as in the original case but by using different
tmospheric data compatible with the fictitious setting where the
eference plant was supposed to be located.

Since the benchmarking was conducted under a competent
uthority perspective, the review of the consequence assessment
as restricted to certain specific aspects of this study. In particu-

ar, the analysis of the damage curves obtained through modelling
f toxic gas dispersion and/or pressure/temperature distributions
as excluded from the evaluation exercise. This effort would have

equired the availability of codes for modelling the calculations,
hich are not necessarily in the possession of many competent

uthorities. Rather, the review was carried out on:

(i) the conclusions relative to the ‘source terms’, and
ii) the vulnerability assessment (probit values & threshold limits).

The review of both the source terms calculation and of the
ulnerability assessment was conducted by the benchmarking par-
icipants through their response to a questionnaire prepared by the
RC for this purpose. In particular, the questionnaire was addressed
o get information about the participants’ perception on: (i) the
alidity of source terms calculation, (ii) the acceptability of the

dopted methodology, (iii) the presented format, and (iv) the clar-
ty of assumptions. The responders were supposed to provide an
nswer in terms of multiple-choice options to measure their level
f agreement (i.e.: “totally agree”, “tend to agree”, “tend to disagree”,
nd “totally disagree”).
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For the vulnerability assessment, the questionnaire listed a
umber of probit values and threshold limits taken from the lit-
rature, and the responders were supposed to mark the preferred
nes.

.4.1. Source terms
The outcome of the source terms calculations was presented

o the benchmarking participants. For each accident scenarios, the
esults of mass flow rate (kg/s) were provided as a function of
ime by considering as time zero the beginning of the accident
elease. For sulphur-dioxide scenarios, the mass flow rate was quite
onstant over time with average values reported in the ‘outflow’
olumn of Table 1a. For ethanol-related scenarios, the results of the
alculation show a mass flow rate with an oscillating behaviour
ver time and average values reported in the ‘outflow’ column of
able 1b.

The general perception of benchmarking participants with
egard to the methodology, the format and assumptions made were
ery positive as shown in Fig. 4a.

More specifically, with reference to the sulphur-dioxide sce-
arios, the totality of the benchmarking participants considered
hat the source terms’ calculations presented in the reference anal-
sis were acceptable, whilst a lower consensus was reached for
he ethanol-related scenarios (Fig. 4b). Some responses mentioned
ndeed a lack of clarity in the explanation of the behaviour of the
ig. 4. General perception of the reviewers with regard to: (a) the methodology, the
ormat and assumptions made, and (b) the results of source term calculations.
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his reason, the benchmarking participants were asked about their
erceptions regarding the proposed reaction and repair times. The
eaction time of the operator, was assumed to be 20 and 30 min,
or cases in which the gas detection sensors were present or not,
espectively. The responses of the benchmarking participants were
uite homogeneous in both cases with 50% of the responders pre-
erring more conservative values (i.e., 30 and 40 min, respectively).

The repair time is particularly relevant for those scenarios
hat are associated with a non-isolatable release (i.e., TW151 and
W161). In such cases some additional time to repair the compo-
ent failure is required. During this action the opening of the flange

s necessary, an action that may produce an additional horizontal
elease of toxic gas. For this case the reference value assumed was
0 min. This value was considered to be too optimistic by the major-
ty of responders (ca. 75%). Moreover, It was suggested that some
pecific sensitivity studies on this aspect should be conducted. It
as also mentioned that different meteorological conditions could

nfluence the repairing activity (e.g., rainy weather can transform
he sulphur-dioxide into aerosols, thereby increasing the toxicity of
he release).

.4.2. Vulnerability models
In the study of consequence assessment, once the modelling

f the accidents’ effects (thermal radiation, overpressure wave,
ispersion of toxic substances in the atmosphere) have been
ompleted, the conversion of these results to the consequences
s required. In order to estimate consequences of an accident
n humans, a function relating the magnitude of the impact is
equired. This can be done by the so-called “vulnerability analysis”.
sually, for quantitative risk assessment purposes, the method used

o assess vulnerability is based on Probit functions. In other cases
he analysis is concluded by the assessment of safety distances
nly. In these latter cases, the concentration field is compared to
hreshold limits (i.e., a limit on a measurable quantity represent-
ng a certain potential effect, established or formally accepted by a
egulatory body).

Table 2 describes the alternative vulnerability parameters which
ere used in the benchmarking and which were reported within

he questionnaire distributed to the reviewers. The data repre-
ented in bold were the data used in the reference risk assessment.
he responses of the benchmarking participants, who were asked
bout their opinions in regard to the best choice amongst the pro-
osed Probit formulas, is depicted in Fig. 5. In particular, Fig. 5a

efers to fire- and explosion-related scenarios. For heat radiation
fire), a wide distribution of responses was noticed with the high-
st rating for TNO and DNV formulas. For overpressure-related
cenarios (explosion), the probit formula of TNO was the defini-
ive favourite. Fig. 5b refers to the toxic-related Probit formulas

a
t
s
i
t

able 2
ulnerability data used for the benchmarking

ffect type Probit estimation
Probit equation (lethality)

ire (heat radiation) −38.48 + 2.56·ln(t[s]·Q4/3) [17]
−14.9 + 2.56·ln(t[s]·Q4/3) [19] (
−36.38 + 2.56·ln(t[s]·Q4/3) [21]
−39.83 + 3.0186·ln(t[s]·Q4/3) [2

xplosion blast wave (overpressure) 5–5,74·ln(f(P[atm], BW)) [21] (
−77.1 + 6.91·ln(P[Pa]) [19] (Lee

O2 toxicity −16.89 + ln(C2,4[ppm]·t[min]) [
−17.73 + 2.1·ln(C[mg/m3]·t[mi
−27.9 + 1.14·ln(C3,7[mg/m3]·t[m
−15.67 + 2.1·ln(C[ppm]·t[min])

he data indicated in bold were those used as the reference for this exercise and used fo
verpressure; BW: body weight [kg]; C = toxic concentration.
ig. 5. Preferences of the reviewers regarding the probit model to be used: (a) fire
nd explosion, (b) toxics.

nd shows the lack of any marked preference of the benchmarking
esponders amongst the different alternatives.

Concerning the threshold limits given in Table 2, there were dif-
erences in benchmarking participants’ responses, many of whom
lso proposed some alternative values (i.e., 4.7, 5, and 3 kW/m2 for
re, and 0.14 bars for overpressure). In particular, 1 bar was esti-
ated to be the most appropriate value for the blast wave effect by

he totality of responders, with the exception of one reviewer who
roposed an alternative value of 0.14 bars. As expected, nobody was

n favour of the higher values of Table 2 (2.4–3.1 bars). For toxics
nd fire effects, no specific preference was given for the different
roposed values (i.e., toxic effects and fire) [10].

However, and regardless of the preferred values or formulas, it
as commonly agreed that all the proposed values could be con-

idered acceptable for safety report purposes. The discussions also
cknowledged the ongoing difficulty of deciding which of the avail-
ble formulas are the most reliable. For this reason, it was argued

hat a case-by-case approach should be followed for selecting the
uitable model, influenced in particular by the type of potential
mpact predicted within each scenario and the underlying assump-
ions. However, it should be noticed that the choice of a specific

Safety limit values
Acceptable threshold values

(DNV) 2 kW/m2 – 2nd degree burns in 20 s [18]
Lees) 12.5 kW/m2 – 2nd degree burns in 20 s [20]
(TNO) 35 kW/m2 for 20 s – 50% fatality [22]
5] (AIChE)

TNO) 2.4–3.1 bar – 1% fatality [23]
s) 1 bar–1% fatality [24]

17] (DNV) ERPG-2
n]) [21] (TNO1)
in]) [21] (TNO2) IDLH
[25] (AIChE)

r the reference risk analysis. t = exposure time; Q = heat intensity [W/m2]; P = peak
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ormula is often driven by practical factors such as, for instance, its
vailability in the literature or open sources.

.4.3. Other considerations
During the discussions following the review of the consequence

ssessment, it was confirmed that the main concerns of the compe-
ent authorities in EU-12 are more or less in line with those of the
ther EU countries. In particular, it became evident that no com-
on methodology for consequence analysis is strictly required in

he EU-12, and that they would gladly welcome further guidance in
his area. Furthermore, it was argued that the competent authorities
f the EU-12 are rarely in possession of the proper codes for per-
orming modelling calculations for consequence assessment, and
his is a further impediment to the competent authorities in effec-
ive implementation of their oversight responsibilities. For these
easons it was suggested that short-cut methods could be very use-
ul for competent authorities in order to assess the consequence
alculations in the safety report.

.5. Risk assessment review

The final step of the benchmarking was to analyse the impact
f the different reviews presented in the previous sections on the
eference plant’s risk estimate. The risk assessment was conducted
y the JRC using the ARIPAR methodology. In particular, the refer-
nce data of the previous sections were used as the input data for
RIPAR, and the risk quantification procedure was carried out by
ggregating all the risks associated to all the different hazardous
ources and postulated scenarios. The outcome of this analysis was
xpressed in terms of local risk via risk contours and of societal risk
ia FN-curves. For reasons of space, this paper presents the result of
he risk estimate in terms of the societal risk only. Complete infor-

ation on the risk assessment calculations, that includes also the
ocal risk maps, is reported elsewhere [10].

The impact of the different benchmarking participants’ reviews
n the overall estimate of risk was analysed by using new input
ata for ARIPAR (i.e., the revised values by the participants) and re-
ssessing the overall risk. The result of such an analysis is depicted
n Fig. 6, where the FN-curves obtained for each participant are
ompared with the FN-curve of the reference analysis (bold line). It
an be noted that the spread of the results is rather significant both
n terms of the absolute figure of risk and in terms of the shape of the
N-curves that is associated to the relevance of the different scenar-

os in contributing to the overall risk. From the results presented in
he figure, it can be established that the risk estimates show quite
learly the strong influence of the differences of opinions amongst
he benchmarking participants on the input data (i.e., frequency,
nd release times) and the probit models used. In general, the esti-

ig. 6. Comparison of the FN-curve of the reference analysis (line in bold) with those
alculated by using input data as reviewed by the benchmarking participants.
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ig. 7. Contribution to the overall risk estimate from the different accident scenarios.
lack bars: average value for the benchmarking participants; striped bars: reference
nalysis.

ated risks are considerably higher than those presented in the
eference risk assessment, which confirms the more conservative
pproach that is often typical of the authorities.

Particularly interesting is the contribution of the different sce-
arios to the overall risk estimate. This is shown in Fig. 7, where the
eference analysis is compared to the benchmarking participants’
esponses. More specifically, the bars with white stripes refer to
he contribution to the risk estimate from each different scenario
s obtained in the reference analysis. The same calculation has been
onducted by averaging all the reviewed data of the benchmarking
articipants and re-processing the contribution to risk from each
pecific scenario. The result is represented by the black bars in the
gure. From the general comparison, it can be seen that the partici-
ants’ viewpoints also produced some marked differences from the
eference analysis in regard to the way in which different scenarios
nfluenced the final risk estimate. In both cases, scenarios TW111
catastrophic rupture of the TW) and TW121 (flange failure) were
onsidered by far the most significant. The largest difference was
ound for scenarios TW131 (isolatable flexible pipe failure) TW161
not isolatable flexible pipe failure), and TW211 (catastrophic rupture
uring TW change), which were practically negligible in the refer-
nce analysis whilst some consideration has been given to them by
he benchmarking participants. For ethanol-related scenarios, the
isk estimate calculation of a potential pool fire or explosion, pro-
uced quite negligible results both in the reference analysis and in
he benchmarking reviews (<0.01% of the overall risk).

Scenario TW121 (flange failure) prompted a rather heated debate
ithin the benchmarking group. Despite the rather limited release

ssociated with this scenario, the likelihood of occurrence is highest
mongst all postulated scenarios. In addition, it was shown that
cenario TW121 is quite sensitive to certain assumption and models
sed in terms of predicting consequences.

A comparison of the FN-curves from the reference analysis and
hose from the analysis conducted using the benchmarking partic-
pants’ data is given in Fig. 8. This case shows a very large spread of
esponses. In this figure, the FN-curves produced from the conser-
ative data suggested by the reviewers are indicated by the letters
and B. In these two cases, the selection of the model for assessing
he vulnerability to sulphur oxide played the major role. In par-
icular, curve A resulted from data suggested by the member who
lso favoured the most conservative probit model [25]. In contrast,
urve B uses threshold limits, and gives more conservative results
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ig. 8. Scenario TW121: comparison of the FN-curve of the reference analysis (line
n bold) with those calculated using input data as revised by the benchmarking
articipants.

n comparison to the reference probit in the toxic concentration
ange of interest (i.e., 1–300 mg/m3) [10].

The peculiarity of scenario TW121 in terms the uncertainty of
ts possible consequences, and in turn, of its potential for producing
ff-site risks, suggested further investigation of the scenario’s sen-
itivities. Thus it was decided to perform a thorough analysis on the
ole played by certain assumptions necessary for the risk estimate.
ssumptions for reaction and repair time were selected for the case

nvolving a flange release, as they are directly associated with the
mount of substance released to the environment. The response
ime consists of the time necessary to detect the release, to change
nto the proper protection equipment and to stop the release by
losing the tank wagon valve, located on the top of the tank. The
eference value, taken from the original safety report of the plant,
as 20 min. For this exercise it was decided to run a risk estimate

imulation for different (longer) values of the response time (i.e.,
0, 60, and 120 min), representing situations in which the interven-
ion of the operator is delayed or when such intervention may be
mpeded by unexpected conditions, which in turn might lead to a
equest for external intervention. The results of these calculations
re shown in Fig. 9, which shows the how this assumption is critical.

As a final comment, it should be noted that the review of the risk
ssessment focused mainly on the influence of frequency data and
ulnerability models. For this reason, the choice of these param-
ters was the subject of several discussions over the course of
he project. Nonetheless, as shown in the above example, other
ssumptions also may play an important role in the overall risk

ssessment. Unfortunately, the significance of these aspects is not
ften immediately evident in the risk assessment process, and con-
equently they are not always examined with the appropriate level
f scrutiny during the assessment or its subsequent review by the

ig. 9. Scenario TW121: comparison of the FN-curve of the reference analysis (line
n bold) with those calculated by simulating different response times.
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uthorities. To illustrate, the assumption made with reference to
he response time did not attract much attention during the review
ut the analysis of the final risk estimate clearly showed that the
utcome is much more sensitive to this assumption than to other
arameters.

. Conclusions

The benchmarking presented in this paper is a first attempt
o explore how independent reviews of the same risk assessment

ight differ in their findings and conclusions, and how these
ifferences subsequently might have an impact of the area risk
stimate. In this way this project differed significantly from the
revious benchmarking exercises involving major accident hazards
hat focused on the independent execution of a risk assessment,
onducted on the same reference establishment. The difference was
ot only associated with the purpose of the benchmarking (i.e.,
isk assessment evaluation rather than execution), but also with
he fact that the benchmarking was conducted from a completely
ifferent perspective (i.e., regulatory authority rather than opera-
or). Nevertheless, and despite of these differences, a comparison
f the main results of this benchmarking with those of the previous
xercises reveals several commonalities. In particular, participant
pinions varied widely and marked all different phases of the risk
ssessment process. In the previous exercises, the wide variety of
pinions was clearly linked to the intrinsic uncertainty of the risk
ssessment process.

Risk assessment is indeed a very complex process, characterised
y the presence of significant and irreducible uncertainties. In addi-
ion as for any other complex process, the “multiplicity of different
egitimate perspectives” (national, situational, etc.) is also respon-
ible for different results [26]. For instance, it is rather logical that,
egardless of the spread of opinions amongst the different partic-
pants, there was a general tendency toward higher figures of risk
s compared to the reference analysis. Notably, the evaluation of
he risk assessment was conducted from a regulatory perspective
hat inherently tends to be more conservative, due to the nature
f its responsibilities (ensuring the public good). This factor rep-
esents a further example of the complexity associated with the
rocess of elaborating evaluating, and endorsing a risk assessment
or safety report purposes, because it is a process that necessitates
he involvement of actors with different perspectives, in partic-
lar, the establishment’s operator and the regulatory authorities.
he process of finding or creating consensus around key inputs
s ongoing and arduous, but essential for reaching agreement, or
t least acquiescence, in the final evaluation of the risk. A com-
on or accepted view can only be achieved through a transparent

rocess aimed to reach consensus between the regulator and the
perator, in which the operator presents the risk assessment to
he operator, followed by an open dialogue between the two on
ts contents and interpretation. In this context, the implementa-
ion of a common format to exchange risk assessment data and
nformation could be very valuable and helpful to facilitate the dia-
og and accelerate the consensus building. In the current situation,
he authority is indeed obliged either to perform the verification
y means of the same tools used by the operator, or to develop an
d hoc-conversion module to import, in its own tools, the model
nd the data to be verified. The existence of a standard representa-
ion of the plant safety model would allow a regulatory authority
o import models generated by any modelling tool without having

o manage as many conversion modules as the number of different
ools.

Moreover, with reference to the present benchmarking, the fol-
owing specific observations are also relevant for operators and
uthorities alike:
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In some situations worst case scenarios may have received too
much scrutiny in proportion to their likelihood. The comparison
between TW111 and TW121 is a good illustration of this problem.
A very large spread of opinions was found for frequency
data. The reviewers quoted several sources of data to justify
their choices and, in some cases, the applied expert judg-
ment. A point to note is that several scenarios were driven
by human factors-related events, which were considered to
be much more difficult to assess. These scenarios are indeed
dependent on a combination of factors (procedures, safety cul-
ture, etc.) that are company/plant specific and their evaluation
is very difficult from a regulatory perspective. Human fac-
tor analysis is, therefore, an essential element and should be
incorporated into any risk assessment study for Seveso pur-
poses.
The presence of different vulnerability models for consequence
assessment (probit models) is very crucial for the risk esti-
mate. For some hazardous substances there are several models
available in the literature, and in some cases they differ sig-
nificantly with each other. The inherent difficulty associated
with the validation of these models makes the model choice
one of the main contributors to the uncertainty of the final
results. Any conclusion or recommendation to address this prob-
lem?
Underlying assumptions, which are made in the different
phases of the risk assessment process, can play a sub-
stantial role in the final risk estimate (e.g., the response
times, in the present exercise). However, the greatest atten-
tion is normally given to other aspects such as, for instance,
the frequency data and the damage curve calculations by
neglecting the important of certain assumptions, which are
taken from granted. Equal, or even greater attention, should
also be given to questioning underlying assumptions that
drive the selection of important parameters (e.g., duration of
release).
Due to the intrinsic uncertainty associated with the risk assess-
ment, the absolute value of the risk estimate is not necessarily
the most important outcome of the overall process. Rather, the
QRA framework necessitates a detailed analysis of the risk sit-
uation, which leads to a better understanding of the systems
and processes involved and highlights which are the critical ele-
ments.
It should be noted that for very complex installations a full QRA
could be very difficult to evaluate. The amount of information
required can be significant and the corresponding uncertainty
associated with each parameter may, therefore, also be very
difficult to estimate. Detailed guidance on how to evaluate
a risk assessment from a regulator’s standpoint would be
extremely useful for the new Member States and Candidate Coun-
tries.

Finally all the participants recognised that the benchmarking
tudy was an effective mechanism for identifying the strengths
nd weaknesses within their own country’s strategy for review-
ng the risk analyses of safety reports. The study created an
ctive discussion platform, focusing on current practices and
pproaches used by the participating countries for analysing
isk associated with Seveso-type establishments. Additionally,
his approach allowed a productive exchange of information to
ake place amongst the participants on several aspects con-

erning the implementation of the Seveso Directive in their
ountries. In particular, this information exchange was highly
alued by the study members given the recent entrance into
orce of the Directive in the new Member States and Candidate
ountries.
s Materials 162 (2009) 1465–1476 1475

cknowledgments

The authors are indebted to all participants in the benchmarking
or their essential contributions and enthusiastic support with-
ut which this activity would not have been possible. This activity
as funded under the JRC Enlargement and Integration Action

ntended to provide scientific and technological support for pro-
oting integration of the New Member States and assisting the

andidate Countries on their way towards their accession to the
uropean Union. The JRC support included: the development of a
an-European science and technology reference system, with a spe-
ial focus on the transfer of the ‘acquis communautaire’ (i.e., the body
f EU legislation and standards being implemented and monitored
y the JRC) by contributing to the cohesiveness of the accession and
ntegration process.

ppendix A. Participating organisations

The participants in this benchmarking study consisted of repre-
entatives of competent authorities from newly acceded Member
tates within the EU with responsibilities associated to the imple-
entation of the Seveso Directive in their countries. Risk analysis

xperts working in research organisations were also represented.
he JRC has covered the travel and subsistence expenses for all
nvited experts in accordance with European Commission rules

hist the experts provided their contribution in kind for all those
ctivities related to the review of the risk analysis of the reference
stablishment. The list of the invited experts with their affiliations
s given hereunder:
ulgaria
conka Dryankova, Ministry of Environment and Water.

yprus
hemistoclis Kyriacou, Department of Labour Inspection.

ungary
ándor Czakó, CK-Trikolor
ajos Kátai-Urbán/Zoltan Czeplo, National Directorate General for Disaster
Management – Ministry of the Interior.

atvia
aigurs Ludbarzs, Strategy Division of Civil Protection Department.

ithuania
ytis Kopustinskas, Lithuanian Energy Institute.
etras Voveris/Ausra Sablinskiene, Fire and rescue Department, Ministry of the
Interior.

oland
dam Markowski, Technical University of Lodz.
ndrzej Furtek, Centre of excellence MANHAZ (Management of Health and
Environmental Hazards).

omania
lxandru Ozunu/Septimius Mara, University of Cluj-Napoca.

lovenia
asmina Kasba, Ministry of Environment, Spatial Planning and Energy.
ernej Per, Slovenian Environmental Agency-EIA Department.

lovakia
agita Galkova, Environmental Agency.

eferences

[1] Council Directive 82/501/EEC of 24 June 1982 on the major-accident hazards
of certain industrial activities. Official Journal of the European Communities, L
230, Brussels, 5 August 1982.

[2] Council Directive 96/82/EC of 9 December 1996 on the control of major-accident

hazards involving dangerous substances. Official Journal of the European Com-
munities, L 10/13, Brussels, 14 January 1997.

[3] Directive 2003/105/EC of the European Parliament and of the Council of
16 December 2003 amending Council Directive 96/82/EC on the control of
major-accident hazards involving dangerous substances, Official Journal of the
European Union, L 345/97, Brussels 31 December 2003.



1 ardou

[

[

[

[

[

[

[

[
[

[

[

[

[

476 L. Fabbri, S. Contini / Journal of Haz

[4] M.H. Wood, L. Fabbri, M. Struckl, Writing Seveso II safety reports: New EU guid-
ance reflecting 5 years’ experience with the Directive, J. Hazard. Mater. 157
(2008) 230–236.

[5] S. Contini, A. Amendola, I. Ziomas, Benchmark Exercise on Major Hazard Analy-
sis. vol. 1, Description of the Project Discussion of the Results and Conclusions,
Office for Official Publications of the European Communities, L-2985 Luxem-
bourg, (EUR 13386 EN).

[6] A. Amendola, S. Contini, I. Ziomas, Uncertainties in chemical risk assessment:
results of a European benchmarking exercise, J. Hazard. Mater. 29 (1992)
347–363.

[7] K.E. Petersen, Improving model quality, probabilistic safety assessment and
management, in: C. Cacciabue, I.A. Papazoglou (Eds.), Conference Proceedings,
ESREL’ 1996 – PSAM III, Vol. III, 1996, pp. 1799–1803.

[8] K. Lauridsen, M. Christou, A. Amendola, F. Markert, I. Kozine, M. Fiori, Assessing
the uncertainties in the process of risk analysis of chemical establishments:
part I & II, in: E. Zio, M. Demichela, N. Piccinini (Eds.), ESREL 2001, vol. 1, 2001,
pp. 592–606.

[9] K. Lauridsen, I. Kozine, F. Markert, A. Amendola, M. Christou, M. Fiori, Assess-
ment of uncertainties in risk analysis of chemical establishments – the
ASSURANCE project, Final Report, Risø National Laboratory, Roskilde Denmark,
May 2002, (Risø-R-1344 EN).

10] L. Fabbri, P. Jirsa, S. Contini, Benchmark Exercise in Quantitative Area
Risk Assessment in Central and Eastern European Countries (BEQUAR),
Final Report, 2007, European Commission EUR 22619 EN http://web.jrc.ec.
europa.eu/mahb/bequar/-http://bookshop.europa.eu/eubookshop/FileCache/
PUBPDF/LBNA22619ENC/LBNA22619ENC 002.pdf.
11] Guidelines for Quantitative Risk Assessment (Purple Book), Committee for the
Prevention of Disasters by Dangerous Materials (CPR), The Hague, The Nether-
lands, Sdu Uitgevers: Service Centre, CPR 18 E, 1999, ISBN: 90-120-8497-0.

12] D. Egidi, F.P. Foraboschi, G. Spadoni, A. Amendola, ARIPAR project: analysis of
the major accident risk connected with industrial and transportation activities
in the Ravenna area (1995), Reliab. Eng. System Safety 49 (1995) 75–89.

[
[

[
[

s Materials 162 (2009) 1465–1476

13] F. Bellezza, G. Contini, M. Binda, G. Spadoni, A GIS based software tool for risk
assessment and management in industrial areas, in: S. Lydersen, G.K. Hansen,
H.A. Sandtorv (Eds.), Safety and Reliability, 1, 1998, p. 67.

14] G. Spadoni, D. Egidi, S. Contini, Through ARIPAR-GIS the quantified area risk
analysis supports land-use planning activities, J. Hazard. Mater. 71 (2000)
423–437.

15] S. Contini, F. Bellezza, M.D. Christou, C. Kirchsteiger, The use of geographic infor-
mation systems in major accident risk assessment and management, J. Hazard.
Mater. 78 (2000) 223–245.

16] G. Spadoni, S. Contini, G. Uguccioni, The new version of ARIPAR and the ben-
efits given in assessing and managing major risks in industrialised areas,
Process Safety Environ. Protect.: Trans. Inst. Chem. Eng., Part B 81 (2003)
19–30.

17] PHAST 6.42 documentation, Det Norske Veritas, 2004.
18] B.R. Williamson, L.R.B. Mann, Thermal hazards from propane (LPG) fireballs,

Combust. Sci. Technol. 25 (1981) 141–145.
19] F.P. Lees, Loss Prevention in the Process Industries, second ed., Butterworth-

Heinemann, Oxford, UK, 1980.
20] Rijnmond Public Authority, A Risk Analysis of 6 Potentially Hazardous Indus-

trial Objects in the Rijnmond Area - A Pilot Study. D. Reidel, Dordrecht, The
Netherlands and Boston, MA, 1982 (ISBN 90-277-1393-6).

21] Methods for determination of possible damage to people and objects result-
ing from releases of hazardous materials, CPR 16E, 1st ed., TNO, Voorburg,
1992.

22] S. Mannan, Lees’s Loss Prevention in the Process Industries, third ed., Elsevier
Butterworth-Heinemann, Oxford, UK, 2005.
23] S. Glasstone, The Effects of Nuclear Weapons, AS AEC, Washington, 1962.
24] N. A. Eisenberg et al., Vulnerability model, Nat. Tech. Int. Service Report AD-

A015-245, Springfield, VA, 1975.
25] Guidelines for Process Quantitative Risk Analysis, CCPS of AIChE, NY, 1999.
26] S. Funtowicz, Post-normal science, science and governance under conditions of

complexity, Environ. Preserv. 17 (2002) 63–74.

http://web.jrc.ec.europa.eu/mahb/bequar/-http://bookshop.europa.eu/eubookshop/FileCache/PUBPDF/LBNA22619ENC/LBNA22619ENC_002.pdf
http://web.jrc.ec.europa.eu/mahb/bequar/-http://bookshop.europa.eu/eubookshop/FileCache/PUBPDF/LBNA22619ENC/LBNA22619ENC_002.pdf
http://web.jrc.ec.europa.eu/mahb/bequar/-http://bookshop.europa.eu/eubookshop/FileCache/PUBPDF/LBNA22619ENC/LBNA22619ENC_002.pdf

	Benchmarking on the evaluation of major accident-related risk assessment
	Introduction
	Purpose and structure of the benchmarking
	General
	Benchmarking objectives
	Reference establishment
	Benchmarking outline
	Documentation phase
	Working phase I
	Working phase II

	Postulated accident scenarios
	Sulphur-dioxide-related scenarios
	Ethanol-related scenarios


	Review of the risk assessment: main results
	Introduction
	Hazard identification analysis
	Frequency assessment
	Consequence assessment
	Source terms
	Vulnerability models
	Other considerations

	Risk assessment review

	Conclusions
	Acknowledgments
	Participating organisations
	References


