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The estimation of probability of ignition is a key step in the assessment of risk for installations where
flammable liquids or gases are stored. Currently, simple models tend to be used, which assume that
ignition probability is a function only of release rate, or cloud size, and do not consider location, density
or type of ignition source.
Previous work by the authors outlined a statistical framework in which the distribution of likely ignition
sources was modelled, and the ignition probability calculated by considering whether the flammable
gas cloud reaches these sources. Data was collated on the properties of ignition sources within three
generic off-site land-use types (industrial, urban and rural) and incorporated into the statistical
framework to produce a working model for ignition probability.
Ignition sources on hazardous installation plants tend to be better controlled than off-site sources
through, for example, the use of Hazardous Area Classification or permit-to-work procedures.
However, these measures are designed to prevent ignition of mainly small releases within defined
hazardous areas. An ignition probability model has been derived to consider larger (catastrophic)
releases that may come into contact with on-site sources within non-hazardous areas and buildings.
Data on site-specific ignition sources has been identified and collated, together with allowances for the
appropriate ignition control procedures. This has been used to derive generic data for input to the
statistical framework, discussed above, allowing on-site ignition probability to be determined. Although
the model is potentially able to address ignition probability of releases for all types of sites, the
emphasis in this report is on sites with bulk LPG storage.
This report and the work it describes were funded by the Health and Safety Executive (HSE). Its
contents, including any opinions and/or conclusions expressed, are those of the authors alone and do
not necessarily reflect HSE policy.
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1.

INTRODUCTION

1.1

Background
The estimation of probability of ignition is a key step in the assessment of risk for installations
where flammable liquids or gases are stored. The Health and Safety Executive currently use
simple models, such as that contained within Flammables RISKAT (Clay et al, 1988), to
calculate ignition probability. These simple models tend to assume that ignition probability is a
function only of release rate, or flammable gas cloud size, and do not consider location, density
or type of ignition source.
In a previous study (Spencer & Rew, 1997), a statistical framework for calculating ignition
probability was outlined in which the approach used was to model the distribution of likely
ignition sources and to calculate the ignition probability by considering whether the flammable
gas cloud reaches these sources. In the second phase of this study (Rew et al, 1998), data was
collated on the properties of ignition sources within three generic off-site land-use types:
industrial, urban and rural. This data was then incorporated into the statistical framework to
produce a working model for ignition probability. However, this model does not consider on-site
ignition as the ignition source data collated for industrial areas is not typical of those likely to be
found on sites which either process or store flammable liquids or gases.
Ignition sources on gas storage or chemical process plants tend to be better controlled than off
site sources through, for example, the use of Hazardous Area Classification (for fixed electrical
equipment) or permit-to-work procedures (mobile sources and hot work). A model for on-site
ignition probability would need to take into account the implementation of such control
measures. However, these measures are designed to prevent ignition of mainly small releases
within defined hazardous areas and an ignition probability model would also need to consider
large releases coming into contact with sources within non-hazardous areas and buildings. These
sources may include flares, gas-fired equipment, transportation, central heating systems and
canteens.

1.2

Objectives and scope of work

1.2.1

Objectives
An ignition probability model is to be derived to consider larger (catastrophic) releases that may
come into contact with on-site sources within non-hazardous areas and buildings.
The objective of the study is to identify and collate data for potential on-site ignition sources.
This data would then be input to the statistical framework, discussed above, allowing on-site
ignition probability to be determined. The model would be designed to be site-specific, taking
into account the type of processes it includes and also the quality of implementation of
procedures controlling fixed or mobile ignition sources within hazardous areas.

1.2.2

Scope of work
The sites covered by this study are industrial sites which may be classified as ‘hazardous
installations’. These sites are taken as being all sites covered by the COMAH regulations. The
aim of the model will be to be able to represent all release types, but the emphasis in the
development stage will be on the handling and storage of LPG.
Therefore, the work is based predominantly on sites with LPG storage, with recommendations
given to adapting the model parameters for other use, such as for large-scale oil and gas
processing and chemical plants. These types of sites are assumed to cover the majority of major
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hazard installations (i.e. those covered by COMAH), although it is recognised that other types
will occur.
In any release that is modelled, both immediate and delayed ignition will be considered. All
possible sources of ignition are to be considered, although event-initiated ignition incidents are
beyond the scope of this study.
Eckhoff & Thomassen (1994) discuss in some detail the features of a number of ignition sources
- particularly hot surfaces, mechanical impact and friction, electric discharges, and hot gaseous
combustion products. The conditions required for ignition by each type of source are covered and
are appropriate to on-shore sites, although the paper is aimed specifically at offshore
installations. One of the conclusions of the report is that existing hazardous area classification
methods do not make any allowance for the mitigation of explosions and are not designed to deal
with large, or catastrophic, releases. This is an aspect which is considered within this study.
1.3

Methodology

1.3.1

Review of data for on-site ignition
Incident and experimental data relating to the on-site ignition of flammable gases have been
reviewed. The starting point for this task was data collated by Worsell (1997), Jeffreys et al
(1982) and Cox et al (1990), as well as applicable information given in various reviews of
ignition sources on offshore installations. Significant on-site ignition sources have been
identified and ranked, allowing those that have a negligible effect on ignition probability to be
eliminated.

1.3.2

Review of methods for control of ignition sources
The key procedures for control of ignition sources (e.g. Hazardous Area Classification, permitto-work systems, smoking control, static control etc.) have been reviewed and an assessment
made of their effectiveness in preventing ignition within hazardous areas. The significance of
ignition within controlled hazardous areas with respect to non-hazardous areas has been
considered.

1.3.3

Collation of data for on-site ignition sources
Data which defines the properties of on-site ignition sources (strength, intermittencey, density
per unit area of site) has been collated. This was facilitated, primarily, through surveys of sources
on a selection of sites. Much data on the area density of ignition sources, and hence the quantity
of flares, gas fired equipment etc., per unit area of site, has been derived from consideration of
the typical design of process plants.

1.3.4

Incorporation of data into ignition probability model
The model is site specific and has been based on the statistical framework devised by Spencer &
Rew (1997). It considers ignition sources within hazardous and non-hazardous areas as follows:

(i) Hazardous areas. The density of fixed and mobile ignition sources is defined for various types
of hazardous plant, both with ideal and with poor implementation of control measures. A
scoring system has been devised allowing the quality of implementation of ignition control
measures to be assessed and, depending on the score obtained, the density of the ignition
sources may be set at a level between those defined for ideal and poor implementation.
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(ii) Non-hazardous areas. Generic types of non-hazardous areas have been defined (offices,
canteens, types of process plant not containing flammable material, etc.) and ignition source
data defined for each.
1.3.5

Implementation within risk assessment
The model has been compared against historical data for on-site ignition and also against current
methodologies used for the prediction of on-site ignition probability, to confirm that it
accommodates all the various factors which are known to have a significant influence on
ignition. In addition, consideration has been given to the likely sensitivity of risk assessment to
the use of the model and to assumptions made in its development;

1.4

Report outline
The report presents the full results of the second phase of the study and covers each of the items
given in the methodology outlined in Section 1.3.
Section 2 reviews the available data relating to ignition probability, with particular respect to
identifying established data or trends that are relevant to on-site ignition sources.
Section 3 summarises the methods used in hazardous installations to control ignition sources.
Aspects of ignition controls that have the potential to vary are identified, so that the model can
account for sites with differing ignition control qualities.
Input data for a generic hazardous installation are proposed in Section 4. Sensitivity studies are
presented, which determine the key aspects to be considered in the modelling of a typical site.
The parameters that are most likely to vary, and the impact of each on the overall model, are also
identified.
Section 5 uses this input data to represent a typical LPG processing facility. This model defines
the ‘base case’ for this study, which is aimed at LPG facilities in particular. Sensitivity analyses
are presented, with particular reference to the potential variations in the quality of ignition
controls applied to a site, together with comparisons of the ignition probability against existing
methodologies. In order to demonstrate how ignition sources may vary from site to site, and how
use of the model may be modified accordingly, Section 6 presents the input data that may be
used for different types of facility, such as a typical oil refinery. It should be noted that the
model parameters are not derived in such detail in the latter case, where the primary aim is to
establish the potential differences, and their impacts, between different types of hazardous
facility.
Conclusions and recommendations arising from the study are presented in Section 7.
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2.

DATA FOR ON-SITE IGNITION

2.1

Introduction
A detailed review of the available data relating to on-site ignition sources is given in Appendix
A. This is based, initially, on reviews by Spencer & Rew (1997) and Rew et al (1998), which are
previous phases of this study aimed at more general off-site ignition sources. These reviews are
then developed to include more recent references and, particularly, those that relate to ignition
sources that occur in hazardous installations.
The following Sections (2.2 to 2.4) summarise the main conclusions that can be drawn from
Appendix A, where the data is considered as follows:
•

Section 2.2 – qualitative estimates of ignition source parameters,

•

Section 2.3 – incident data identifying ignition source parameters,

•

Section 2.4 – quantitative estimates of ignition probabilities.

Section 2.5 draws together the reviewed data to produce a framework ranking system that is used
as the first step in identifying relevant ignition sources and determining the relative significance
of each.
2.2

Qualitative estimates of ignition source parameters
Rew & Spencer (1997) review a number of references, from which they propose a framework
ranking system for ignition sources. The proposed system splits ignition sources into groups
according to their strength, as demonstrated by the examples given in Table 2.1. The groups
range from sources where ignition of a flammable gas coming into contact with them is certain
(such as open flames) to those where the risk of ignition would be negligible (such as
intrinsically safe equipment or radio frequency sources).
Category (strength of
source)

Examples of ignition
sources

Ignition potential

Certain

pilot light,
open flare
electric motors,
hot work
vehicles,
faulty wiring
electrical appliances,
mechanical sparks
intrinsically safe equipment,
radio frequency sources

p=1

Strong
Medium
Weak
Negligible

p > 0.5
0.5 > p > 0.05
p < 0.05
p=0

Table 2.1 Framework ranking system for ignition sources
The approach illustrated above is derived from work by Jeffreys et al (1982) who give similar
semi-quantitative characteristics for a range of ignition potentials, and also for the rate of activity
and the density of each source. In this case the rate of activation is described in terms of times
for which the source is ‘on’ and ‘off’, i.e. active and not active.
The aim of this review of ignition source data is to determine data in the form given in the above
tables, so that it can be readily added to the ignition probability model. This will include ignition
potential, rate of activation and the proportion of time for which the source is active. (These
parameters, and their use in the model, are described in more detail in Appendix B.) The most
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practical form of deriving ignition source parameters will be in this semi-quantitative form,
although it is noted that the model is flexible and more detailed data can be used if available. For
example, electric motors are given a probability of 0.7 in the above table, although if they are
known to be of intrinsically safe design in a particular site then a probability of ignition of
around 0.3 would be more appropriate.
This approach relies heavily on judgement, so as much supporting data as possible has been
gathered from existing references or data sources.
Jeffreys et al (1982) present a detailed review of potential ignition sources in an urban area,
which is discussed further, and used, in Section 2.6. They also review the ignition sources
associated with a LNG receiving terminal. However, their review appears to be very idealised,
where areas classified as hazardous are taken as having no ignition sources, and non-classified
areas contain the same sources as a ‘general’ urban area. This analysis may in fact provide a
sufficiently accurate reflection of the ignition parameters of a LNG site, although it is important
that all potential sources are identified in more detail than given by Jeffreys et al. The potential
for ignition, under all circumstances, should be considered before an area is dismissed as having
zero ignition potential. Similarly, on industrial sites it is likely that non-classified areas will have
some ignition controls, such as sites which may be designated as non-smoking.
Cox et al (1990) present a series of results of incident data in order to identify the most common
forms of fire incidents. Their results are taken from the HSE’s incident database, for a single
year, and relate to cases “where hazardous area zoning appears applicable”. As noted in
Appendix B, these results apply to incidents from hazardous installations, with ignition control
measures likely to be in place, although the exact circumstances of each incident are unknown, so
that caution is required in use of such data. The numbers associated with each are, therefore, of
little use in this case and Table 2.2 lists the ignition sources identified, with the percentage of
each given for reference only.
It can, however, be seen that the most common entry in Table 2.2 is that of incidents where the
ignition source was unknown (accounting for a quarter of all cases in the year studied), which
indicates the difficulty in establishing the cause of ignition in the wake of a fire incident. It can
also be seen that flames, hot surfaces and electrical equipment are more common than other
sources of ignition, such as friction, static electricity and smoking.
The data presented by Cox et al does not include event-initiated ignition, where an accident may
lead to the creation of both a leak and an ignition source. This highlights the importance not only
of the source of ignition but the type of leak. None of the references reviewed deal specifically
with catastrophic releases, and some judgement is required in identifying incidents where
ignition has occurred at some distance from the source of the leak.
It has been found that a great deal of data relating to fire incidents is available, but that detail on
the conditions surrounding the leak / ignition is more difficult to determine. Various sets of
incident data have been reviewed in detail in an attempt to identify trends, and these are
discussed in the following sections.
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Ignition sources (in order of significance) identified in
study of 1 year results by Cox et al (1990)
Ignition source

%

Unknown

26

Flames

18

Electrical

16

Hot surfaces

13

Smoking

8

Friction

7

Static electricity

7

Autoignition

4

Hot particles

1

Total

100

Table 2.2 Survey of on-shore ignition sources by Cox et al (1990)
2.3

Incident data identifying ignition source parameters

2.3.1

Causes, and types, of ignition incident
There are a number of sources of data relating to fire incidents at hazardous installations, and the
ignition sources causing them, which are reviewed in detail in Appendix A. The primary sources
of data identified in Appendix A are the MHIDAS (reviewed in depth by Worsell, 1996) and
IChemE (1999) databases. The main trends and conclusions that can be drawn from these
sources are presented below. It should be noted that there are significant uncertainties associated
with the use of incident data, which are summarised later in this section. This section also
discusses the relevance of these points to the ignition probability model developed here.
•

Overall conclusions that can be made from a review of a number of databases, by Worsell
(1996), show that the most common form of ignition source in hazardous installation fire
incidents is ‘flames & furnaces’. The other significant sources that are identified are ‘hot
surfaces’ and ‘electrical equipment & motors’, while ‘frictional sparks’ and ‘smoking’ are
found to represent relatively low frequency ignition events.

•

Review of the MHIDAS database gives an indication of the relative proportion of incidents
that occur during normal operating, (cylinder) filling and maintenance processes. The
numbers of filling and maintenance incidents are similar and are each approximately half as
frequent as events arising from normal operation. Given that filling and maintenance
operations take up a relatively small amount of day to day activities, they represent
significant sources of ignition.

•

It is not possible to determine the proportion of maintenance incidents that are ignited by
‘maintenance in response to a fault’ in the MHIDAS database, as opposed to those arising
from routine maintenance. It is the author’s judgement (based on reviewing the descriptions
of each incident) that the majority of maintenance related ignitions occur where maintenance
takes place in response to a fault (e.g. in attempting to repair a leak the flammable substance
is ignited).
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2.3.2

•

Lees (1996) reviews a large number of fire and explosion incidents and highlights the wide
range of possible causes of leaks and subsequent ignitions. Two very broad categories of
events that are very significant are (a.) maintenance actions, and (b.) incidents arising from a
lack of maintenance. The implication of the latter is that, although design of plant and
equipment is essential in reducing the number, and impact, of faults, it is lack of monitoring
or maintenance of equipment, rather than plant design or operation, that is more significant
with respect to causing fire incidents.

•

Review of the IChemE database shows that more description on each incident is available,
although many of the incidents have unknown ignition sources. The approximate proportion
of incidents are similar to those determined from the MHIDAS database, but with the
importance of the fuel type being highlighted by the review.


In hydrocarbon processing facilities (which are typically relatively large-scale oil
refinery type sites) maintenance related incidents are approximately half as frequent as
normal process incidents, while incidents arising from filling activities are relatively
rare.



In LPG facilities the proportions of each of the fire incidents arising from process,
maintenance and filling activities is approximately equal. This indicates a significant
increase in the proportion of filling incidents occurring in LPG sites over that of
hydrocarbon plants.

•

Of the maintenance related incidents included in this review of MHIDAS, the majority of
ignitions were caused by welding. Most of these incidents appear to occur at, or close to, the
source of the leak.

•

Both the sets of ‘filling’ and ‘process’ incidents in MHIDAS were caused by an
approximately equal distribution of either electrical, static or motor ignition sources. These
incidents can either be ignited close to the source of the leak or at a significant distance away
from the leak.

Location of ignition incidents
A small number of incidents in the MHIDAS database indicate whether ignition occurs in
classified areas (where there should be no ignition sources) or non-hazardous areas (where
ignition is almost inevitable if the release is large enough). There is not enough available data
from which to draw firm conclusions, although it does show that:

2.3.3

•

Incidents clearly do occur in classified areas, where correct adherence to control procedures
should prevent ignition.

•

Approximately half of the incidents reported related to significant releases (which may be
considered as large, or even catastrophic) that travelled to non-hazardous areas before
ignition occurred. It should be noted that this conclusion is the author’s opinion, based on a
review of the descriptions of each incident, rather than from any direct data in the database.

Modelling implications
From these conclusions, the main points relating to the development of the ignition probability
model in this study are:
•

In the event of a catastrophic release, both the ignition sources that occur close to the
probable leak location, in classified areas, and those at some distance away, in non-hazardous
areas, are significant.
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•

The incident data that is available can provide an indication of the most common ignition
sources, but there is not enough data available for quantitative estimates of ignition
parameters (potential, activation rate and frequency) to be made.

It is important to note that the above trends and conclusions, while appearing to be sensible and
realistic, are based on relatively small sets of incident data, which have a number of associated
uncertainties:
•

Different types of incident are often covered by the same data sets. The background of each
incident is not always specified and could relate to a range of materials and release sizes, and
apply to different types of site, etc.;

•

The method used to classify the type of ignition source is variable;

•

Determination of the ignition source for a particular incident is difficult;

•

Event-initiated ignition sources are included in some data sets and cannot be distinguished
from delayed ignition events;

•

As discussed previously, the degree of control of ignition sources applied to a particular site
is not specified and can vary considerably.

Incident data is therefore of some use in determining where to focus attention in deriving
estimates of ignition source parameters, although the available data cannot be used directly in
attempting to quantify characteristics for input to the model.
2.4

Quantitative estimates of ignition probabilities
A number of estimates of the probability of ignition, for different land-use areas and different
flammable releases, are reviewed in Appendix A4. The values that are proposed by various
authors emphasise the impact that both the size of the release and the density of ignition sources
have on the probability of ignition. It is clear that for large, or catastrophic, releases on industrial
(or on-site) areas, ignition is almost inevitable, as demonstrated by Table 2.3, which summarises
the data given in Appendix A4 for catastrophic releases.
Source

Type of release

Size of
release

Location

Probability
of ignition

Comments

LPG release

"massive"

general - on or
near site

10-1

Multiply by 10 if strong
ignition source present.

1st Canvey
Report (1978)

LNG vapour clouds

"large"

general - on or
near site

1

None

2nd Canvey
Report (1981)

LNG vapour clouds

general

on-site

0.1

"no" sources of ignition

0.2

"v. few" sources of ignition

0.5

"few" sources of ignition

0.9

"many" sources of ignition

Browning
(1969)

Crossthwaite
(1988)

LPG vapour clouds

Catastrophic
(200te)

Industrial
(off-site)

1

D5 weather (daytime)

0.9

F2 weather (night-time)

Table 2.3 Ignition probability estimates for large releases (from various sources)
The simple values used for different densities of ignition sources in the 2nd Canvey report (1981)
could form a basis for the ignition probability model, where probabilities of ignition are assigned
according to the density of ignition sources in a particular area. (For example, a car park would
have “few” sources of ignition while a non-classified process area may have “many” ignition
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sources.) However, the values assigned are very general, and make no allowance for the quality
of ignition controls that may be applied to a site or area. While a basic model could be derived
using these simplified ignition probability values, assigned to different areas of a site as
appropriate, the aim is to model ignition sources more accurately, to account for the different
types of source within each area and the strength and activation frequency of each.
The values given in Appendix A4 and the above table, therefore, provide little benefit in terms of
deriving ignition source parameters for particular areas of a site. They will, however, provide
useful guides for comparison of the derived model against existing approaches.
Similarly, phase II of this study, by Rew et al (1998), developed a model for the determination of
off-site ignition probability (again in the event of a large release). This was based on 3 standard
land-use types, industrial, urban and rural, where the derivation of ignition source parameters for
each area was based on the assumption that the sources in each area are distributed randomly
throughout each area. The density of each of the different ignition sources was determined and
an equivalent set of parameters defined for each area type. As discussed above, the aim of this
model is to derive more specific on-site ignition probabilities, and so the industrial data derived
by Rew et al (1998) is not of direct benefit but can be useful in validating the model.
2.5

Summary and framework ranking system
The references and data reviewed in Sections 2.2 to 2.4 provide a useful set of background
information on which derivation of more detailed ignition source parameters can be based.
However, all of the references deal primarily with very broad areas, and so cannot be used
directly in determining ignition parameters for specific installations and areas within
installations.
The main aim in reviewing the data is to identify and, if possible, evaluate on-site ignition
sources. Using the various references, and knowledge gained from them, particularly the list of
urban and industrial ignition sources developed by Jeffreys et al (1982), a list of ignition sources
appropriate to the different elements of hazardous installations has been derived. Semi
quantitative estimates of the key ignition parameters (i.e. the strength, frequency and density of
each source) are assigned to each of the identified ignition sources. The list is given in Table A.7
of Appendix A6 and provides an initial summary of the relevant information on ignition sources
that is currently available.
A key factor in hazardous installations is the use of hazardous area classification, and other
methods, to control the occurrence of ignition sources in areas where flammable atmospheres
may occur. The next stage of the model development is to identify which of the identified
ignition sources occur in classified and non-hazardous areas. The estimates of each parameter can
then be developed by accounting for the degree of ignition control that would be applied to each.
Ignition controls are reviewed in Section 3, and in more detail in Appendix C, where Table A.7 is
developed further.
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3.

METHODS FOR CONTROL OF IGNITION SOURCES

3.1

Introduction
A detailed review of the codes and standards relating to the control of ignition sources in
hazardous installations is given in Appendix C. This includes broad safety requirements aimed at
protecting the workforce, such as the Health and Safety at Work Act (1974), and more detailed
codes, from different sectors of industry, providing guidance to aid in satisfying the HSE of the
safety of a site.
The main feature of these more detailed codes, or standards, is area classification, which defines
zones where the risk of a flammable leak is at the same level. There are standards of electrical
equipment that are specified as appropriate for use in each zone. Although, the many different
forms of non-electrical ignition source do not have such clear classifications, the different
standards provide recommendations on which may be tolerated in different areas (although the
aim is usually to have no ignition sources at all in hazardous areas). Faults and maintenance
operations, i.e. the introduction of temporary ignition sources, are covered by the use of permitto-work systems.
This section provides a brief summary of the key methods of controlling ignition sources, which
are based around the hazardous area classification approach, detailed in Appendix C. The
emphasis in this study is on identification of the key ignition controls and the likely effectiveness
of each, so that the ignition parameters used in the ignition probability model can reflect the
potential variations in the ‘quality’ of ignition controls from site to site.
The term ‘area classification’ is often used to describe the overall safety concept set out by each
code, although the actual process of ‘area classification’ may be separated from ‘permit-to-work’
systems and from specific recommendations on the ‘control of ignition sources’. While it should
be noted that these issues are inter-dependant, they are discussed separately in Sections 3.2 to
3.4, respectively.

3.2

Hazardous area classification
“Area classification is a method of analysing and classifying the environment where
explosive gas atmospheres may occur so as to facilitate the proper selection and
installation of apparatus to be used safely in that environment, taking into account gas
groups and temperature classes.”
(BS-EN 60079: Part 10, Classification of hazardous areas, 1996)
Zones are used to detail the broad areas where there is a certain level of risk that a leak will
occur. When evaluating a particular leak, or source of leak, the frequency and duration of release,
release rate, concentration, velocity, ventilation, and other factors are determined. There is then a
firm basis on which to determine the likely presence of an explosive atmosphere, where zones 0,
1 and 2 represent ‘continuous’, ‘occasional’ and ‘infrequent’ grades of release, respectively. The
remaining areas of a site should be non-hazardous although it must be recognised that they may
still be part of ‘restricted’ on-site areas and controls on ignition sources may, and should, still
apply.
The most relevant area classification standards, which are described in more detail in Appendix
C, are listed below.
•

BS EN 60079, Part 10 (1996): Electrical apparatus for explosive gas atmospheres classification of hazardous areas;
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•

BS 5345 (1983): Selection, installation and maintenance of electrical apparatus for use in
potentially explosive atmospheres;

•

The Institute of Petroleum: Model code of safe practice for the petroleum industry;

•

BS 5908 (1990): Code of practice for fire precautions in the chemical and allied industries.

As discussed in Section 3.1, permit-to-work and control of ignition source systems are dependent
on the area classification process but are dealt with separately here, in Sections 3.3 and 3.4,
respectively.
Limitations of hazardous area classification
As discussed by Cox et al (1990), current approaches to hazardous area classification have
various limitations, including (in some cases) excessive conservatism, inconsistency between
codes, and their inadequacy with respect to indoor plants. Jones (1989) states that the British
Standards Institute (BSi), having set out the basic safety concept through codes such as BS-EN
60079, “have endorsed the principle of specific industry codes” in order to provide more detailed
guidance for a particular industry. It is important to note that all of these variants of area
classification standards, some of which are listed above, carry the same list of exclusions, which
include the manufacture of explosives, certain mines, and areas including flammable dusts or
fibres. Most importantly in the context of this study, current codes do not attempt to cover events
arising from ‘catastrophic’ failures.
Catastrophic failures are not covered by the codes since the plant design, and Preliminary Hazard
Analysis and Hazard and Operability Studies, are required to ensure that the risk of such events
occurring is acceptably low. (It should be noted that elimination of risk is seldom possible, hence
the requirement for an ignition probability model to determine the impacts associated with the
residual risk of catastrophic releases occurring.) The codes aim to provide practical methods of
preventing accidents in regions where flammable substances may normally occur (with various
grades, or frequencies). They will, therefore, control ignition sources over areas of the site that
are relatively local to potential flammable releases.
This study relates to the extreme, and therefore very rare, event of a large-scale, or catastrophic,
release occurring. In these instances, it may be expected that the flammable release will extend
beyond the areas covered by area classification, and into the non-hazardous areas where there are
no formal ignition controls. Therefore, a key aim of this study must be to identify ignition
sources that will occur in non-hazardous areas, and the extent to which controls or procedures
may exist in these areas.

3.3

Permit-to-work systems
“A permit-to-work system is a formal written system used to control certain
types of work which are identified as potentially hazardous. It is also a means
of communication between site/installation management, plant supervisors and
operators and those who carry out the hazardous work.”
Oil Industry Advisory Committee (1991)
A permit-to-work system aims to ensure that proper consideration is given to the risks of any
non-routine work. It is a written document, which authorises certain people to carry out specific
work, at a certain time, and sets out the precautions required to ensure that the job is completed
safely.
The most common use of permit-to-work systems is in maintenance operations. Often
maintenance will involve the creation of potential ignition sources in classified areas, where no
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ignition source should be allowed. A permit-to-work will specify the necessary precautions to
ensure that such an ignition source can be safely tolerated and so normal zone classification may
be regarded as being in abeyance while (and only while) a permit system is in operation.
Scott and Crawley (1992) describe some of the features required of an effective permit-to-work
system, where “the aim is to communicate the requirements clearly, with sufficient detail to
minimise the chance of accidents occurring but without over-elaborating such that short cuts may
be encouraged.” The following list of features, which should apply to all permit systems,
summarises the main points raised by Scott & Crawley, IP (1993) and OIAC (1991).
•

Clearly describe the work that is to be carried out;

•

Ensure the proper authorisation of designated work;

•

Make clear the exact nature of the job and the hazards involved, including any limitations on
the extent and time-scale of the work;

•

Specify the precautions to be taken, including isolation and gas testing;

•

Ensure the person in direct charge is aware of all the work being done;

•

Ensure clear labelling of equipment or areas that are out of use;

•

Provide a system of continuous control and a record showing that the work and precautions
have been properly checked;

•

Display permits at the work site and main, or permit, control rooms;

•

Provide a procedure for when work has to be suspended;

•

Provide a procedure for cross-referencing of permits for activities that may interact;

•

Provide a formal hand-over procedure, for shift-changes, etc.;

•

Provide a formal hand-back procedure.

The above points cover the main aspects required for an effective permit. A further, essential,
feature is the need to be aware of human factors. Adequate levels of training, supervision and
monitoring must be provided to minimise the potential impacts of either conscious or
unconscious incompetence. Permit-to-work systems are used to control work that has human
involvement, and so even the most well designed permit system cannot guarantee that mistakes
will not occur. Some examples of frequent areas of failure, and recommendations for minimising
the occurrence of such incidents, are given in the following section.
Limitations of permit-to-work systems
Maintenance accidents are typically caused by a number of factors, such as a lack of preparation,
failure to implement a safe system of work, change of intent during a job, residual hazards, poor
communication or obscure identification. Permit-to-work systems play a key role in eliminating
such accidents although, as discussed earlier, simply having a permit system does not prevent
accidents.
Data from several sources is reviewed in detail in Appendix C. Although based on a limited
number of incidents, this analysis suggests that around a quarter of accidents involving fire or
explosions are caused by actions that occur, or should occur, under a permit-to-work system. The
key points, or conclusions, derived primarily from the IChemE database of incidents (1999), but
also using data from Worsell (1996) and Lees (1996), are summarised below.
•

A common theme, which was apparent across all of the incidents reviewed, was that the
hazards associated with the task were not adequately assessed pre-job. This is an important
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aspect which, if neglected, can lead to inadequate equipment and procedures being specified.
This commonly occurs if existing permits are modified for a new task, rather than fully
assessing the new activity.
•

Approximately a third of the reviewed incidents involved cases where maintenance was
conducted without a permit-to-work system being in place (or where an existing permit-towork system was simply not used).

•

A small number were cases where a seemingly adequate permit system was available but
was not followed correctly, which indicates that the levels of training and/or supervision
were inadequate.

•

Approximately a half of the reviewed incidents involved permit systems that were
inadequate.

The latter case, of inadequate permit systems, highlights the key facts that simply issuing a
permit does not make a job safe, and that all safety aspects must be carefully assessed as part of
an overall system. Further analysis of these ‘inadequate permit’ incidents showed that the causes
were split roughly evenly between the following areas.
•

Exact role of task not fully, or correctly, specified,

•

Inadequate supervision being provided,

•

Poor communication procedures (particularly relating to suspensions and multiple permit
situations),

•

No, or inadequate, gas monitoring.

The proportions of each type of permit failure given above must be treated with a great deal of
caution when drawing from such a small data set, but provide a useful indication of the extent to
which the different problems may occur. The key conclusions, or preventative measures, arising
from the incident data are:

3.4

•

The potential hazards associated with all maintenance work should be assessed at a high
level so that a permit is always issued when necessary.

•

High level support should always be provided to ensure that all permits are followed through
correctly.

Control of ignition sources
Minimising the occurrence of ignition sources on or around any installation which has the
potential to release flammable substances is clearly of great importance. Although it is
considered as a separate section here, the control of ignition sources is an essential and dependent
aspect of the broader hazardous area classification safety approach. The basic aim is to have no
fixed sources of ignition within a hazardous area and to carefully control any mobile or
temporary sources that may occur.
Most of the area classification standards discussed in the previous sections have been developed
for the purpose of controlling electrical equipment. Thus, clear guidelines exist for the control of
electrical ignition sources and an ‘approval coding’, or certification, system is in place to ensure
that electrical equipment can be specified with the appropriate level of safety for each zone.
Many of the codes also specify the controls required for non-electrical ignition sources, although
they are generally less well developed and often involve “appreciable judgement”.
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The main recommendations that exist, for the control of both electrical and non-electrical
ignition sources, are summarised briefly in the following sections. In each instance, consideration
is given (in italics) to the most likely ways in which the ignition controls may fail, or simply not
be used. These points aim to provide a basis for the ignition probability model to assess the
realistic probability of ignition – rather than the idealised assumption that all ignition controls are
effectively implemented and maintained.
3.4.1

Electrical components
If the properties of a particular plant are known, clear guidelines are available which indicate the
type of electrical apparatus that is permitted in each zone. The standards are internationally
recognised, so certified equipment is readily available for almost any function.
Potential for failure of controls:
In addition to a basic failure to meet the regulations through using incorrect equipment in a zone
(which should be prevented by the fire certification process), potential failures of the ignition
source control system are:

3.4.2

•

insufficient maintenance so that mechanical damage, corrosion, etc., compromises the
protection of the equipment,

•

temporary use of equipment inappropriate to the particular zone,

•

changes to plant leading to extended zones without upgrading the electrical equipment.

Mobile sources
Varying degrees of protection exist for mobile equipment driven by combustion engines, which
is covered in more detail by Sections 3.4.6 and 3.4.7, otherwise mobile sources should only be
used under permit control. It is important to note that permit controls may extend to non
hazardous areas.
Potential for failure of controls:
Potential failures are the same as those described for permit systems in Section 3.3.

3.4.3

Hot work
Hot work (which is considered by the IP (1993), and other, codes to include “unprotected mobile
engines and plant”) should always be undertaken under permit control. The basic controls are
listed below, while the codes also give more detailed recommendations.
•

eliminate continuous and primary grades of release and ensure rapid detection of secondary
releases,

•

avoid any unnecessary ignition sources,

•

stop the work if releases are detected.

Potential for failure of controls:
Potential failures are the same as those described for permit systems in Section 3.3.
3.4.4

Hot surfaces
Parts of both the IP code (1993) and BS 5345 (1989) give tables of autoignition temperatures
(AIT) for appropriate fluids. The exact AIT is dependant on factors including the concentration
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of the flammable mixture and the contact time between the mixture and the hot surface so only
‘good practice’ guidelines can be given, rather than precise recommendations.
In open air very hot surfaces should be avoided, which Jones (1989) suggests applies to closed
processes with an internal fluid temperature above 650oC. For areas with restricted ventilation:
(i.) avoid surfaces more than 50oC above the AIT of any likely release, and (ii.) where a range of
vapours may be exposed (i.e. varying AIT) a limit of 230oC is recommended.
The IP code (1993) also warns that these limits may not be adequate if catalytically active
surfaces (such as surfaces covered by oily rags, etc.) are present and specifies that oil
contamination and accumulation of oily rags should be avoided.
Potential for failure of controls:
As for electrical equipment (Section 3.4.1), correct design coupled with the fire certification
process should ensure that the above guidelines are adhered to. The main reason for failure to
occur would be failure to maintain the designed condition through insufficient maintenance, use
of temporary equipment or changes to the plant.
3.4.5

Heaters and furnaces (flames)
The location of heaters, furnaces and specialised equipment that includes flames is an area often
left to “experienced judgement” by the various codes. The IP code (1993) states that such items
should be located as far as is practicable from hazardous areas.
Potential for failure of controls:
Strong ignition sources such as this will not be located in an area where any form of flammable
substance is expected to occur. However, they will exist in non-hazardous areas, and so the main
potential for failure of controls is, in this case, simply the occurrence of a major release.

3.4.6

Combustion engines
As discussed in Section 2, there are a number of ignition sources associated with engines. The IP
code states that engines of any kind are “unacceptable in zone 0, undesirable in zone 1, and
should be avoided where possible elsewhere”. Mobile units are covered by the use of permits,
while a series of guidelines are given by the IP for permanent installations. The key point of
these guidelines is that petrol and LPG driven engines are not permitted in hazardous areas,
leaving diesel engines and gas turbines as the main alternatives. Other recommendations relate to
siting and ventilation requirements.
Various codes for the use of diesel engines exist, and the IP adopts those established for offshore
practices through the OCMA “Recommendations for the protection of diesel engines in
hazardous areas”. These include the specification of quick shutdown mechanisms, spark arresters
on exhausts, quick closing air intake valves, and additional requirements for more specific
applications.
Potential for failure of controls:
Most of the potential failures discussed in Section 3.4.1 to 3.4.5 apply to the use of engines, in
particular those associated with permit systems and changes (through lack of maintenance, etc.)
to equipment.
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3.4.7

Road and rail vehicles
Road and rail traffic are regarded as ignition sources and have restricted entry into hazardous
areas, and so are controlled by special permit systems (since the unloading of tankers is an
infrequent aspect of normal operation). Note that road and rail tankers are subject to separate
regulations to diesel engines. Both are permitted to enter hazardous areas under strict control
only, where rail locomotives must be withdrawn and road tankers must have engines and all
electrical systems shutdown before any loading or unloading commences.
Details of the specific static protection required in the loading or unloading of petroleum
products are also given in codes produced by both IP and IGE, and general examples are given in
BS 5345. Loading gantries should be electrically continuous, bonded to any connections and
pipelines, and separately earthed. A flexible cable, with clamping device, should be provided to
earth the vehicle at all times that any loading procedures take place. In the case of rail tankers,
the tracks in the loading area must be bonded together and earthed and should be isolated from
parts of the track outside of the loading area.
Potential for failure of controls:
Because of the high risk associated with the loading and unloading of flammable substances,
strict controls may be expected to be in place. One of the main possibilities for failure in this
case is that, being a regular operation, such controls may become treated as mundane and
procedures may not be followed properly.

3.4.8

Static & lightning
Petroleum distillates are static accumulators and so good earthing and bonding are always
required. Detailed guidelines are given by a number of the codes, particularly Part I of BS 5345
(1989) on the earthing and bonding requirements to prevent ignition from static, electrical faults,
lightning, cathodic protection and radio-frequency induction. The main recommendations are that
all conductive surfaces are electrically continuous and earthed. Further details are given in codes
BS 5958 (general static) and BS 6651 (lightning).
The BSi code for chemical sites, BS 5908 (1990) gives similar guidelines, and also discusses the
prevention of static from personnel causing ignition via anti-static or conductive floors and
footwear (which are detailed further in BS 2050). Also discussed are other means of increasing
the rate of dissipation of electric charge such as increased humidity and anti-static additives.
Potential for failure of controls:
Due to the nature of static and lightning, the conditions that may lead to ignition may be in place
for a long period of time without actually causing ignition. Thus, there is some scope for design
or operation of plant or equipment without such a condition being immediately obvious.
Assuming that the facility is designed correctly, the most likely failure of the above guidelines
will arise through faults or maintenance rather than normal operation.

3.5

Summary - ignition source controls
This section has reviewed the various codes, standards and regulations that apply to hazardous
installations, and presented they key methods of controlling the ignition sources which can occur.
A key aim of the work in this study, which will be developed further in Sections 4 to 6, is to
estimate to what extent these regulations are actually followed on sites. It should be noted that
the extent to which ignition controls occur in non-hazardous areas must be considered in this
study, which deals primarily with large, or catastrophic, releases, and is therefore potentially
even more important than determining which controls may fail in classified areas.
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Table C.4 (Appendix C) lists the ignition sources that were identified in Appendix A (Table A.7)
and summarises the methods that are in place to control each type of ignition source. The table
indicates whether the identified ignition source is expected to occur within a hazardous area (all
sources are assumed to potentially occur in non-hazardous areas) and indicates the likelihood of
the controls succeeding in preventing ignition.
Based on the broad assessments given in Table C.4, a framework system for ranking the
effectiveness of ignition controls is given in Table C.5 (Appendix C). This table is reproduced
below in summary form as Table 3.1. Factors have been proposed that can be applied to either
the ignition potential, the density or the duration of an ignition source, as appropriate. If the
basic parameters of an ignition source are determined without consideration of the controls
applied, the potential variation due to the quality of ignition controls is determined by applying
the relevant factor. Alternatively, the factors can be combined to derive parameters for other
control levels from a base case parameter that is derived for a ‘typical’ level of ignition control.
The estimates of both the ignition source parameters and the effectiveness of ignition controls
contain a certain degree of qualitative judgement. The aims of the remainder of the study are to
determine these parameters and levels of control in more detail, in order to:
•

identify zones or areas where the overall risk of ignition is comparable, for use in the on-site
ignition probability model,

•

assess the density, and other parameters, of ignition sources within each of these areas.

Ignition
control
Ideal

Factor
0

Overall probability of ignition
None

Design and maintenance ensures no ignition source at any time

Excellent

0.1

Minimal

Well designed and maintained – ignition only arising from rare
events

Typical
(good)

0.25

Limited

Designed to meet standards and maintained regularly – ignition
eliminated in normal operation, but potential for failure of
systems or changing circumstances to result in occasional ignition
source

Poor

0.5

Poor

Does not meet precise standards and poorly maintained –
significant potential for ignition sources to occur

None

>0.5

None

No adherence to standards and little maintenance – significant
potential for ignition sources to occur

Table 3.1: Framework ranking system for quality, or effectiveness, of ignition source
controls
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4.

ON-SITE IGNITION SOURCE PARAMETERS

4.1

Introduction
Data that defines the properties of on-site ignition sources (strength, frequency and duration of
activity, and density) has been collated for a number of land-use types. These land-use types are
areas of a site that will have consistent levels of ignition probability, so that ignition source
parameters within each area can be fixed. A specific site can then be modelled by mapping the
site using blocks of the different land-use types that are most relevant to that site.
This section summarises the parameters, and the assumptions made in defining the parameters,
for each land-use type and defines a typical site, which can be used to demonstrate the model and
assess its sensitivity to the various parameters. The derivation of the land-use types and the
ignition source parameters within them is presented in detail in Appendix D.
The land-use types selected, and the parameters to be defined for each, are described briefly in
Sections 4.2 and 4.3, respectively. The potential for variations to occur due to the quality of
ignition controls is discussed in Section 4.4. Parameters for each land-use type are defined in
Sections 4.5.1 to 4.5.14, for a base case and for the realistic upper and lower bounds of ignition
probability, and summarised in Tables 4.1 to 4.3.
Results, and sensitivity analysis, of the model, using the parameters derived in Sections 4.2 to 4.5
are presented in the following section (5), which also defines the base case site layout used in
developing and testing the model.

4.2

Generic land-use areas
The different areas listed in Table 4.1 are intended to represent all of the areas, in terms of
ignition probability, that may occur within a hazardous installation. Descriptions of each area, or
land-use type, are given in Section 4.4, which summarises the ignition sources parameters that
apply to each. Different levels of control may be applied from site to site, as discussed in more
detail in Section 4.4, but the basic parameters defined for each of the land-use types listed should
be representative of the typical conditions in the equivalent area of any site.
The land-use types listed in Table 4.1 are defined separately for classified (i.e. hazardous area
classification zones, where ignition controls should apply) and non-hazardous areas, and also for
sources that are indoors or outdoors. In some cases the same land-use type may occur in either
classified or non-hazardous areas and separate parameters are defined for each. Similarly,
separate land-use types are defined where the same parameters may occur indoors or outdoors
(referred to as internal or external areas or sources throughout the following sections).
It should be noted that the titles of each land-use type aim to describe the function of each area,
although areas containing very different ignition sources may have similar levels of overall
ignition probability. The model is intended to be flexible, so that the various parameters can be
adjusted for a specific site if required, although the primary use will be in modelling specific sites
with the default land-use types and their ignition parameters. Therefore, the user can map a
particular site from the list of land-use types without needing any knowledge of the ignition
source parameters in each set. There should be no requirement for additional areas, although the
model can be easily modified if a specific site has particular ignition source characteristics.
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Ref.

Land-use type

Classification

Location

1

Car parks

Non-hazardous

External

2

Roads

Non-hazardous

External

3

Controlled roads

Classified

External

4

Waste ground

Non-hazardous

External

5

Boiler house

Non-hazardous

Internal

6

Flames: continuous

Non-hazardous

Internal

7
8

External
Flames: infrequent

Non-hazardous

9
10

Internal
External

Flames: intermittent

Non-hazardous

11

Internal
External

12

Kitchen facilities

Non-hazardous

Internal

13

Process area – ‘heavy’ equipment

Non-hazardous

Internal

14

Process area – ‘medium’ equipment

Non-hazardous

Internal

15

Process area – ‘light’ equipment

Non-hazardous

Internal

16

Classified area

Classified

Internal

17

External classified area

Classified

External

18

External storage area

Non-hazardous

External

19

Office area

Non-hazardous

Internal

Table 4.1: Generic land-use types defined in on-site ignition probability model
4.3

Ignition source parameters
The parameters, referred to in the following sections, that are used to define each ignition source
in the model are summarised below (and defined in more detail in Appendix B).
•

Each different ignition source must be identified and the density, µ, of each determined (in
units of hectares-1).

•

If the source is intermittent, the period for which the source is ‘active’, ti, and the period
between each activation, ta, must be specified. From these values the frequency (per min),
λ, at which the source becomes able to ignite the gas, and the probability of the source
being active initially, a, can be calculated.

λ = 1 / (ta + ti);

a = ta / (ta + ti);

•

The probability of ignition, p, or ignition potential, is the basic probability that ignition will
occur when the source is active and in contact with the gas, i.e. is surrounded by a
flammable gas cloud.

•

The model also accounts for whether the ignition source is inside or outside a building, so
‘location’ needs to be specified for each source.
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4.4

Ignition controls
In deriving the ignition source parameters for each land-use type, Appendix D provides an
estimate of the base case parameters and uses the proposed framework for the quality of ignition
controls given in Section 3.5. Where appropriate, the parameters are given for ‘ideal’, ‘excellent’,
‘poor’ and worst-case (denoted ‘none’) ignition controls, in addition to the base case. Sensitivity
studies based on the potential variations in the controls are also presented in Appendix D. It is
concluded from the analysis in Appendix D that having three levels of ignition control quality is
more appropriate than the five indicated above. Although the categories proposed in the
framework system are useful in analysis of a particular source, the significant variation in the
form that each control takes means that a generic framework cannot be too detailed. It is found in
many of the categories assessed in Appendix D that the impact of individual controls on the
overall ignition probability is very small. It is the overall safety culture of a site that is critical in
terms of ignition potential, so that a wide range of controls are effectively implemented, and so
the range of controls is simplified in this section to cover ‘good’, ‘typical’ and ‘poor’ categories
of ignition controls.
The following categorises are therefore used in the following section to give the base case and
lower and upper bounds on the probability of ignition in each land-use type:
•

‘Typical’ levels of controlling ignition sources are those associated with the base case
parameters. The parameters are identified as being typical of a standard site, incorporating
the level of control that is considered to be the most realistic for a typical hazardous
installation.

•

‘Good’ levels of control are intended to represent the highest level of control that is
practical, in order to provide a lower bound estimate of the ignition probability. It should be
noted that the emphasis is on determining a practical maximum level, rather than the
theoretical, since in an ideal case the probability of ignition would be zero.

•

Similarly, the ‘poor’ control of ignition sources category aims to represent the minimum
level of control that may occur in practice. This is intended to provide a worst-case estimate
of ignition probability, although the emphasis is on realistic assumptions, since all hazardous
installations are licensed and regulated and it is reasonable to assume that few operators of
hazardous installations encourage ignition sources to occur.

The latter point illustrates a key aspect of the modelling in this study, which is that the controls
identified in Section 3 are all applied to hazardous installations. Thus classified areas will always
exist and the basic ignition controls will be applied to these areas. The variations in the quality of
ignition controls that may occur within classified areas will have a significant impact on the
probability of ignition of small releases. However, because of the relatively high risk of such
releases occurring (classified areas contain plant or equipment with the potential for release of
flammable gas, hence the use of hazardous area classification), even the most poorly controlled
sites will have very infrequent failures of ignition controls within classified areas. The low
frequency of the occurrence of such failures in these areas means that they will have a minimal
impact on the probability of ignition of the site as a whole, i.e. when viewed with respect to
catastrophic releases which, even if they originate in classified areas will spread to non-classified
areas. In other words, when dealing with catastrophic releases, the degree of ignition controls in
classified areas is of little significance when compared with the variation in the informal controls
that may apply to the non-hazardous areas of the site.
It should be noted that the parameters in the following section are estimates, both with respect to
the base case values and the quality of controls applied. All of the assumptions used are stated in
Appendix D so that parameters can be varied for specific installations if required. Sensitivity
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analysis showing the potential variations in key parameters is also presented in Appendix D, for
individual land-use types, and further analysis is given in Section 5 for the base case site as a
whole.

4.5

Generic ignition source data

4.5.1

Car park areas
This area covers main car parking areas and any roads where only traffic heading to and from a
car park will occur. Such car parks will primarily accommodate employee’s cars and any visitors,
and will be a non-hazardous area. Since the area is ‘on-site’ some controls may exist, such as
barriers or gates where ‘unauthorised’ and/or ‘unsafe’ vehicles may be prevented from entering
the site.
The frequency and density of vehicle ignition sources is relatively high and so additional ignition
sources, such as maintenance activities and static from vehicle occupants are not considered to be
significant, because of their low frequency and ignition strength, respectively.
The ignition source due to vehicles is split into two categories, defined as ‘rush hour’ and ‘other’
vehicles. An additional ignition source, due to smoking is defined for sites where smoking is not
prohibited in car park areas.
‘Rush hour’ vehicles:
•

The previous phase of the study, by Rew et al (1998), used an ignition strength of 0.1 for
vehicles, where the primary cause of ignition is the activation of starter motors. Due to the
nature of car parks, there will be a higher incidence of ‘starting’ than in general traffic and
so the ignition strength used here is increased to 0.2.

•

Peaks in traffic movement in and out of car parks will occur immediately before and after
each shift. It is assumed that, for each car, this is equivalent to a single source occurring for
3 minutes at the start and end of every shift (i.e. a total of 6 minutes per car per shift), where
a shift is assumed to be of 8 hours duration.

•

The density of traffic (i.e. sources) during this time is taken as a typical number of cars per
hectare, based on analysis of several sample sites.

‘Other’ vehicles:
•

The ignition strength is taken as 0.2, as defined above for ‘rush-hour’ vehicles.

•

General traffic movement, through visitors and casual traffic, is assumed to be equivalent to
1 visitor entering and leaving the site per hour (again, providing an active source for a total
of 6 minutes, as above).

•

The density of 1 vehicle in the car park area at a time is taken as equivalent to 3 cars per
hectare, based on analysis of several sample sites.

Smoking (in car park):
•

If the car park area has no ignition controls at all, it is assumed that some drivers may smoke
in the car park area. This is, conservatively, assumed to provide a continuous ignition source
over a five minute period, at both the start and end of each shift, with an ignition potential of
1. The density of this source is taken as 5% of that of cars in the car park.
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The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. The
equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in Tables 4.3
and 4.4, respectively, where changes from the base case are shown in bold and the key
assumptions are summarised below.

4.5.2

•

There is not considered to be a practical means of increasing the control of vehicle ignition
sources, although for the ‘poor’ control case the ignition strength is increased to p=0.3, to
allow for the possible failure to prevent faulty vehicles (providing relatively strong ignition
sources) from entering the site.

•

A well controlled site (i.e. with ‘good’ ignition controls) will prohibit smoking in all areas,
while the frequency of smoking ignition sources is arbitrarily doubled to represent a ‘poor’
control case where a higher level of smoking may occur.

Roads (non-hazardous)
This area covers all roads on site where vehicle movements may occur without any controls,
other than those required for site access. In addition to the ignition sources due to ‘rush hour’ and
‘other’ vehicles, as defined for the Car park area above, there will be an additional category of
vehicles due to deliveries to the site. Smoking will not occur in this area, but an additional
ignition source is included to account for traffic control measures, such as automatic barriers.
As for Car park areas, the frequency and density of vehicle ignition sources is relatively high and
so additional ignition sources, such as maintenance activities and static from vehicle occupants
are not considered to be significant, because of their low frequency and ignition strength,
respectively.
‘Rush hour’ and ‘other’ vehicles:
•

The parameters will be the same as defined in Section 4.5.1, except that the ignition
strengths will be 0.1, since the vehicles will not ‘start-up’ in this area.

‘Delivery’ vehicles
•

It is assumed that vehicles delivering to a hazardous installation will be diesel only (as
specified by the Institute of Petroleum Code (1993)), and will be maintained regularly, so
that the ignition potential will be no more than 0.1, as used by Rew et al (1998) for general
vehicles.

•

It is assumed that each vehicle movement along the road (in either direction) provides an
active ignition source for 3 minutes. It is also assumed that each site receives one delivery
every ½ an hour (while the site is operational), which gives an average of 6 minutes activity
every 30 minutes, accounting for return journeys.

•

It should be noted that a typical number of deliveries to a site, per day, should be available
for a particular site and so the frequency of vehicle ignition sources can be varied by the
user if required.

•

The default density value is based on one vehicle at a time on a non-hazardous area road
from analysis of a typical small-medium sized site.

Traffic controls
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•

It is assumed that some degree of electrical equipment will be involved in ‘traffic controls’
on a typical site and that the combined effect of any traffic signals, electrical barriers, CCTV
or lighting that occur will be equivalent to a strong but intermittent (i.e. occurring
instantaneously) ignition source, activated, on average, once every 15 minutes1. The density
is derived in the same way as for the delivery vehicles above.

The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. The
equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in Tables 4.3
and 4.4, respectively, where changes from the base case are shown in bold and the key
assumptions are summarised below.

4.5.3

•

There is not considered to be a practical means of increasing the control of vehicle ignition
sources, although for the ‘poor’ control case the ignition strength is increased to p=0.2, to
allow for the possible failure to prevent faulty vehicles (providing relatively strong ignition
sources) from entering the site.

•

A site with ‘good’ ignition controls is assumed to have traffic controls that are well
maintained and will not provide any ignition source, while the frequency of activation of the
traffic controls ignition source is arbitrarily doubled to represent a ‘poor’ control case.

Controlled roads (classified areas)
This area covers roads on site that will only be used by ‘delivery’ vehicles and access should be
strictly controlled since some, or all, of such an area will come under hazardous area
classification requirements. It is assumed that these areas will have no additional ignition sources
other than those associated with traffic.
Static from vehicles and vehicle occupants may become a, relatively, more significant factor in
these areas, although the risk will remain small and is assumed to be covered by the conservative
value of vehicle ignition source potential.
‘Delivery’ vehicles
•

The ignition potential is taken as 0.2, as discussed in more detail in Section 4.5.1, since
vehicle ‘start-up’ will be a significant feature in this area (before each return journey, and
possibly while manoeuvring). Other parameters are as given in Section 4.5.2.

The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. The
equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in Tables 4.3
and 4.4, respectively, and are derived in the same way as given in Section 4.5.2 for the vehicle
ignition sources in the Roads area.
4.5.4

Waste ground
This land-use type allows for areas of site where no ignition sources will exist (even as a ‘non
hazardous area’, where no controls will apply). There are no ignition source parameters specified
for this area.

1

Based on the sensitivity analysis conducted in Appendix D, the frequency of activation of the traffic control
ignition source given in the initial base case (Appendix D) has been decreased.
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To allow for an absolute worst-case scenario, an ignition source could be applied to this area to
allow for accidental fires occurring. There is also potential for maintenance activities or other
work, leading to ignition sources, occurring in such an area with little or no controls. It is
considered that defining such events is unnecessary, since their occurrence should be extremely
infrequent, even in a poorly controlled hazardous installation. However, the model will be set-up
with two versions of this land-use type defined, so that the second may be adjusted to define any
‘additional’ ignition sources / land-use that are identified for a specific site.

4.5.5

Boiler house
This area covers rooms (or buildings) with air intakes to boilers or boiler systems.
Although it is accessed indirectly, via the air intakes, the flame or pilot light of the boiler must be
assumed to have an ignition potential of 1. Because of this strong source, the effect of any
additional ignition sources that may occur is neglected, since it is assumed that any flammable
mixture reaching the air intakes of the boiler will ignite.
•

The default assumption is that the boilers will not be required as part of any plant processes,
and so will be used for space and water heating. In this case it is estimated that, on average,
a boiler will provide an active ignition source for 2 hours during each shift.

•

Given that a flammable release reaches the outside of a boiler house, the air / fuel mixture
will be almost certainly drawn in and the ‘ignition source’ is effectively the air intakes. The
density will be high, within the defined boiler house area and is estimated as being the
equivalent of 200 sources per hectare.

The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. The
equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in Tables 4.3
and 4.4, respectively, where changes from the base case are shown in bold and the key
assumptions are summarised below.

4.5.6

•

Typically, a boiler house will be located in a non-hazardous area and no controls will be
applied to the system. It may, however, be possible that a well-controlled site will have some
form of gas detection system linked to automatic shutdown of the boiler. A lesser form of this
may be that sites have an alarm for major releases, which will automatically trip the boiler. In
order to reflect the potential for reducing the ignition probability due to boilers by these
means, the ignition potential is reduced to 0.5 for the ‘good’ control category.

•

Since the base case assumption is that no controls will be applied to the boiler house, the
‘poor’ ignition controls case is the same as the base case.

•

Because the boiler house represents a significant ignition source it is important that, for a
specific application of the model, consideration is given to the type of boiler and any
controls that may be applied that may reduce the parameters defined here.

Flames, etc.
Six different land-use types are defined in order to represent any areas containing strong ignition
sources, such as flares, furnaces and any other processes where open flames may occur. Strong
ignition surfaces such as these will only occur in non-hazardous areas, even in poorly designed,
or controlled, sites. The (potential) additional source that may be provided by maintenance
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activities is not considered to be significant in relation to the strong, and frequent, ignition source
provided by the flame (or whichever ‘strong’ source applies).
The following different types of “Flame” land-use type are defined because of the potential
variation in the frequency of occurrence of such sources. The ignition potential of each source
will be 1, while active.
•

Continuous processes (such as vaporisers).

•

Infrequent processes. This aims to represent processes, such as flaring of gases, which may
occur relatively infrequently but for a sustained period. A representative pattern is assumed
to be a flame being active for 1 hour at a time, once a day.

•

Intermittent processes. This aims to represent more frequent but shorter duration processes,
such as welding and other workshop activities, or processes, involving hot work. A
representative pattern is assumed to be a flame (or very strong source) being active for 5
minutes every hour (during plant operating hours).

Each of the above cases may occur either indoors or outdoors, so that six different areas are
defined in the model.
Similarly to boiler houses (discussed in Section 4.5.5), if a flammable release reaches an area
specified as a strong source, ignition will be almost inevitable. The aim of the model will be to
identify such areas quite precisely and, therefore, to set the density of sources within each
relatively small area as being high (to reflect the likelihood of ignition, rather than the actual
density of sources). The density is therefore assumed to be the same as that estimated for boiler
houses.
The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2 for the six
different variations of the “Flame” land-use type. The potential variation in the given parameters
due to different levels of control are as given in Section 4.5.5 for the Boiler house land-use type.
That is, the same parameters apply to the ‘poor’ ignition controls case and the ignition potential
is reduced to 0.5 for ‘good’ control, as illustrated in Tables 4.3 and 4.4.
4.5.7

Kitchen facilities
This will, primarily, represent rest rooms and similar areas, where cooking facilities may be
available for staff use. Also considered should be large-scale facilities for sites that may have a
canteen catering for a relatively large number of staff. The ignition sources in these areas will be
due to electrical (and other cooking) equipment and smoking.
Smoking
•

Tests by Jeffreys et al (1982) demonstrate that the ignition source related to smoking is, in
almost all instances, due only to lighters or matches, and burning cigarettes produce a
negligible risk of ignition.

•

It is conservatively assumed that the equivalent ignition source from smoking is the
continuous lighting of cigarettes over a 5 minute period at the start of each break, where
breaks are assumed to occur every 2 hours.
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•

Based on analysis of typical rest area dimensions, the density within each area will be
approximately 200 per hectare 2.

Cooking equipment
•

The base case assumption is that, even in non-hazardous areas, gas cooking will not be
employed. Various electrical elements may provide an ignition source, such as toasters, hobs
and kettles, due to hot elements or surfaces. These are, however, unlikely to provide strong
ignition sources and so a value of p=0.25 (corresponding to ‘weak to medium’ ignition
strength, based on the framework recommendations suggested by Rew et al (1998)) is
selected.

•

Cooking facilities, including kettles, may be used intermittently throughout a shift, with a
peak demand around ‘lunchtime’. The simplified assumption is that some form of ‘cooking
equipment’ ignition source will occur, on average, for 5 minutes every half an hour.

•

Not all rest areas will contain kitchen facilities, other than a kettle. To reflect this the density
given for smoking areas, above, is nominally factored down by 2.

The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. The
equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in Tables 4.3
and 4.4, respectively, where changes from the base case are shown in bold and the key
assumptions are summarised below.

4.5.8

•

In many hazardous installations, as well as being restricted to certain areas, smoking may be
controlled by the enforced use of ‘safe’ lighters. It is common practise to ban flame-type
lighters, and matches, from a site and to provide car-type lighters, which will provide a
much weaker ignition potential. This will not completely eliminate the ignition potential, but
to also allow for sites where smoking will not be permitted at all, the ‘good’ ignition control
case is taken as having no smoking ignition source.

•

The ignition potential for cooking equipment is assumed to follow the same pattern as given
by the framework for ignition controls in Section 3.5. Therefore, the ‘good’ ignition control
case (taken as being equivalent to the ‘excellent’ ignition control case, as defined in Section
3.5) uses a value of 0.1 and the ignition potential is doubled, to 0.5, for the ‘poor’ control
case.

Process area, ‘heavy’ equipment level (non-hazardous)
This area is aimed at covering rooms or buildings, in non-hazardous areas, where general plant
processes are conducted, with ‘heavy’ equipment. This level of equipment is defined in more
detail in Appendix E and corresponds to areas containing a high level of mechanical equipment
or machinery.
‘Heavy’ equipment levels are assumed to be dominated by mechanical equipment where a certain
level of hot surfaces (and/or friction) will occur. Most of the machinery will be enclosed, but the
hot surfaces will be exposed to the air within the site. Each machine is assumed to have a large
motor as well as several additional ignition source components such as compressors, pumps and

2

Based on the sensitivity analysis conducted in Appendix D, the density of smoking ignition sources given in the
initial base case (Appendix D) has been reduced, by a factor of 2, to compensate for the conservative assumptions
regarding the duration of each source.
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additional motors. All machinery will have a number of electrical components, some of which
may be high voltage.
The general ignition probability for ‘heavy’ equipment levels derived in Appendix E (Table E2)
is considered to represent a realistic estimate of the ignition parameters that will occur in the
equivalent areas of a hazardous installation. The parameters are defined as a single source,
equivalent to the different sources listed above, representing an area of approximately 200m2, so
that the equivalent density value is determined to be 50 such sources per hectare.
The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. The
equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in Tables 4.3
and 4.4, respectively, where changes from the base case are shown in bold and the key
assumptions are summarised below.
•

4.5.9

In this case, there are no specific assumptions regarding ignition controls since this land-use
type is intended to be a general representation of a particular ‘level’ of ignition probability.
Variation in the overall quality of ignition control between sites is reflected by the use of the
framework for ignition controls given in Section 3.5. Therefore, the ignition potential for the
‘good’ control case (taken as being equivalent to the ‘excellent’ ignition control case, as
defined in Section 3.5) is factored, from the ‘typical’ value to 0.2. Similarly, the ignition
potential is factored to 1 for the ‘poor’ ignition control case.

Process area, ‘medium’ equipment level (non-hazardous)
This area is aimed at covering rooms or buildings, in non-hazardous areas, where general plant
processes are conducted, with ‘medium’ levels of equipment. This level of equipment is defined
in more detail in Appendix E and corresponds to processes that are primarily electrical, with
some mechanical equipment.
It should be noted that this area is most appropriate for representing any buildings containing
processes where the potential ignition sources are not clear, i.e. should be used as the default
process area land-use type. It is also suitable for defining buildings such as pump houses and
small plant in non-hazardous areas, containing compressors, motors, etc., with no obvious high
strength ignition sources.
•

As for the ‘heavy’ equipment levels process area, discussed in Section 4.5.8, the parameters
are defined as a single source, which is derived as an equivalent to a combination of sources.

•

In this case, the general ignition potential for ‘medium’ equipment levels produced by the
ignition sources considered in Appendix E is slightly higher than would typically occur in the
equivalent areas of a hazardous installation. Therefore, the single set of ignition source
parameters, derived as the base case, uses a lower ignition potential for this application, as
also discussed in Appendix E.

The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. The
equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in Tables 4.3
and 4.4, respectively, where changes from the base case are shown in bold and the key
assumptions are summarised below.
•

As for the ‘heavy’ equipment levels process area, Section 4.5.8, variation in the overall
quality of ignition control between sites is reflected by the use of the framework for ignition
controls given in Section 3.5. The values of ignition potential used to represent the ‘good’
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and ‘poor’ levels of ignition control are factored in proportion to the ‘typical’ ignition
potential, which in this case is p=0.25.
4.5.10 Process area, ‘light’ equipment level (non-hazardous)
This area is aimed at covering rooms or buildings, in non-hazardous areas, where general plant
processes are conducted, with ‘light’ levels of equipment. This level of equipment is defined in
more detail in Appendix E and corresponds to processes containing primarily electrical
equipment only, with no hot surfaces or other strong ignition sources.
The parameters are derived in the same way as discussed in Section 4.5.9, for the ‘medium’
process area, and the base case, or ‘typical’, ignition source parameters are summarised in Table
4.2. The equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in
Tables 4.3 and 4.4, respectively, where changes from the base case are shown in bold and the key
assumptions are as given in Section 4.5.9.
4.5.11 Classified process areas (internal)
This area represents any process areas that are covered by hazardous area classification and
subject to the various controls that are discussed in Section 3 of the main report. Although this
area is termed “Classified process”, it is assumed that this land-use type may be applied to any
internal areas of a site that are covered by hazardous area classification. External classified areas
are considered separately in Section 4.5.12.
The ignition probability in zone 0 and zone 1 areas should be zero. While there is always
potential for failure of controls, the probability of such events occurring will be very low. It
should also be noted that process areas are designated as classified areas because of the relatively
high probability of flammable atmospheres occurring (arising from small leaks and normal
processes), so that there is a strong incentive for any ignition sources that do arise to be
eliminated quickly. Therefore, as discussed above, analysis of these areas with respect to
catastrophic releases is assumed to be covered by analysis of a single area, which will be based
on the potential for ignition sources to occur in zone 2 areas.
There is potential for either very weak, or very infrequent, ignition sources to occur within zone
2 areas. However, as discussed above, any low level of ignition probability in classified areas in
a typical site will be insignificant (in terms of catastrophic releases) in relation to the stronger
ignition sources that occur in other areas of a site. Therefore, the base case ignition potential for
classified areas is also considered to be zero.
The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. The
equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in Tables 4.3
and 4.4, respectively, where changes from the base case are shown in bold and the key
assumptions are summarised below.
•

Material handling equipment or vehicles (such as fork trucks) may be used in zone 2 areas,
although their use should be controlled so that there are no ignition sources. To account for a
potential variation in control levels, it is assumed that sites with ‘poor’ quality ignition
controls may use inappropriate vehicles or equipment so that a weak ignition source occurs.

•

The ignition potential in this case is assumed to be 0.05 (corresponding to a weak ignition
source from the framework ignition ranking used by Rew et al, 1998). It is assumed that the
material handling equipment will be used regularly in site operations, corresponding to 5
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minutes of active ignition source every half an hour. The density, based on analysis of
several sample sites is assumed to be equivalent to 50 such sources per hectare.
4.5.12 External classified areas
This area represents any external areas that are covered by hazardous area classification and
subject to the various controls that are discussed in Section 3. As for the internal classified areas,
this land-use will be considered as a single area, rather than treating zones 0, 1 and 2 separately.
It is aimed at covering all external parts of a site that are classified except those where delivery
vehicles may occur, which are covered by the Classified road land-use type, which is presented
in Section 4.5.3.
In some hazardous installations, where large storage areas are required, this area will be the most
common form of land-use on the site.
•

The same basic parameters and assumptions will apply as for the internal classified areas in
Section 4.5.11. However, in this case, it is assumed that the implementation of controls is
more difficult outside (because of the larger areas involved) so that the risk of weak or
infrequent ignition sources occurring (such as static, faults in material handling equipment) is
greater than for the equivalent internal area. Therefore, the parameters presented in Section
4.5.11 as the ‘poor’ level of ignition control for internal classified areas are taken as the base
case for the equivalent external areas.

•

From Section 4.5.11, the base case assumption is that some material handling activity (such
as fork-lift trucks) will occur for 5 minutes in every hour. This activity will have a very weak
ignition potential associated with it, of p=0.05. In the case of external areas, however, it is
assumed that the density of potential ignition sources will be lower, at approximately 25 per
hectare.

The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. The
equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in Tables 4.3
and 4.4, respectively, where changes from the base case are shown in bold and the key
assumptions are summarised below.
•

The same parameters are assumed to apply in the ‘poor’ ignition control case, except that the
ignition potential and the frequency of activation are both doubled, to account for controls
being less stringently applied outdoors.

•

It is considered that, in this case, the ‘typical’ level of ignition control cannot, realistically, be
improved upon, i.e. the base case values also apply to the ‘good’ ignition control case.

4.5.13 Storage areas
This is intended to represent rooms or areas used for storage, which may be either internal or
external.
•

Internal storage areas are assumed to be either small scale stores, which are rarely used and
are not anticipated to contain any ignition sources, or larger storage areas, where material
handling activities may take place.

•

External storage areas may be either non-hazardous or classified. The latter case is detailed in
Section 4.5.12 for Classified external areas. For non-hazardous, external, storage areas, the
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potential ignition sources are assumed to be the same as given in Section 4.5.12, but with
increased ignition potential, since rated equipment may not be used.
•

Therefore, the base case assumption is that some material handling activity will occur for 10
minutes in every hour with an ignition potential of p=0.1. In this case, which will typically
cover a relatively large proportion of the site, it is assumed that the density of potential
ignition sources will be lower, at approximately 10 per hectare, than for the external
classified areas.

•

This external storage area may also be used to apply to areas of the site where no specific
activity occurs but with the potential for small vehicle movements and other infrequent and
relatively weak ignition sources to exist.

The approach to modelling any storage areas that may occur is summarised in the following
table.
Storage areas

Equivalent land-use type (in terms of
ignition probability)

Ref.

Internal, small (no ignition sources)

Define as Waste ground (i.e. no sources)

Section 4.5.4

Internal, large (some ignition
sources)

Define as internal Classified areas. (Or
as process area, if appropriate).

Section 4.5.11
(or 4.5.8-10)

External, classified

Define as external Classified area.

Section 4.5.12

External, non-hazardous

Define as external Storage area

This section

The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. The
equivalent parameters for the ‘good’ and ‘poor’ ignition control cases are shown in Tables 4.3
and 4.4, respectively, where changes from the base case are shown in bold and the key
assumptions are summarised below.
•

The same parameters are assumed to apply in the ‘poor’ ignition control case except that, to
represent the worst-case that may occur, the ignition source is assumed to occur
continuously, while the site is active.

•

It is considered that, in this case, the ‘typical’ level of ignition control cannot, realistically, be
improved upon, i.e. the base case values also apply to the ‘good’ ignition control case.

4.5.14 Office areas
This area covers main office areas and all similar areas on-site, which will occur in non
hazardous areas only. This may be used to represent any rooms where no specific processing, or
other strong ignition sources, take place, but where there may be a number of weak sources due
to computers and other items of electrical equipment.
Although these areas will be very different from those classified as process areas, with ‘light’
levels of equipment, the ignition sources will be very similar. A slight distinction may be made
between the ‘office’ and ‘light process’ areas in that office areas may be assumed to have slightly
weaker ignition sources, which will also occur with a lower density than given in Section 4.5.10
for ‘Light’ process areas.
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•

In this case, the ignition potential (based on a frequently activated effective ignition source)
is assumed to be weak and is reduced to p=0.05. The density of sources in a typical office
will be relatively high, although in this case the parameters are derived in relation to process
areas and so it is considered that the above density value should be reduced to 20 sources per
hectare to represent a typical office.

The base case, or ‘typical’, ignition source parameters are summarised in Table 4.2. It is not
anticipated that any controls will be appropriate to office areas other than to ensure that
significant ignition sources are eliminated. Therefore, in this case, the equivalent parameters for
the ‘good’ and ‘poor’ ignition control cases, shown in Tables 4.3 and 4.4, respectively, will have
the same values as the base case.
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Land-use type
1. Car park

Ignition sources

p

ta

ti

a

λ

µ

Loc.

‘Rush hour’ vehicles

0.2

6

474

0.0125

0.0021

160

Out.

‘Other’ vehicles

0.2

6

54

0.1

0.0167

3

Out.

1

10

470

0.021

0.0021

8

Out.

‘Rush hour’ vehicles

0.1

6

474

0.0125

0.0021

160

Out.

‘Other’ vehicles

0.1

6

54

0.1

0.0167

3

Out.

Delivery vehicles

0.1

6

24

0.2

0.0333

20

Out.

1

0

15

0

0.0667

20

Out.

0.2

6

24

0.2

0.0333

20

Out.

Smoking
2. Road area

Base case, or ‘typical’, ignition source parameters

Traffic control
3. Controlled roads

Delivery vehicles

4. Waste ground

None

0

-

-

0

0

0

Out.

5. Boiler house

Boiler

1

120

360

0.25

0.0021

200

In.

Continuous (indoors)

1

-

0

1

0

200

In.

Continuous (outdoors)

1

-

0

1

0

200

Out.

Infrequent (indoors)

1

60

420

0.125

0.0021

200

In.

Infrequent (outdoors)

1

60

420

0.125

0.0021

200

Out.

Intermittent (indoors)

1

5

55

0.0833

0.0167

200

In.

Intermittent (outdoors)

1

5

55

0.0833

0.0167

200

Out.

Smoking

1

5

115

0.042

0.0083

200

In.

Cooking equipment

0.25

5

25

0.167

0.0333

100

In.

‘Heavy’ equipment levels

0.5

-

-

1

0.028

50

In.

‘Medium’ equipment

0.25

-

-

1

0.035

50

In.

‘Light’ equipment levels

0.1

-

-

1

0.056

50

In.

0

-

-

0

0

0

In.

6–11. Flames

12. Kitchen
facilities
13-15. Process
areas

16. Classified

None

17. Classified (Ex.)

Material handling

0.05

5

25

0.167

0.0333

10

Out.

18. Storage (Ex.)

Material handling

0.1

10

20

0.333

0.0333

10

Out.

19. Office

‘Light’ equipment levels

0.05

-

-

1

0.056

20

In.

Table 4.2: Ignition source parameters for the base case, or ‘typical’ quality
of ignition controls, model

RSU 4014/R04.081

32

February 2002

Land-use type

1. Car park

Ignition sources

p

ta

ti

a

λ

µ

Loc.

‘Rush hour’ vehicles

0.2

6

474

0.0125

0.0021

160

Out.

‘Other’ vehicles

0.2

6

54

0.1

0.0167

3

Out.

0

10

470

0.021

0.0021

8

Out.

‘Rush hour’ vehicles

0.1

6

474

0.0125

0.0021

160

Out.

‘Other’ vehicles

0.1

6

54

0.1

0.0167

3

Out.

Delivery vehicles

0.1

6

24

0.2

0.0333

20

Out.

0

0

15

0

0.0667

20

Out.

0.2

6

24

0.2

0.0333

20

Out.

Smoking
2. Road area

Ignition source parameters with ‘good’ quality
ignition controls

Traffic control
3. Controlled roads

Delivery vehicles

4. Waste ground

None

0

-

-

0

0

0

Out.

5. Boiler house

Boiler

0.5

120

360

0.25

0.0021

200

In.

Continuous (indoors)

0.5

-

0

1

0

200

In.

Continuous (outdoors)

0.5

-

0

1

0

200

Out.

Infrequent (indoors)

0.5

60

420

0.125

0.0021

200

In.

Infrequent (outdoors)

0.5

60

420

0.125

0.0021

200

Out.

Intermittent (indoors)

0.5

5

55

0.0833

0.0167

200

In.

Intermittent (outdoors)

0.5

5

55

0.0833

0.0167

200

Out.

0

5

115

0.042

0.0083

200

In.

Cooking equipment

0.1

5

25

0.167

0.0333

100

In.

‘Heavy’ equipment levels

0.2

-

-

1

0.028

50

In.

‘Medium’ equipment

0.1

-

-

1

0.035

50

In.

‘Light’ equipment levels

0

-

-

1

0.056

50

In.

16. Classified

None

0

-

-

0

0

0

In.

17. Classified (Ex.)

Material handling

0.05

5

25

0.167

0.0333

10

Out.

18. Storage (Ex.)

Material handling

0.1

10

20

0.333

0.0333

10

Out.

19. Office

‘Light’ equipment levels

0.05

-

-

1

0.056

20

In.

6–11. Flames

12. Kitchen
facilities
13-15. Process
areas

Smoking

Highlighted cells indicate parameters that are changed from the base case, presented in Table 4.2.

Table 4.3: Ignition source parameters with ‘good’ ignition controls
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Land-use type

1. Car park

Ignition sources

p

ta

ti

a

λ

µ

Loc.

‘Rush hour’ vehicles

0.3

6

474

0.0125

0.0021

160

Out.

‘Other’ vehicles

0.3

6

54

0.1

0.0167

3

Out.

1

10

470

0.042

0.0021

8

Out.

‘Rush hour’ vehicles

0.2

6

474

0.0125

0.0021

160

Out.

‘Other’ vehicles

0.2

6

54

0.1

0.0167

3

Out.

Delivery vehicles

0.2

6

24

0.2

0.0333

20

Out.

1

0

15

0

0.1333

20

Out.

0.2

6

24

0.2

0.0333

20

Out.

Smoking
2. Road area

Ignition source parameters with ‘poor’ quality
ignition controls

Traffic control
3. Controlled roads

Delivery vehicles

4. Waste ground

None

0

-

-

0

0

0

Out.

5. Boiler house

Boiler

1

120

360

0.25

0.0021

200

In.

Continuous (indoors)

1

-

0

1

0

200

In.

Continuous (outdoors)

1

-

0

1

0

200

Out.

Infrequent (indoors)

1

60

420

0.125

0.0021

200

In.

Infrequent (outdoors)

1

60

420

0.125

0.0021

200

Out.

Intermittent (indoors)

1

5

55

0.0833

0.0167

200

In.

Intermittent (outdoors)

1

5

55

0.0833

0.0167

200

Out.

Smoking

1

5

115

0.042

0.0083

200

In.

0.5

5

25

0.167

0.0333

100

In.

1

-

-

1

0.028

50

In.

‘Medium’ equipment

0.5

-

-

1

0.035

50

In.

‘Light’ equipment levels

0.2

-

-

1

0.056

50

In.

16. Classified

Material handling

0.05

5

25

0.167

0.0333

50

In.

17. Classified (Ex.)

Material handling

0.1

5

25

0.333

0.0333

10

Out.

18. Storage (Ex.)

Material handling

0.1

10

20

1

0

10

Out.

19. Office

‘Light’ equipment levels

0.05

-

-

1

0.056

20

In.

6–11. Flames

12. Kitchen
facilities

Cooking equipment

13-15. Process
areas

‘Heavy’ equipment levels

Highlighted cells indicate parameters that are changed from the base case, presented in Table 4.2.

Table 4.4: Ignition source parameters with ‘poor’ ignition controls
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5.

IGNITION PROBABILITY MODEL OF LPG ‘PROCESSING’ SITE

5.1

Introduction
The key aim of the on-site ignition probability model derived in this study is to provide a realistic
estimate of the various ignition sources occurring on a site, in order to predict the ignition
probability as a catastrophic release develops across a site. Three inter-dependant elements that
will determine the ignition probability for a given site and a given release are:
•

Properties of the ignition sources (strength, density, frequency and duration);

•

Properties of the release (flammability, size and duration, movement);

•

Position of the ignition sources in relation to the point of release.

The ignition source parameters derived in Section 4 (and in more detail in Appendices D and E)
represent the first of the above points. The properties of the release and the position of the
ignition sources are discussed in Sections 5.2 and 5.3, respectively. The ignition probability
model combines the three elements presented above, and the results of this analysis are presented
in Section 5.4.

5.2

Release properties
The release used to demonstrate the model is described in more detail in Appendix F, while the
key parameters are summarised below. The emphasis in the development of the model is placed
on defining realistic ignition source parameters and the impact of each on the overall modelling
of ignition probability. Therefore, in this section, the single release scenario defined below is
used to assess the impact of variations in the parameters and their layout.

5.3

•

Instantaneous release of 200 tonnes of propane;

•

Dispersion modelled using HEGABOX (Post, 1994);

•

Initial gas temperature of –42oC and initial concentration of 100%;

•

D5 weather category used (i.e. 5m/s wind speed with moderate stability);

•

The cloud area is 54 hectares when the concentration reaches the LFL, which occurs 140s
after the initial release.

Layout of site
Previous models of on-site ignition probability have been based on assumptions of uniform
ignition probability across industrial areas so that there is no distinction between different types
of industry or sites with different levels of ignition control. In these models the probability of
ignition varies with cloud size, but this relationship is fixed for any point of release and any site
layout. The use of different land-use types, as defined in Section 4, enables the properties of a
particular site to be considered in more detail, so that the impacts that each area of a site has on
the probability of ignition can be represented.
The combination of land-use types within a site (where their position in relation to the point of
release is of most significance) has an almost infinite number of permutations, so a realistic
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benchmark site is required for evaluating and demonstrating the impacts of different elements on
the model. This benchmark, or standard, site aims to represent a general hazardous installation
and is based primarily on medium to large scale LPG installations, where both storage and
processing of LPG may take place. This represents the type of site that is of most interest in this
study, although estimates of other site types are presented, for comparison, in Section 6.
The standard site layout is based on analysis of several sample sites, where the principal ‘model
site’ used was the Calor Gas processing facility at Stoney Stanton in Leicestershire. It should be
emphasised that the site layout, and the associated parameters, used in the model are not a direct
representation of this, or any other, site. The layout, land-use, potential ignition sources and
ignition controls have been generalised considerably, in order to provide an interpretation of a
generic LPG processing and storage facility.
The main features of the resulting ‘standard’ site are summarised below.
•

Site area of 400 x 300 m2 (12 ha);

•

The catastrophic release occurs from a set of bulk LPG tanks, which have a total capacity of
around 400 tonnes;

•

Around half of the site consists of external storage areas for propane cylinders, which is split
approximately evenly between storage areas for full, nominally empty and gas-free
cylinders;

•

Large areas of the site are designated as zone 2 (hazardous area classification);

•

Some degree of ignition control applies to all areas of the site, since access is controlled and
portable ignition sources (including cigarette lighters, cameras and mobile phones) are not
permitted on to the main part of the site, i.e. beyond the car park and outer sectors of the site;

•

Non-hazardous areas of the site include vehicle workshops and other relatively ‘heavy’
processes, where hot work may take place without a permit-to-work.

The layout of this standard site, as used in the ignition probability model, is defined in Figure 5.1.
The different land-use types are indicated by the key which is given as Table 5.1. This table
includes brief descriptions of the types of area that are represented by each of the land-use types
shown.
The bulk storage tanks are represented by the two internal Classified areas shown on Figure 5.1,
between the horizontal grid points at 120 and 150m, and between the vertical grid points at 240
and 300m. These two storage areas are separated from the filling areas (also defined as internal
Classified areas) by two ‘Light’ process areas, which represent the associated equipment that will
be required. For simplicity, the origin of the release is taken as being the point (150, 250) on
Figure 5.1
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Figure 5.1: Layout of land-use types defined for ‘standard’ LPG storage and processing
site, for use in ignition probability model
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Ref.

Land-use type

Areas covered

Key

1

Car parks

Staff and visitor parking

1

2

Roads

Normal access roads

2

3

Controlled roads

Roads for delivery vehicles only

3

4

Waste ground

Unused areas

4

5

Boiler house

Boiler room

6

Flames: continuous

Not used in the base case

7
8

Not used
Flames: infrequent

Not used in the base case

9
10

Not used
Not used
Not used

Flames: intermittent

Not used in the base case

11

Not used
Not used

12

Kitchen facilities

Rest rooms, etc.

12

13

Process area – ‘heavy’ eqpt.

Workshops, hot work, etc

13

14

Process area – ‘medium’ eqpt.

Pump houses, cold work, etc

14

15

Process area – ‘light’ eqpt.

Substations, light work, etc

15

16

Classified area

Gas decanting process, filling

16

17

External classified area

Cylinder storage and general use

Default

18

External storage area

Cylinder storage and general use

18

19

Office area

Admin areas

19

Table 5.1: Key for Figure 5.1, showing land-use types defined for ‘standard’
LPG storage and processing site
As discussed above, Figure 5.1 illustrates the ‘standard’ site layout as used for the base case
ignition probability model. Clearly, a typical site will be more complex, generally consisting of a
greater variety of smaller groups of land-use types. However, the general levels of ignition
probability occurring in practice are considered to be represented by the layout shown.
As shown in Table 5.1, the default area, which applies to the areas that are not shaded in Figure
5.1 is the “External classified area” land-use type. This covers areas which are either ‘zone 2’
storage areas or general parts of the site where no specific ignition source will occur, but with
potential for some weak or infrequent ignition sources (such as overhead power cables, fork-lift
trucks or static from personnel).
5.4

Results

5.4.1

Base case ignition probability
Combining the site model presented in Section 5.3 with the flammable release presented in
Section 5.2 generates the on-site ignition probability results shown in Figures 5.2 and 5.3. These
figures, which are discussed in more detail below, represent the base case ignition probability for
the sample site, for the given catastrophic release. Various aspects of the model can then be
evaluated by varying the ignition source parameters and the combinations of land-use types, as
described in the following sections.
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•

This section: Discussion of base case ignition probability;

•

Section 5.4.2: Sensitivity of the model to the quality of ignition controls;

•

Section 5.4.3: Comparison with existing ignition probability models;

•

Section 5.4.4: Sensitivity of the model to ignition source parameters;

•

Section 5.4.5: Sensitivity of the model to the position of ignition sources.

As discussed above, Figures 5.2 and 5.3 show the variation of the probability of ignition for the
standard site against cloud area and time, respectively. Also shown on each figure is the cloud
radius, so that the cloud area, or time, can be related to the coverage of the land-use types shown
in Figure 5.1.
It can be seen from Figure 5.2 that ignition probability does not become significant until the
cloud area is approximately 4 hectares (which corresponds to a cloud radius of around 100m).
This initial growth of the cloud takes approximately 10s, as shown by Figure 5.3. During this
short period of time, the site is not fully covered and the overall ignition probability will be very
sensitive to the position of the various land-use types in relation to the point of release. Further
consideration is given to the positioning of the ignition sources, and their effect on the growth of
the cloud (i.e. will ignition occur before the release becomes ‘catastrophic’?), in Section 5.4.5.
Beyond this initial phase, it can be seen that the probability of ignition rises with time and cloud
area, until ignition becomes almost certain after around 100s. This corresponds to a cloud area of
around 30 ha, and a cloud radius of around 300m, by which time the site will be fully covered by
the cloud.
At the point at which the cloud first covers the full site (a radius of around 200m, which occurs
after approximately 30s) the ignition probability can be seen to be between 0.7 and 0.8. Beyond
this, the increase in ignition probability up to 1 is due to the duration, rather than size, of the
cloud.
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Figure 5.2: Variation of the probability of ignition with cloud area, for the base case LPG
storage and processing facility

1

450

400

300

250

0.1
200

Cloud radius (m)

Probability of Ignition

350

150

Base case ignition probability
100

Cloud radius
50

0.01

0

0

50

100

150

Time (s)

Figure 5.3: Variation of the probability of ignition with time, for the base case LPG storage
and processing facility
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The base case model uses a standard ventilation rate of 15 air changes per hour (ach). This
represents a relatively high rate, typical of relatively heavy industrial processes, which require a
high degree of mechanical ventilation. The processing taking place in hazardous installations will
not be heavy industrial processes, but the ventilation requirements are assumed to be the same,
because of the need to disperse any localised flammable releases.
In practice, each building on a site will have different ventilation rates, which will typically
depend on their distance from any possible release points. Therefore, an area in which the model
could be developed in future is to allow specification of different ventilation rates for different
buildings or land-use types. Sensitivity of the model to the overall ventilation rates for buildings
is shown in Figure 5.4, and the base case assumption is considered to be sufficiently accurate for
the general ignition probability model.
It can be seen that decreased ventilation rates decrease the probability of ignition (where the
relative decrease becomes more significant with cloud area) as fewer of the internal ignition
sources are exposed to the gas cloud at any instant.

1

450

400

350

250

Base case (15ach ventilation)

200

Building ventilation rate of 5ach

Cloud radius (m)

Probability of Ignition

300

150

Building ventilation rate of 10ach
100

Cloud radius
50

0.1

0

0

50

100

150

Time (s)

Figure 5.4: Sensitivity of the probability of ignition, for the base case LPG storage and
processing facility, to building ventilation rate

5.4.2

Sensitivity to ignition controls
The potential variations in the level of ignition control that may occur in each land-use type are
discussed in detail in Section 4.5. Although the model parameters can be easily adjusted for any
land-use type, as required, any specific ignition control measure, or the lack of it, will have very
little effect on the overall ignition probability.
The important aspect of controlling ignition sources is the global approach, i.e. the ‘safety
culture’ of a site. Tables 4.2 and 4.3 list the ignition parameters that are estimated to represent
the realistic upper and lower levels of ignition control, respectively. These values, representing
‘good’ and ‘poor’ levels of control, are applied to the standard site, and the resulting ignition
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probability curves are compared with the base case results in Figures 5.5 and 5.6 (which show the
ignition probability against area and time, respectively).
It can be seen that the potential increase in ignition probability, over the base case, with ‘poor’
ignition controls is greater than the corresponding decrease with ‘good’ controls. This difference
occurs because the parameters and assumptions (detailed in Section 4) are aimed at representing
realistic limits. In practice, a typical site will be reasonably well controlled, even in non
hazardous areas. Therefore, there is always potential for failure of ignition controls, while the
scope for improving on the controls that are typically in place should be more limited.

Probability of Ignition

1

Base case, 'typical' ignition control quality
'Good' ignition control quality
'Poor' ignition control quality
0.1
0.1

1

10

100

Cloud area (hectares)

Figure 5.5: Sensitivity of the probability of ignition (against area) to the level of ignition
control, for the base case LPG storage and processing facility
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'Good' ignition control quality
'Poor' ignition control quality
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Figure 5.6: Sensitivity of the probability of ignition (against time) to the level of ignition
control, for the base case LPG storage and processing facility
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5.4.3

Comparison against other models
The background to each of the existing probability models that are available for comparison are
discussed in more detail in Appendix F. The models are used for the same size of site as the base
case described in Section 5.3, and are compared against the base case, ‘good’ ignition controls
and ‘poor’ ignition control cases in Figures 5.7 to 5.9.
Of the ignition probability models discussed in Appendix F, only that produced by Simmons
(1974) is wholly based on incident data (59 accidents involving spills of LNG or LPG).
Unfortunately, the data relates to US transportation incidents alone and is unlikely to reflect the
densities and types of ignition sources found around UK sites storing flammable gases. It is also
based on general land-use, relevant to each incident, and is not specifically ‘industrial’.
Therefore, this model is not strictly suitable for validation of the model developed in this study,
although it is included in Figures 5.7 to 5.9 for reference. It can be seen that each of the other
models, and particularly the on-site ignition probability model, under-predict that of Simmons. In
particular, the Simmons model produces high ignition probabilities at very early stages of cloud
growth, which perhaps reflects the influence of event-initiated incidents on the data set used.
The current method used by HSE (Clay et al, 1988) and the off-site model (Rew et al, 1998)
provide useful indications of the existing approach to on-site ignition probability modelling and
the resulting probability estimates. Both models, when used in this context, represent a general
‘industrial’ site. It can be seen, from the results shown in Figures 5.7 and 5.8, that both of these
models produce ignition probability profiles that are very similar to the ‘poor’ ignition controls
case of the model developed in this study. This is as might be expected, since the ‘poor’ ignition
controls case is in effect reducing the ‘advantage’ that hazardous installations have over
industrial sites, in terms of ignition controls.
This effect demonstrates the advantage of the on-site ignition probability model in that controls
can be allowed for, so that the ignition probability of a particular site, or type of site, can be
evaluated to a greater degree of accuracy than by using a generic model that covers all areas of
industry.
In the case of the HSE model, which is based on expert judgement, the ignition probability value,
Pf (as described in Appendix F), can be selected to reflect a reduced probability of ignition
associated with a ‘controlled’ industrial site. A value of Pf of 1-10-6 was determined to be the
most appropriate for a general site, as shown in Figures 5.7 and 5.8. Reducing this value to 1-10-4
gives a probability profile that is closer to the base case on-site ignition probability model, as
shown in Figure 5.9 (where the equivalent curve using Pf =1-10-7 is also shown, for reference).
In this case the ignition probability over the initial growth of the cloud is closer to the curve for
this study, although ignition probability still rises to 1 much more quickly. (It should be noted
that Figure 5.9 shows a reduced scale, in order to make the differences more apparent, so that the
time scales involved are relatively short.)
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Figure 5.7: On-site ignition probability against cloud area, model comparison
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Figure 5.8: On-site ignition probability against time, model comparison
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Figure 5.9: On-site ignition probability against time, model comparison, with additional
HSE scenarios and reduced time scale

5.4.4

Sensitivity to ignition source parameters
A series of sensitivity cases are given in Figures 5.10 to 5.12, which assess the impact on the
model of key parameters and possible variations, due to uncertainties in the ignition parameters.
•

One of the key parameters identified in the sensitivity studies of individual land-use types
in Appendix D is the ‘traffic control’ ignition source contained within the Roads land-use
type. As can be seen in Figure 5.10, because the Roads area in the base case model (Figure
5.1) is a relatively small proportion of the total site, removing the ‘traffic control’ ignition
source has no effect on the overall ignition probability.

•

Similarly, removing the Boiler ignition source has no impact on the overall ignition
probability since it is treated as an internal source. However, taking the boiler as an
external ignition source (due to the air intakes being effectively ‘external’) does increase the
overall ignition probability, once the Boiler house has been covered by the cloud, as shown
in Figure 5.10.

•

The base case site, shown in Figure 5.1 contains no Flame areas, i.e. strong ignition sources.
Figure 5.10 shows that replacing the ‘Heavy’ process areas with an Intermittent flame area,
as an internal source, has no impact because of the time taken for gas infiltration to occur at
this point in the site. (It should be noted that swapping the above areas is a realistic
scenario, since the ‘Heavy’ process area does not include strong ignition sources, which
may occur in certain workshops.) If the Intermittent flame is introduced as an external
source, a significant increase in the overall ignition probability can be seen. A similar effect
is shown in Figure 5.10 if a Continuous flame is used instead, where, in this case, ignition
of a cloud becomes certain almost immediately.
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•

Figure 5.11 demonstrates the sensitivity of the model to the density of ignition sources on a
site. The values derived in Section 4 are estimates of typical ignition source densities,
based on a sample of typical sites. However, the density of sources may vary considerably
from site to site, particularly in areas where vehicles (of any kind) may occur. Variation of
individual ignition source densities is illustrated in Figure 5.11 for key areas, where the
density of sources is both significant and likely to vary. These are Car parks and Roads,
where the number of employees and visitors may vary considerably from site to site, and the
‘default’ area (the External classified areas land-use type), where the density of fork-lift
vehicles is subject to a relatively high degree of uncertainty.

Probability of Ignition

1

Base case
No 'traffic control' ignition source in 'Roads' area
'Heavy' process areas replaced by external intermittent flame
No 'Boiler house' ignition source
'Heavy' process areas replaced by internal intermittent flame
'Heavy' process area replaced by external continuous flame
Boiler house ignition source treated as external source

0.1
0

50

100

150

Time (s)

Figure 5.10: Sensitivity of the probability of ignition (against time) to different ignition
source parameters, for the base case LPG storage and processing facility
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Figure 5.11: Sensitivity of the probability of ignition (against time) to the density of
individual ignition sources, for the base case LPG storage and processing facility

5.4.5

Sensitivity to the location of ignition sources
The base case model, shown in Figure 5.1, has ‘Light’ process areas defined very close to the
assumed origin of the release. The sensitivity of the model to any stronger sources being close to
the release point is illustrated by Figure 5.12. It can be seen that if the ‘Light’ process area is
replaced by the ‘Heavy’ process area land-use type, the overall ignition probability is
significantly increased, and reaches a value of 1 in approximately half the time that the base case
takes. If this ‘Heavy’ process area is treated as an external source, it can be seen that the
probability of ignition becomes significant as soon as a release occurs.
Figure 5.12 also shows the probability of ignition if the ‘Light’ process area is treated as external.
In this case it can be seen that the probability becomes more significant more quickly, while as
the cloud grows the overall impact of this change becomes negligible.
The sensitivity of the ignition probability to the location of ignition sources is assessed in more
detail in Section 6.2.
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Probability of Ignition

1

Base case
'Light' process areas replaced by 'heavy' process areas (external)
'Light' process areas treated as external sources
'Light' process areas replaced by 'heavy' process areas (internal)
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Figure 5.12: Sensitivity of the probability of ignition (against time) to the strength of
ignition sources close to the point of origin of the release, for the base case LPG storage and
processing facility
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6.

IGNITION PROBABILITY OF GENERAL HAZARDOUS INSTALLATIONS

6.1

Introduction
The aim of this section is to demonstrate the potential application to sites other than the base case
site that is developed in Section 5. The standard site, for which the various ignition source
parameters have been derived, is based on a medium to large scale LPG installation that will store
and process relatively large quantities of LPG. Another common form of LPG site involves
storage of bulk quantities but with little or no processing facilities, and a general example of this
type of installation is assessed in Section 6.2. The model framework is suitable for application to
any type of hazardous installation. To assess the potential use in other types of sites, Section 6.3
discusses the key features of applying the model to a typical oil refinery type facility.
The site layouts used in both of these sections are based on assessment of sample sites, but have
been greatly simplified in order to evaluate the key features, rather than attempting to conduct
any detailed modelling.

6.2

LPG storage facilities

6.2.1

General features
The application of the model to a smaller scale LPG site is considered in the following sections.
A simple storage facility is used to represent a site that stores LPG with little or no processing
activities and can be anticipated to contain relatively few ignition sources.
As for the LPG storage and processing base case, presented in Section 5, the layout is based on
analysis of several sample sites, in order to estimate a general model that is representative of a
typical LPG storage facility. As previously, the layout, land-use, potential ignition sources and
ignition controls have been generalised considerably, in order to provide an interpretation of a
generic facility.

6.2.2

Site layout
The main features of the resulting site are summarised below.
•

Site area of 200 x 300 m2 (6 ha);

•

The catastrophic release occurs from a set of bulk LPG tanks, which have a total capacity of
around 400 tonnes;

•

Other than a small number of buildings containing administrative areas and a relatively low
level of pumping and electrical equipment the site is relatively unoccupied;

•

Some degree of ignition control applies to all areas of the site, since access is controlled and
portable ignition sources (including cigarette lighters, cameras and mobile phones) are not
permitted on to the main part of the site, i.e. beyond the car park and outer sectors of the site;

The layout of this standard site, as used in the ignition probability model, is defined in Figure 6.1.
The different land-use types are indicated by the key which is given as Table 6.1. This table
includes brief descriptions of the types of area that are represented by each of the land-use types
shown. It should be noted that the upper quarter of the site is not shown, for simplicity, since it is
assumed to be free of any ignition sources (i.e. waste ground).
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Three bulk storage tanks are included and are located at the centre of the site, represented by the
three internal Classified areas shown on Figure 6.1. The origin of the release, which is the same
as that used in Section 5 and detailed in Appendix F, is at the centre of the site.
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16
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16
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Figure 6.1: Layout of land-use types defined for assessment of ignition probability for ‘LPG
storage’ facility
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Ref.

Land-use type

Areas covered

Key

1

Car parks

Staff and visitor parking

1

2

Roads

Normal access roads

2

3

Controlled roads

Roads for delivery vehicles only

3

4

Waste ground

Unused areas

4

5

Boiler house

Not used in the base case

Not used

6

Flames: continuous

Not used in the base case

Not used

7
8

Not used
Flames: infrequent

Not used in the base case

9
10

Not used
Not used

Flames: intermittent

Not used in the base case

11

Not used
Not used

12

Kitchen facilities

Not used in the base case

Not used

13

Process area – ‘heavy’ eqpt.

Not used in the base case

Not used

14

Process area – ‘medium’ eqpt.

Pump houses, cold work, etc

14

15

Process area – ‘light’ eqpt.

Substations, light work, etc

15

16

Classified area

Gas decanting process, filling

16

17

External classified area

Cylinder storage and general use

Default

18

External storage area

Cylinder storage and general use

18

19

Office area

Admin areas

19

Table 6.1: Key for Figure 6.1, layout of land-use types defined for assessment of ignition
probability for ‘LPG storage’ facility

The above layout is defined based on analysis of sample sites. Initially, the model is set up with
the land-use types using the parameters exactly as defined for the LPG storage and processing
facility, i.e. the base case model, in Section 5. Consideration is then given to whether the
parameters should be amended for use in this case, since many of the densities of ignition sources
may be significantly lower than would occur in the equivalent areas of the base case model. It
should be noted that the LPG storage site, defined in this section, is intended to represent a
hazardous installation with the minimum level of ignition sources.
The modelled release is the same as used in Section 5 for the LPG base case, for consistency,
which is described in Appendix F.
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6.3

Results
The ignition probability for the sample LPG storage site defined in Figure 6.1, using the generic
land-use types that were modelled in Section 5, are shown in Figures 6.2 and 6.3, with respect to
cloud area and time from release, respectively. The ignition probability is shown for typical,
‘good’ and ‘poor’ levels of ignition control, which are based on the parameter sets defined in
Tables 4.1, 4.2 and 4.3, respectively. The base case model for the LPG storage and processing
facility is also shown, for comparison, for typical and ‘poor’ levels of ignition control.
It can be seen from Figures 6.2 and 6.3 that the ignition probability in the LPG storage site
follows a similar ignition probability profile to the base case model. The overall level of ignition
probability is in fact higher in this case, for all except the ‘poor’ level of ignition control (in
which case, the two sites are very similar). The variation in the ignition probability due to the
different levels of ignition control is consistent for both sites, particularly with respect to cloud
area.

Probability of Ignition

1

0.1

Base case, LPG storage and processing
Base case, poor ignition controls
LPG store: base case
LPG store: 'good' ignition controls
LPG store: 'poor' ignition controls

0.01
0.1

1

10

100

Cloud area (hectares)

Figure 6.2: Probability of ignition (against cloud area) for a LPG storage facility, using the
generic land-use parameters
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LPG store: 'good' ignition controls
LPG store: 'poor' ignition controls
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Figure 6.3: Probability of ignition (against time) for a LPG storage facility, using the
generic land-use parameters
Without data or other detailed models to compare against, it is difficult to determine whether the
results presented in Figures 6.2 and 6.3 for the LPG storage facility are realistic or not. It seems
likely that the LPG storage model is over-predicting the ignition probability by using the base
case parameters, which were derived for a different scale of site.
More detailed consideration of the sample site defined in Figure 6.1 suggests that, although the
land-use types provide a map of the site as intended, the ignition source parameters defining each
land-use may not be so appropriate to this application. Although smaller sites, will have smaller
areas of each land-use type, the density should be even smaller in storage sites such as this,
where the staffing will be minimal. Two forms of modifying the parameters are considered:
Global density reduction:
Assessment of typical LPG storage sites, without processing facilities, suggests that the density
of ignition sources (even within the same land-use type) will be lower than that for the LPG
storage and processing sites, for which the model was developed. Figures 6.4 and 6.5 illustrate
the sensitivity of the ignition probability to the density of the ignition sources by presenting the
case where each of the ignition sources has its density halved.
Re-assessment of parameters:
Having used the generic land-use types to define the site layout, the parameters for each land-use
type should be re-assessed to ensure that they are appropriate to this particular variation of the
model. Analysis of the suitability of each parameter set results in the following
recommendations:
•

The typical scenario in a site of this kind (Figure 6.1) is that smoking will not be permitted
on-site at all, which will reduce the ignition probability in the Car park areas;

RSU 4014/R04.081

53

February 2002

•

A site of this size, with a low number of vehicles entering the site, is assumed to not have
any traffic control ignition sources;

•

The default land-use type should be changed to Waste ground to reflect the low level of
usage /activity that will occur on any unoccupied land;

•

The number of vehicles entering the site, will be lower than that used by the generic land-use
types that include vehicles, so that the frequency of occurrence of all vehicle ignition sources
should be reduced.

The above points have been used to modify the appropriate parameters and the resulting ignition
probability is illustrated in Figures 6.4 and 6.5. This shows a considerable decrease in the level
of ignition probability from the initial analysis using the generic parameters. The revised case
highlights the potential uncertainty associated with using the model for different applications,
without modifying the parameters. However, in many cases, careful definition of land-use types
can reduce this potential variation in the results. The results shown in Figures 6.4 and 6.5
demonstrate the flexibility of the model and highlight the need to be able to represent the ignition
probability for individual sites, where the variation in ignition source parameters can be
significant.

Probability of Ignition
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Base case, LPG storage and processing
LPG store: base case
LPG store: 'good' ignition controls
LPG store: revised parameters
LPG store: density halved
0.01
0.1

1

10

100

Cloud area (hectares)

Figure 6.4: Probability of ignition (against cloud area) for a LPG storage facility, using
revised land-use parameters
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Figure 6.5: Probability of ignition (against time) for a LPG storage facility, using revised
land-use parameters

6.4

Other facilities

6.4.1

General features
The application of the model to facilities other than those containing bulk LPG storage is
considered through analysis of a general representation of an oil refinery type site.
The overall scale and complexity of oil refineries and similar sites will be considerably greater
than that of the LPG storage and processing facilities used as the basis for development of the on
site ignition probability model. Substantial quantities of flammable substances will be stored on
site, although the primary difference will be a much higher degree of processing. Rather than
being concentrated in storage tanks, as is typically the case with LPG sites, the flammable
material will generally be carried through a number of processes, leading to large amounts of
pipework being concentrated in a small number of areas. Because the process of refining oil
involves the necessary creation of ignition sources, these areas will be subject to a high degree of
control. The high concentration of pipework and processing equipment inherently leads to a very
high concentration of flanges and valves, as well as many other potential release points.
Therefore, the complex processing area at the heart of a refinery will usually be a single
classified area.
For detailed modelling of such a site, it may be appropriate to consider the ignition sources that
may occur in classified areas, due to failure of ignition controls, in more depth than was
necessary in the development of the model for LPG sites. However, the same key point applies
in the case, which is that any ignition sources that occur in classified areas will be very infrequent
in comparison with those occurring in non-hazardous areas.
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Refineries will have at least one flare stack, which can be assumed to provide a continuous strong
ignition source due to either the main flare or the pilot light while not in ‘operation’. These will
usually be situated at some distance, up to 1km, from the main processing area.
Therefore, from very general analysis of refineries it can be seen that each site will essentially
consist of a highly controlled area at the centre of the site, from which any catastrophic release
will occur, and where ignition sources will be very infrequent, and a strong ignition source at the
edge of a site, where ignition of a flammable cloud will be inevitable. Between these clearly
defined points will be a region of primarily non-hazardous areas.
The on-site ignition probability model can be used to identify the probability of ignition in this
‘intermediate’ region of the site if required. In addition to the positioning of the flares, a typical
refinery will ensure that any non-hazardous areas potentially containing significant ignition
sources will be situated some distance from the main process area. The key feature of any on-site
modelling of sites of this kind will be in identifying the probability of ignition occurring before
reaching these non-hazardous areas, and also before reaching the stack. A simple analysis of the
likely ignition sources of such a site, using the ignition probability model, is presented in the
following section.

6.4.2

Site layout
A simplified layout of the key ignition sources on a typical refinery site is shown in Figure 6.2,
where the key features, or assumptions, are presented below.
•

Site area of 1000 x 1000 m2 (100 ha);

•

The catastrophic release occurs from a point in the main process area, which is assumed to
be at the centre of the site;

•

The majority of the site consists of open land that will contain no ignition sources, although
almost all of the processes and associated areas will be concentrated at or near the centre of
the site;

•

The central processing area of the site will be one large classified area;

•

Various ‘light’ to ‘medium’ processes will occur around this classified region, although the
significant ignition sources will be separated from this area.

For the purposes of investigating the impacts of the ignition sources and layout, the significant
ignition sources are assumed to occur in one large block. The layout defined here will allow the
position of this area to be varied in order to investigate the sensitivity of the ignition probability
to its position. The influence of the flare stack, or stacks, is neglected since it can be assumed
that the probability of ignition will be 1 if a release large enough to reach the stack occurs. It
should be noted that the on-site model is well suited for defining the position of the stack and
assessing the size of release required to reach it. The model can also, potentially, be adapted for
use with a risk assessment software package in order to combine the probability of ignition
occurring in other areas of the site with the probability of the release being directed towards, and
reaching, the flare.
The layout of this site, as used in the ignition probability model, is defined in Figure 6.2. It
should be noted that Figure 6.2 only defines the main process area, of approximately 300 x 300
m2. The different land-use types are indicated by the key, which is given as Table 6.2. This table
includes brief descriptions of the types of area that are represented by each of the land-use types
shown.
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Figure 6.2: Layout of land-use types defined for assessment of ignition probability for ‘oil
refinery’ type site
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Ref.

Land-use type

Areas covered

Key

1

Car parks

Not used in the base case

Not used

2

Roads

Not used in the base case

Not used

3

Controlled roads

Not used in the base case

Not used

4

Waste ground

Not used in the base case

Not used

5

Boiler house

Not used in the base case

Not used

6

Flames: continuous

Not used in the base case

Not used

7
8

Not used
Flames: infrequent

Not used in the base case

9
10

Not used
Not used

Flames: intermittent

Not used in the base case

11

Not used
Not used

12

Kitchen facilities

Not used in the base case

Not used

13

Process area – ‘heavy’ eqpt.

Workshops, hot work, etc

13

14

Process area – ‘medium’ eqpt.

Pump houses, cold work, etc

14

15

Process area – ‘light’ eqpt.

Not used in the base case

Not used

16

Classified area

Not used in the base case

Not used

17

External classified area

Cylinder storage and general use

17

18

External storage area

Cylinder storage and general use

Default

19

Office area

Admin and accommodation areas

19

Table 6.2: Key for Figure 6.2, layout of land-use types defined for assessment of ignition
probability for ‘oil refinery’ type site

As discussed above, Figure 6.2 illustrates the site layout as used in the following analysis, where
the key aim is to assess the overall ignition probability patterns, rather than determining an
accurate ignition probability profile. The block of ignition parameters denoted *A in Figure 6.2
are to be moved in different runs to assess the impact on the overall probability.
The modelled release is the same as used in Section 5 for the LPG base case, for consistency,
which is described in Appendix F.
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6.5

Results

6.5.1

Base case ignition probability
The site layout as defined in Figure 6.2 is used to determine the ignition probability for three
cases. The separation between the centre of the block of relatively strong ignition sources at *A,
which is referred to as the “test site” in the following figures, is set at distances of 100, 200 and
300m from the centre of the site. The ignition probability curves, against area and time, are
shown in Figures 6.6 and 6.7, respectively. The base case ignition probability for the ‘LPG
storage and processing’ model (Section 5) is shown in each case for comparison.
The probability values shown in Figures 6.6 and 6.7 show a basic level of background ignition
probability that is consistent in all 3 cases, which is significantly lower than the base case level
for the LPG case. At points that correspond to the cloud reaching the ‘test site’ there is a step
increase in the ignition probability. The impact of the separation between the origin of the cloud
and the strong ignition sources can be clearly seen in the 3 ‘test site’ curves, where the 300m
separation case remains at the background ignition probability level for release modelled in this
case.
These ignition probability profiles represent theoretical ignition probability curves for an oil
refinery site. The principle of more pronounced step changes applying to these sites is
reasonable, although in practice there will remain a large number of weak ignition sources spread
around the site, which will create an ignition probability profile that is much closer to that of the
LPG base case.
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Figure 6.6: Sensitivity of the probability of ignition (against time) to the position of ignition
sources, for a simplified model of an oil refinery type site
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Probability of Ignition
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Figure 6.7: Sensitivity of the probability of ignition (against area) to the position of ignition
sources, for a simplified model of an oil refinery type site
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7.

CONCLUSIONS AND RECOMMENDATIONS

7.1

Review of ignition data
Ignition sources
Various references, and data sources, are available which present incident data and analysis of
the ignition probability in industrial regions. Review of a number of these references indicates
that they can provide a useful set of background information on which derivation of more
detailed ignition source parameters can be based. However, all of the references identified deal
primarily with very broad areas, and so cannot be used directly in determining ignition
parameters for specific installations and areas within installations. In particular, it is noted that
few incidents indicate the location of the ignition source with respect to the point of release, so
that it is difficult to identify any trends relating to the proportions of delayed and immediate
ignition.
A key factor in hazardous installations is the use of hazardous area classification, and other
methods, to control the occurrence of ignition sources in areas where flammable atmospheres
may occur. This results in the designation of ‘classified’ and ‘non-hazardous’ areas of a site,
where classified areas are regions where the probability of a flammable atmosphere occurring is
relatively high, so that ignition sources should be eliminated, or at least minimised.
As discussed in Section 7.2, the use of hazardous area classification aims to prevent the ignition
of relatively localised releases and does not account for the much lower probability event of a
catastrophic release. In determining the on-site probability of ignition the potential for failure of
the controls applied to classified areas, resulting in an ignition source, is considered. However,
the more significant aspect will be the uncontrolled sources occurring in non-hazardous areas and
the extent to which informal (i.e. not regulated) controls apply in these areas, thus reducing the
ignition probability.
Ignition controls
The key approaches to controlling ignition sources are:
•

Hazardous area classification (HAC), which essentially, defines the areas where flammable
substances may occur and determines the controls over the ignition sources in design and
normal processes in these areas.

•

Permit-to-work systems, which ensure that any non-routine work is carried out in a safe
manner and determines the controls over the temporary and transient ignition sources.

Within these very broad areas are a wide range of standards and recommendations, which have
been reviewed in this study. From analysis of the ignition controls that should take place, a semi
quantitative framework is recommended in order to allow for potential variations in the quality of
ignition controls.
Factors have been proposed that can be applied to either the ignition potential, density or
duration of an ignition source, as appropriate. If the basic parameters of an ignition source are
determined without consideration of the controls applied, the potential variation due to the
quality of ignition controls is determined by applying the relevant factor. (In deriving the
parameters, it is often more appropriate to define the parameters for a ‘typical’ level of ignition
control and then to use the factors to determine other control levels accordingly.)
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7.2

Ignition probability model
The mathematical model for delayed ignition probability of flammable gas clouds, Rew &
Spencer (1996), has been developed for application to on-site ignition. The model is based upon
a series of generic land-use types, which can be combined to map the layout, in terms of ignition
sources, of hazardous installations. The ignition source parameters defined for each land-use
type have been derived from analysis of typical LPG storage and processing sites. Therefore, the
model is aimed specifically at LPG facilities, but is potentially able to model ignition probability
for all types of hazardous installations.
Although the base case model is derived to represent a general site, and can provide a realistic
indication of the overall ignition probability, the model can be readily adapted for analysis of a
specific site. The key assumptions have been stated and the model parameters are defined in a
form that can be easily modified to suit specific applications.
The assumptions made in deriving all ignition source parameters have been stated (in Appendices
D and E) and are summarised in Section 4. The approach in all cases has been to identify
“conservative best estimates” of parameters for application to generic sites.
Quality of ignition control
The key factor that should distinguish hazardous installations from other types of industrial sites
is the requirement to control ignition sources. The model has been derived with parameters
representing typical ignition source conditions, occurring under typical levels of ignition control,
and also with corresponding parameters representing ‘good’ and ‘poor’ levels of ignition control.
These variations on the typical conditions represent estimates of the most realistic lower and
upper limits of the ignition sources that will occur under the different levels of ignition control
that will occur in practice.
Comparison of the results for the three cases identified above highlights the following points:
•

‘Poor’ levels of ignition control will result in an almost constant ignition probability of 1 in
the event of a catastrophic release. It should be noted that this ‘poor’ level of control is
intended to represent a realistic worst case and is not overly pessimistic, therefore
highlighting the importance of strict ignition controls in hazardous installations.

•

The results for ‘typical’ levels of ignition control indicate that the ignition probability is
significantly lower than for the above case for much of the growth phase of a catastrophic
release. The ignition probability is still significant, but remains below 0.9 until the cloud
area is significantly larger than the area of the site, when ignition becomes certain.

•

The ‘good’ level of ignition control shows a further decrease in the ignition probability, but
still reaching a maximum of 0.9 for the duration of the modelled catastrophic release.
Throughout the growth of the cloud the difference in the probability of ignition between the
‘good’ and typical levels of control remains significantly smaller than between the typical
and ‘poor’ cases. This is primarily due to the fact that hazardous installations are well
regulated, in terms of ignition control, so that there is relatively little scope for improvement
in the quality of ignition controls.

It should be noted that most ignition controls and regulations are centred around areas where
small flammable releases are likely to occur during normal operation. Less controls are applied
to the broader areas of a site, which are designated as non-hazardous in terms of typical
flammable releases. Therefore, although potential variations in control measures, based around
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the hazardous area classification approach, are included in the model, it is the less formal
controls that may or may not occur in non-hazardous areas of a site that have the most significant
impact on the probability of igniting a catastrophic release.
Data collation and uncertainties
The derivation of ignition source parameters and definition of land-use types has required the use
of a large number of assumptions, as defined in Appendices D and E. The calculation of the
ignition probability is sensitive to a number of these assumptions, where the following points in
particular should be noted.
•

The sensitivity of the ignition probability to the internal ignition sources is dependent on
the assumed ventilation rate. A broad value of 15 air changes per hour has been used in the
base case, although a significantly lower value may be appropriate to many of the buildings
that can occur within a site.

•

Strong ignition sources will, clearly, have a significant impact on the overall ignition
probability. A number of ‘standard’ land-use types have been defined to allow flexibility in
specifying such sources. However, it is recommended that careful consideration is given to
the likely frequency of activation of any flames, or other strong sources, that occur in a
particular site so that they can be defined more accurately for specific applications of the
model.

•

The above point also applies to boilers. In addition to the frequency of activation,
consideration should be given to the type of boilers used, for specific applications of the
model, with particular respect to whether it should be defined as an internal or external
ignition source.

•

Assumptions regarding the ignition potential of vehicles are based on a relatively small
amount of available analysis and any further data that becomes available should be used to
modify the vehicle ignition parameters accordingly.

•

Variation of the density of any individual ignition source within a land-use type will not
have a significant impact on the ignition probability. However, changing the density
assumptions globally, i.e. in each land-use type, will have a major effect on the overall
ignition probability. It should be noted that the density assumptions are based on analysis
of several sites and are estimates of general density values that will be subject to
considerable variation across different sites, particularly in land-use types such as roads and
storage areas.

It should be noted that, in deriving the ignition source parameters, the effects of certain ignition
sources has been found to be insignificant in comparison with others within a particular land-use
type and these sources have not been included in the model. An important example of this is the
various sources that can be associated with maintenance activities, which are in fact identified in
incident data as a common cause of ignition of flammable releases. Neglecting such sources, in
the context of a whole site subject to a catastrophic release, does not imply that these sources
would not ignite a flammable cloud, nor that they would not be important sources if the land-use
or type of release were defined differently.
Despite the above points, the results of the model appear to provide reasonable estimates of on
site ignition probability, as discussed further in the following section.

RSU 4014/R04.081

63

February 2002

In addition, the framework of the model is such that the effects of different ignition sources on
cloud growth can be evaluated. It is important to note that the layout of a site, in terms of land
use types and their position relative to the origin of the release, becomes critical if the ‘early’
stages of cloud growth are to be considered in detail. It should also be noted that the model
parameters have been derived for use with catastrophic releases. The same framework may be
applied to smaller releases, but more detailed consideration of the specific ignition source
parameters in the areas close to the point of release (i.e. classified areas) will be required for
accurate modelling.
Model comparison
The number and type of models that are available for comparison with the on-site ignition
probability are limited. The key points relating to each of the models that have been used are
summarised below. The comparisons are encouraging, in terms of the potential effectiveness of
the on-site model, although without data to directly compare against, considerable uncertainty
remains. The comparisons clearly demonstrate the potential benefits of the on-site model for use
in predicting the ignition probability of sites that are not typical of ‘industrial’ areas in terms of
ignition sources.
•

Comparisons against the model produced by Simmons (1974) are of limited use, since his
model is wholly based on incident data (59 accidents involving spills of LNG or LPG)
relating to transport incidents in the US, which are unlikely to reflect the densities and types
of ignition sources found around UK sites storing flammable gases. It is also based on
general land-use, relevant to each incident, and is not specifically ‘on-site’. The on-site
ignition probability model significantly under-predicts that of Simmons (as do the other
models that are compared), which may reflect the influence of event-initiated incidents on
the incident data set used, as well as the different types of area that may have been involved.

•

The current method used by HSE (Clay et al, 1988) and the off-site model (Rew et al, 1998)
provide useful indications of the existing approach to on-site ignition probability modelling
and the resulting probability estimates. Both models, when used in this context, represent a
general ‘industrial’ site and produce ignition probability profiles that are very similar to the
‘poor’ ignition controls case of the model developed in this study.

•

This effect demonstrates the advantage of the on-site ignition probability model in that
controls can be allowed for, so that the ignition probability of a particular site, or type of
site, can be evaluated to a greater degree of accuracy than by using a generic model that
covers all areas of industry.

•

In the case of the HSE model, which is based on expert judgement, the ignition probability
value, Pf, can be selected to reflect a reduced probability of ignition associated with a
‘controlled’ industrial site. The ignition probability curve using the most appropriate value
of Pf for a controlled site produce results slightly closer to that of the base case, although the
ignition probability is still significantly higher, particularly beyond the initial cloud growth
stage.

Application of the model within risk assessment studies
Ignition probability modelling may be used for Land Use Planning assessments or within the
predictive elements of safety reports, produced under the Control of Major Accident Hazards
regulations. As discussed above, the generic land-use types allow the model to be used for
hazard assessments where detailed information on ignition sources is unavailable, or the model
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can be modified to take into account any particular ignition source properties. The model can
also be readily adapted to investigate the effects of particular aspects, such as ignition controls or
location of certain items, on the overall ignition probability.
However, when applying the model, care needs to be exercised when defining ignition source
data. Varying ignition source parameters may either increase or decrease the predicted risk
levels depending on the type of release being modelled. That is, the overall effect of ignition
probability on the risk calculations for a particular site will depend on the relative frequency of
different release scenarios.
The form of the model is such that it can, potentially, be easily adapted for use within risk
assessment packages, which typically require that different types of land-use are specified. This
would allow the model to be used in conjunction with models for other fire events, such as for
immediate (event initiated) ignition. Each land-use type could be given additional variables in
order to identify at which point escalation will occur to other, or linked, events, such as VCEs
and BLEVEs. Clearly, the model is already compatible with the off-site ignition probability
model derived by Rew et al (1998), in the previous phase of this study.
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APPENDIX A
REVIEW OF DATA FOR ON-SITE IGNITION
A1.

Off-site ignition sources and probability
A similar study on the off-site “Ignition Probability of Flammable Gases” (Rew et al,
1998) included a general review of ignition sources, from both incident data and
attempts at characterisation of ignition sources. This literature review, concentrating
on on-shore data, identified several references which listed ignition sources and some
which produced lists classifying the strength of such sources. The relevant results of
the review are detailed in the first phase of the above study (Spencer & Rew, 1997),
and the key sources of data that were identified are summarised below.
Incident Data
Authors / reports identifying key ignition source types:
• Simmons (1974) - based on 59 accidents involving LPG/flammable liquids.
• Cox et al (1990) - from 968 incidents (on and off-site) over a one year period (1997).
• Crowl & Louvar (1990) - general fire accidents ranked in order of number of
occurrences.
• Off-shore data was not included in this review although references by Forsth (1983)
and DNV Technica (1996) were identified.
Authors / reports estimating ignition probability:
• CCPS (1995) - comprehensive review of incident data and common ignition sources,
assesses the probability of ignition of a flammable liquid/gas spill based on this
incident data.
• Simmons (1974) - derives probability of ignition from incident data.
• Dahl et al (1983) - derives probability of ignition from incident data for off-shore oil
and gas blowouts.
• Similar estimates of probability that a spill is ignited, based on the number of previous
occurrences are provided by Townsend & Fearnehough (1980), Jones (1980) and
European Gas Pipeline Incident Data Group (1988).
Ignition Source Characterisation
Detailed information on ignition characteristics is provided in a study by Jeffreys et al
(1982). A range of authors have also done a large amount of work on the design of
intrinsically safe electrical equipment.
Ignition potential:
• Various references exist which estimate the probability of ignition of specific sources:
•
•
•
•
•
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Cawley (1988) - spark ignition in intrinsically safe circuits.
Kamai et al (1994), Desy et al (1975), Eckhoff & Thomassen (1994) - mechanical
impact, friction.
Eckhoff & Thomassen (1994) - electromagnetic radiation in the optical range.
Dean et al (1990), Johnson (1980) - electrostatic charges.
James et al (1987) - radio frequency ignition.
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• Jeffreys et al (1982) - comprehensive study, identified over 150 potential ignition
sources in both urban and industrial areas. Includes (qualitative or quantitative)
estimates of ignition potential, rates of activity and density. Includes experiments to
define the ignition potential of ‘questionable sources’ such as smouldering cigarettes
and traffic light relays.
Ranking:
• In addition to the estimates provided by various references (covered above) to rank the
strength of different sources, either by frequency of occurrence in incident data cases
or through classification, Britten (1992) used a ranking system based on the ignition
energy range of different sources.
• Rew & Spencer (1997) give a framework ranking system, derived from a number of
the references reviewed, which is given below.

Category (strength of
source)
Certain
Strong
Medium
Weak
Negligible

Examples of ignition sources

Ignition potential

pilot light
open flare
electric motors
hot work
vehicles
faulty wiring
electrical appliances
mechanical sparks
intrinsically safe equipment
radio frequency sources

p=1
p > 0.5
0.5 > p > 0.05
p < 0.05
p=0

Table A.1 Framework ranking system for ignition sources

The second phase of the off-site ignition probability study (Rew et al, 1998) uses
these references as a starting point for collating ignition parameters (ignition
potential, p; proportion of active time, a; and activation rate, λ) for rural, urban and
industrial areas. A summary of the model used, and the relationship between the
different parameters, is given in Appendix B. Within the industrial areas, a range of
different types of site were considered. These areas did not include large-scale oil and
gas processing plants, which will form the majority of the hazardous installations
sites considered in this study. However, data was given for chemical processing
plants, which may be considered to have similar properties, at least for the purpose of
initial estimates of the likely on-site ignition potential for hazardous installations. The
ignition source characteristics that are used by Rew et al for chemical plants are
presented below.
Chemical process plants
Examples:
•

manufacture of ... industrial gases; fertilisers; soap and detergents; perfumes; manmade fibres; rubber tyres and tubes; rubberised textiles; plastic packing goods;
plastic goods; etc. N.B. oil refineries not included

Assumed characteristics:
•

high concentration of relatively heavy machinery

•

some degree of boilers, furnaces, etc. - leakage and hot surfaces will be minimal
because of flammable nature of products and reactants
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•

mixture of mechanical and electrical equipment

•

no smoking on or around site

•

small amount of use of external flares - 15% of plants

Internal sources:
•

high concentration of heavy machinery (p=0.5; a=0.992; λ=0.0277)

•

furnaces, hot surfaces, etc. (p=0.2; continuous)

•

combined (p=0.6; a=0.99; λ=0.023)

External sources:
•

(flare)=0.15Τj : flares (p=1; cont.)

•

(boilers)=0.85Τj : heating boilers (p=1; a=0.25; λ=∞)

where Tj is the total number of sites of this type.
NB This study considered off-site ignition potential and made no distinction between
different areas within each site, such as classified and non-classified areas. The values
given above were based on judgement following a combination of literature review, site
visits and sensitivity calculations.

The initial literature review from the Spencer and Rew (1997) study has been
expanded here to include references relating to both on and off-shore oil and gas, or
petrochemical, facilities as well as any recent publications since the last review. The
more relevant references are discussed in Sections A2 to A4.
A2.

Qualitative estimates of on-site ignition sources and probability
In addition to a detailed investigation into the types of ignition source which occur in
an ‘urban’ area, Jeffreys et al (1982) includes a survey of an LNG facility. This
survey includes a detailed list of the ignition sources found in different parts of an
“LNG receiving terminal” (the different areas surveyed are - loading dock, storage
tank areas, boil-off compressor room, main control room, motor control centre,
vaporizer houses, calorimeter house, fire pump, maintenance shop, trailer area). The
basic conclusion is that, in areas classified as hazardous, there are no ignition sources,
under normal operation, while non-classified areas contain a wide range of ignition
sources, typical of a general urban site. This represents the broad aim of area
classification – to eliminate ignition sources in areas where flammable substances
may occur – but gives no detail of how ignition sources are controlled in maintenance
or other ‘non-idealised’ situations.
The key observations made by Jeffreys et al are:
•

Vaporizers use gas-fired heaters drawing in outside air, but are fitted with
sensitive gas detector equipment and so were not considered to be ignition
sources. (Note that this assumes that the heaters are switched off immediately
upon detection of gas.)

•

The calorimeter is specific to LNG-type processing facilities and includes a
continuous open flame as well as heating and air conditioning equipment (with no
mention of gas detection).
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Cox et al (1990) present a review of incident data based on the HSE incident
database. Unlike many reviews of incident data they consider cases where “hazardous
area zoning appears applicable”, from which it can be assumed that the incidents
relate to the sites of interest in this study. In other words, the data does not include
non-controlled sites where fire incidents would not be mitigated. The results they
present are further refined to exclude ‘hot work’ ignition sources, where it has been
assumed that these cases are the cause of both the leak and the ignition, i.e. eventinitiated, and also cases where ‘spontaneous ignition’ occurred. The results are
divided into closed and open process incidents and the areas where the leaks were
initiated are given. The overall (closed and open) results are shown in Table A.2.
Although the aim of Cox et al’s survey is similar to that of this study, and the survey
is very detailed, caution is still required in using these results since they only cover a
one year period (1987-88). Nevertheless, the data in Table A.2 provides a useful
indication of the broad categories of ignition sources that can be expected on
hazardous installations sites, and the relative importance of each.
Similar data is also provided by Cox et al for off-shore incidents, derived from data
presented by Forsth (1983), which reviews incident data from offshore installations in
the Norwegian North Sea (NNS) and the Gulf of Mexico (GOM), up to 1981. Again
discounting hot work, this data (combining the NNS and GOM fields) is presented in
Table A.3, for comparison with the onshore results given in Table A.2.

Closed process
plant

Open process
plant

Total

Ignition source

No.

%

No.

%

No.

%

Flames: general

8

9.3

27

19.4

35

16

Flames: LPG fired

2

2.3

2

1.4

4

2

Hot surfaces

10

11.6

20

14.4

30

13

Friction

4

4.7

11

7.9

15

7

Electrical

8

9.3

29

21.0

37

16

Hot particles

3

3.5

-

-

3

1

Static electricity

6

7.0

10

7.2

16

7

Smoking

-

-

17

12.2

17

8

Autoignition

7

8.1

2

1.4

9

4

Unknown

38

44.2

21

15.1

59

26

Total

86

100

139

100

225

100

Table A.2 Survey of on-shore ignition sources by Cox et al (1990)
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Total
Ignition source

No.

%

Engines & exhausts

38

30.6

Hot surfaces (other)

6

4.8

Sparks

5

4.0

Electrical

25

20.2

Autoignition

2.5

2.0

Other

16

12.9

Smoking

2.5

2.0

Unknown

29

23.4

Total

124

100

Table A.3 Survey of off-shore ignition sources by Forsth (1983)
The off-shore data includes ‘engines & exhausts’ as a hot surface source, which may
also include other ignition sources such as flames and electrical sources. It can be
seen from both of these tables that the most frequent sources of ignition are flames,
hot surfaces and electrical sources. There is no indication whether these sources
occurred during normal operation or arose from fault or maintenance conditions, or
whether the flammable releases were small (possibly from normal operation) or large
(from a major fault or incident).
A3.

Incident data identifying on-site ignition sources and probability

A3.1. Sources of incident data
A report by Worsell (1996) conducted a comprehensive review of the available
incident data relating to the probability of ignition of potentially explosive
atmospheres. The sources of incident information covered by the report include the
following:
•

Major Hazard Incident Data Service (MHIDAS) - worldwide incident database,
provided to the HSE by AEA Technology,

•

FIREX - a similar database covering fire related incidents which have been
investigated by the HSE,

•

Other databases, including those produced by Four Elements and IChemE,

•

Various papers and books, including Cox et al (as discussed in Section A2),

•

The Fire Prevention Journal,

•

Loss Prevention Bulletin,

•

Lloyd’s Casualty Week (now Lloyd’s Casualty Register).

The report presents a number of sets of incident data, from the above sources, and
discusses a number of the drawbacks associated with the use of incident data. The
data presented by Worsell covers a wide range of types of incident, over a number of
years, and so the proportions of each type of ignition source do not apply specifically
RSU 4014/R04.081
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to hazardous installations. Rather than using the values presented, the main use of this
data is in identifying the more common sources of ignition, which are indicated by
Figure A.1.
The key results from the Worsell report, as shown in Figure A.1, are summarised in
Section A3.2 and the trends and key conclusions that can be drawn from the
MHIDAS database (as identified in the report) are discussed in Section A3.3. Some
of the other data sources listed above have been reviewed, as well as other sources,
and these are discussed in Section A3.4.
A3.2. Summary of Worsell (1996) incident data review
Results presented in Figure A.1 are from 3 databases (MHIDAS, FIREX and the Four
Elements database), the various literature reviewed by Worsell (denoted “Lit.”), and
two sets of results from the study by Cox et al (1990). The first set of results from
Cox et al, “Cox (All)”, is the Worsell report’s interpretation which includes the full
range of the incident data. The second set of Cox results, “Cox (HAC)”, are those that
were presented in Table A.2 (where the selected data has been revised to suit the
requirements of this study, as described in Section A2).
The databases that are reviewed have been developed for the HSE and are assumed to
cover industrial incidents, but not necessarily only hazardous area classification
situations. The literature results are based on incidents identified in various journals
and reports and may refer to any type of location, so will be of limited relevance to
on-site, industrial incidents.
In order to allow comparison between the results, some interpretation and
combination of the groups of ignition sources is required. For example, some of the
references detail “electrical equipment” and “motors, generators, etc.” separately,
while they have been combined here. In the same way as for the results presented by
Cox et al, the values shown in Figure A.1 are percentages of the total number of
incidents where ignition occurs and the ignition source is identified. Also, “hot work”
and “other” ignition sources are not included, as discussed in Section A2.
It can be seen that “flames” are the most frequent cause of ignition (where “flames”
can refer to flares, furnaces, boilers and other forms of open, or closed, flames). Other
significant sources are electrical equipment and hot surfaces.
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Flame & Furnace, etc.

Electrical & Motors, etc.

Hot surface

Autoignite

50

Vehicles

Frictional spark

45

Static

Smoking

Percentage of incidents (%)

40
35
30
25
20
15
10
5
0
MHIDAS

FIREX

4E

LIT.

COX (all)

COX (HAC)

Figure A.1 Proportions of ignition sources identified by reviews of incident data
A3.3. Trends and conclusions from MHIDAS database
Worsell (1996) reviews the MHIDAS database and includes an “edited sub-set” of 88
appropriate incidents. These examples were reviewed in detail with particular
reference to the types of hazardous installation sites covered by this study.
The original MHIDAS search reported by Worsell identified 4652 “fire” incidents.
By discounting incidents involving solids and non-explosive substances (such as
bitumen and crude oil) the number of incidents was reduced to 1922. Of these, a
significant number did not have specified ignition sources, although some of the
remaining sources were duplicated by having more than one substance involved, or
having more than one specified ignition source. Discounting the unknown sources
and adjusting to avoid duplicated incidents, Worsell arrived at a final figure of 361
incidents (which gave the results presented in Figure A.1). It is not clear how the final
88 “edited sub-set” entries were selected, although they appear to include only the
‘frictional spark’ and ‘electric and motors, etc.’ categories.
Clearly, any interpretation of these entries will be of reduced value with this narrower
range of ignition sources. However, the advantage of having a smaller sub-set of
examples is that the incidents can be reviewed in much greater detail. The 88 entries
(of which only 63 were found to be relevant - removing repetition and event-initiated
ignition, such as from train collisions) were reviewed in order to derive information
specific to this study. In particular this meant evaluating whether ignition occurred in
a classified area or not, and if hazard area classification or other regulations were
implemented, and also what type of event led to the incident (i.e. normal processes or
maintenance or fault procedures).
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Noting that the incidents covered are from a limited sub-set, the results are presented
in pie-chart form in Figure A.2, which shows the breakdown of incidents in the broad
groups of normal operation, ‘process’; transfer or refuelling, ‘fuelling’; and
‘maintenance’. (Note that maintenance refers to both routine maintenance procedures
and maintenance in response to leaks or other incidents). Figure A.3 breaks these
groups down further into the types of electrical or frictional sources that lead to the
ignitions. The main points arising from these results are listed below.
•

The number of incidents occurring during ‘fuelling’ (which is usually part of
normal operation, although intermittent rather than continuous) is approximately
half that of the normal continuous processes. Given the time taken by each, the
fuelling incidents may be considered to be a relatively significant contributor to
the number of incidents that occur.

•

The number of incidents arising from maintenance procedures is at a similar level
to the number of fuelling incidents. (Thus, maintenance procedures are
considered to be relatively important given the time over which it occurs
compared to normal operation.) It is not possible to determine the proportion of
incidents that are from maintenance in response to a fault, as opposed to those
arising from routine maintenance. It is the author’s judgement (based on
reviewing the descriptions of each incident) that the majority of maintenance
related ignitions occur where maintenance takes place in response to a fault (e.g.
in attempting to repair a leak, the flammable substance is ignited).

•

Although, as described above, maintenance often occurs in response to a fault, it
is not necessarily the cause of the leak, i.e. ignition is not necessarily eventinitiated. It is not clear whether such event-initiated incidents have been removed
from the sample, but this view contrasts somewhat with that of Cox et al (1990)
who did not include ‘hot work’ (as detailed in Section A2) because it was
believed to be the cause of the leak as well as the ignition.

•

Of the maintenance related incidents included in this review, the majority of
ignitions were caused by welding. Most of these incidents appear to occur at, or
close to, the source of the leak.

•

Both the ‘fuelling’ and ‘process’ incidents were caused by an approximately
equal distribution of either electrical, static or motor ignition sources. These
incidents were either ignited close to the source of the leak or at a significant
distance away from the leak.

Despite the considerable depth of information contained within the MHIDAS
database, there are inherently a number of inconsistencies in the definition of ignition
sources, as well as the other disadvantages associated with using incident data (as
discussed in Section A5). Although providing important background information it is,
therefore, of limited quantitative use in terms of the review of ignition source data,
which forms Section 2 of the main report.
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Maintenance

Process

Fuelling

Figure A.2 Proportions of activities where fire incidents occur, from edited subset of MHIDAS entries

MAINTENANCE
Friction

Electric
Electric

Grinding

PROCESS
Welding

Static
Electric / motor

Static
Electric / motor

Electric
FUELLING

Friction

Figure A.3 Breakdown of ignition sources (for each activity) causing fire
incidents, from edited sub-set of MHIDAS entries
The location of an ignition source, in relation to the release point, is significant in this
study. Incident data that indicates whether ignition occurred in classified areas (i.e.
where controls should be in place to prevent such incidents) or non-hazardous areas
(i.e. where ignition is almost inevitable if the release is large enough) would be of
great benefit. In the MHIDAS database samples assessed above, very little
information was given regarding the exact location of the ignition (in relation to the
point of leakage), but the following points were determined.
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•

6, of the 63, incidents clearly stated that the hazardous substances were ignited by
sources a significant distance away from the point of the leak (i.e. either off-site
or in non-classified areas).

•

4, of the 63, incidents were known to arise from failure to meet regulations (i.e.
ignition occurred in hazardous areas where controls to eliminate that form of
ignition source should have been in place).

It is important to note that the above values represent the incidents where sufficient
information was given. It is likely that both of the above numbers are significant
under-estimates. Particularly the former, where it is the author’s view (from reading
the descriptions of each incident) that approximately half of the incidents involved
significant releases which would spread outside of hazardous area classification zones
before ignition occurred.
Since some incidents give detail of the area in which ignition occurs, and whether
regulations were followed, but the majority do not, no further use of MHIDAS is
recommended as part of the review of control procedures and their effectiveness
(which corresponds to Section 3 of the main report and is also covered in Appendix
C). What can be concluded from the existing MHIDAS data is that, although the exact
proportion is not known, it is clear that some incidents do occur where correct
adherence to hazardous area classification and its associated procedures would have
prevented ignition from occurring. It is the aim of the main report to identify the
procedures that should be followed, and to be able to assess the implications of
failure to meet these criteria.
A3.4. Additional incident data
The Lloyd’s Casualty Register (1999) contains a comprehensive database of worldwide incidents (primarily for insurance purposes), which includes a large number of
fire and explosion related events. The records run from 1991 to the present and
contain approximately 100,000 incidents per month. The records allow appropriate
fire incidents to be extracted (i.e. oil and gas, chemical, and other hazardous
installations). However, a detailed review of the more recent records (1999 only)
found that very few of the records gave an ignition source and so further use of the
database was not made. (The Lloyd’s register provides immediate detail of events,
where ignition sources are usually not determined until detailed investigation has
taken place - hence, the sources that are given are generally ‘obvious’ events such as
war or lightning!)
Lees (1996) presents a detailed review of a large number of fire and/or explosion
incidents in the process industry. Assessment of the more recent incidents that are
included highlights the wide range of things that can cause leaks and ignition. Two
very broad causes of such incidents, which are by far the most significant, are
maintenance actions and incidents that arise through lack of maintenance.
•

Being non-routine, maintenance operations have less permanent safeguards
against leaks or ignition and frequently cause fires and explosions. (The main
safeguard against maintenance incidents is the permit-to-work system, which is
discussed in detail in Section 3 of the main report.)
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•

Although better design will reduce the number of faults that occur, and reduce the
potential impact of such faults, the majority of the normal operating incidents
discussed by Lees arose through lack of maintenance or monitoring rather than
plant design or actual operation.

Although key words are used in searching the IChemE’s Accident database (1999),
the details of the incidents are very descriptive and so searching for trends in the data
is very difficult. An important point that became clear from the review of incidents
was that the types of incidents that occur in industry can vary according to the
substance. Samples of around 120 incidents of ‘hydrocarbons’ and ‘LPG’ were
reviewed in detail, from which the following conclusions can be drawn.
•

In hydrocarbon processing facilities, which are typically relatively large-scale oil
refinery type sites, maintenance related incidents are approximately half as
frequent as normal process incidents, while incidents arising from fuelling
activities are relatively rare.

•

In LPG facilities the proportions of each of the fire incidents arising from process,
maintenance and fuelling activities is approximately equal. This indicates a
significant increase in the proportion of fuelling incidents occurring in LPG sites
over that of hydrocarbon plants.

The difference in frequency of fuelling incident between ‘LPG’ and ‘refinery’ sites
may be explained by the fact that LPG is normally distributed by road tankers, while
transport from oil refinery sites will often be piped. Thus, generally, fuelling
operations will occur much more regularly in sites involving LPG. A further
explanation, which also applies to the higher rate of maintenance influenced fire
events, is that LPG facilities are usually much smaller than hydrocarbon processing
plants. With the greater consequences of leaks and fires from large-scale facilities, it
may follow that ignition controls and safety procedures (particularly those relating to
non-routine operations such as maintenance) are more strictly applied at hydrocarbon
sites.
A4.

Quantitative estimates of on-site ignition probability data
Cox et al (1990) review a number of estimates of the probability of ignition of various
flammable releases, based on incident data, and from these produce an estimate of
their own. The various references and estimates are listed in Table A.4 and the
summary of the data provided by Cox et al is shown in Table A.5.
The values in Table A.4 emphasise the impact that both the size of release and the
density of ignition sources have on the probability of ignition. It is clear that for
larger (or catastrophic) releases, ignition is almost inevitable for industrial areas (or
‘on-site’), with values of 1 given by Browning (1969) and the 1st Canvey Report
(1978), and 0.9 given by the 2nd Canvey report (1981). The estimates derived by Cox
et al (1990), shown in Table A.5 are for general areas, where the density of ignition
sources is assumed to be significantly lower than for a dedicated industrial area (as
appropriate to this study).
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Source
Kletz

Type of release

Size of
release

Location

Probability
of ignition

Comments

Polyethylene VCE

mostly small

general - on or
near site

10-4

good jet mixing with air

Hydrogen &
hydrocarbons mix

general

general - on or
near site

0.033

(1977)

(hot, @250bar)

> 10 ton

LPG release

"massive"

Flammable liquid, flashpoint <110oF

1st Canvey

Assuming no obvious
source of ignition and

general

10-2

explosion-proof electrical
equipment.

Flammable liquid,
flashpoint 110-200 oF

general

10-3

Multiply by 10 if strong
ignition source present.

LNG vapour clouds

"limited"

general - on or

"large"

near site

1

LNG vapour clouds

general

on-site

0.1

"no" sources of ignition

Report (1978)
2nd Canvey

0.1 to 0.5
10-1

Browning
(1969)

general - on or
near site

Report (1981)

Dahl (1983)

Gas

blowouts

Oil

(massive)

off-shore

10-1

0.2

"v. few" sources of ignition

0.5

"few" sources of ignition

0.9

"many" sources of ignition

0.3

based on 123 incidents

0.08

based on 12 incidents

Table A.4 Ignition probability estimates from various incident data reviews by
Cox et al (1990)

Source
Cox et al

Type of
release

Size of release

Location

Probability of
ignition

Gas

minor (<1kg/s)

general

0.01

Liquid

major (1-50kg/s)

0.07

massive (>50kg/s)

0.3

minor (<1kg/s)

general

0.01

major (1-50kg/s)

0.03

massive (>50kg/s)

0.08

Table A.5 Summary of ignition probability estimates (Table 1.3) by Cox et al
(1990)
The simple approach adopted by the 2nd Canvey report (shown in Table A.4) could
form a basis for the ignition probability model, where probabilities of ignition are
assigned according to the density of ignition sources in a particular area. The values
assigned are very general, and make no allowance for the quality of ignition controls
that may be applied to a site or area. More importantly, the values derived for the
Canvey report give the ‘probability of ignition given that the release has occurred’,
whereas the model here is designed to use the ‘probability of ignition given that
source is active and in contact with the cloud’. The difference is subtle, but in the
latter case gives the model far more flexibility in allowing for time periods where
ignition sources will be few, and for areas of plant where controls can be
implemented to significantly reduce, or eliminate, the probability of ignition
occurring.
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Estimates of ignition probability relating to LPG releases are provided by a number of
authors, as part of the development of HSE’s LPG RISKAT model. By considering
various incident data on ‘reported ignitions following accidental releases of LPG’,
together with the projected cloud size for various releases, Crossthwaite et al (1988)
produce a set of ignition probabilities. These are summarised in Table A.6 and are
general values relating primarily to industrial land. Statistically based values for
immediate ignition are presented, together with estimates of the subsequent risk of
‘delayed’ ignition as the resulting gas cloud drifts under different wind categories.
The values given by Crossthwaite et al (1988) are consistent with the above values,
where for large or catastrophic releases in industrial areas, ignition is almost certain
(hence values of 1 and 0.9 are given for day and night style weather conditions,
respectively). It should be noted that the values quoted for ignition probability over
urban and rural areas are 0.8 and 0.04 of that of industrial areas, respectively. It
should also be noted that these values are totally qualitative, and were derived for use
in an off-site ignition probability model (LPG RISKAT). Equivalent estimates for
ignition at source (either delayed or immediate) are given by Considine et al (1982),
and also shown in Table A.6, which indicate the possible uncertainty in such
estimates, being 5 times higher.
Probability of ignition
Source

Type of release

Crossthwaite
et al

Catastrophic
(cold failure,
200te)
Large
1te
Vessel failure

Considine et
al
Crossthwaite
et al

Plant / pipework
failure

Immediate
ignition
0.05

Delayed ignition,
at source
n/a

Delayed ignition (drifting over
industrial land)
0.9 / 1.0 (F2/D5 weather)

0.25
0.25
0.05

0.25
0.1
n/a

n/a
n/a

0.05

n/a

13mm
25mm
50mm

13mm
25mm
50mm

0.2
0.6
0.9
Density of sources
Low
Med. High
0.04
0.14
0.24
0.05
0.25
0.45
0.4
0.6
0.8

Table A.6 Summary of ignition probability estimates specifically for LPG
releases
As can be seen from the data sources in Tables A.4 to A.6, quantitative estimates of
ignition probability relating to industrial areas are very general. That is, a probability
of ignition is assigned to industrial sites as a whole, and no estimates are available
which relate to different parts of the same site.
The values given above, therefore, provide little benefit in terms of deriving ignition
source parameters for particular areas of a site. They will, however, provide useful
guides for comparison of the derived model against existing approaches.
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Phase II of this study, by Rew et al (1998), developed a model for the determination
of off-site ignition probability (again in the event of a catastrophic release). This was
based on 3 standard land-use types, industrial, urban and rural. The derivation of
ignition source parameters for each area was based on the assumption that the sources
are distributed randomly throughout each area. The density of each of the different
ignition sources was determined and an equivalent set of parameters determined for
each area type.
In the same way as the values presented in Tables A.4 to A.6 can be used to compare
against the model developed here, the industrial data derived by Rew et al (1998) can
be compared against the overall values. As discussed above, the aim of this model is
to derive more specific on-site ignition probabilities, and so the previous work is not
of direct benefit.
A5.

Note on uncertainties
Caution is required when using any incident data. Various reasons for this have
already been discussed in this appendix, principally that sets of statistical data cannot
give the background to each incident and so data is invariably collated from different
types of incident. For example, few of the references reviewed here referred
specifically to sites where hazardous area classification applies and are likely to cover
a wide range of different sites.
There are some inconsistencies between the different ways in which ignition sources
are grouped or classified and most authors acknowledge that data is derived from
incomplete lists (i.e. where many of the incidents had ‘unknown’ ignition sources).
Another significant area of uncertainty in almost all of the references that have been
reviewed is the amount of immediate, or event-initiated, incidents that have been
included in the various analyses.
It should further be noted that the use of historically based data does not allow
consideration of improvements in equipment design or plant layout, on ignition
probability. Also, the degree of control that is applicable to each site is difficult to
determine. Mitigation, such as control of electrical ignition sources through
hazardous area classification or use of more stringent work permit systems, may have
an impact on the likelihood of flammable gas cloud ignition, especially in the near
field. It is inevitable that incident data seldom includes sufficient information to be
able to make judgements about the degree of control that occurred during the time
period, or on the specific site, covered by the data. Most incidents arise from failure
of existing controls, but whether such failures are isolated incidents, or part of a
generally ‘poorly’ controlled area, is seldom indicated.

A6.

Significant on-site ignition sources
The references and data reviewed in Sections A2 to A4 provide a useful set of
background information on which derivation of more detailed ignition source
parameters can be based. The incident data (Section A3) and qualitative estimates of
ignition probabilities (Section A2), in particular, indicate areas where attention should
be focussed. However, all of the references deal primarily with very broad areas, and
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so cannot be used directly in determining ignition parameters for specific installations
and areas of sites.
The main aim of the review is to identify and, if possible, evaluate on-site ignition
sources. As discussed in Section A2, a number of previous studies and investigations
are available which identify, and attempt to rank, the many different types of ignition
source which exist. From these references, based primarily on the 150 sources
identified by Jeffreys et al (1982), a list of all potential ignition sources has been
compiled with the sources which do not apply to hazardous installations sites (such as
pinball machines and hospital equipment) removed. The remaining sources are listed
below, in Table A.7, with a semi-quantitative ranking of the strength, frequency and
density of each source given.
It should be noted that the ignition sources listed by Jeffreys et al are very detailed
and many of them have been combined in Table A.7. Additional sources have also
been added (and some removed, as discussed above) from other references.
Therefore, direct comparison of the semi-quantitative values given in Table A.7 and
by Jeffreys et al is not appropriate.
It must be emphasised that the data provided in Table A.7 is a first approximation.
Although the references have been used as background information, the ranking
values assigned to each source are subjective. The list is provided as an attempt to
summarise the relevant information on ignition sources that is available.
The main sources of ignition relating particularly to hazardous installations, are
summarised by the list below:
Flames:

Direct fired space and process heating;
Fires involving waste materials allowed to accumulate;
Use of cigarettes / matches / etc.;
Internal combustion engines;
Cutting and welding flames;
Large scale fires started elsewhere on site.
Hot
Heated process vessels such as dryers and furnaces;
surfaces:
Hot process vessels;
Space heating equipment;
Mechanical machinery;
Electrical equipment and lights.
Spontaneous heating.
Sparks:
Friction heating or sparks;
Impact sparks;
Electric sparks;
Electrostatic discharge sparks;
Lightning strikes.

A key factor in hazardous installations is the use of hazardous area classification, and
other methods, to control the occurrence of ignition sources in areas where flammable
atmospheres may occur. The next stage of the model development is to identify
which of the ignition sources in Table A.7 occur in classified and non-hazardous
areas and the effects, or potential effects, that ignition controls may have on them.

RSU 4014/R04.081

A-15

February 2002

Ignition controls are reviewed in detail in Appendix C, where Table A.7 is developed
further.
Table A.7 Ignition sources, and estimated parameters, that relate to hazardous
installations
Operation

Ignition source

Motor Vehicles
Normal op
electrics / alternators / distributors
exhaust / intake / cat.
brake lining
Fault
faulty ignition / electrics
loose metal dragging on floor
impact upon collision
Traffic control systems
Static from vehicle occupants
Generators, engines, etc.
Normal op
electrics / alternators / distributors
exhaust / intake / cat.
Rail
Assume no rail actually on site
Static
Normal op
static from people
high voltage lines, etc.
processes
Fault
lightning
Boilers
Boilers, turbines, heating etc.
Electrical transmission lines
Normal op
static
Fault
electrical spark, arcing, etc.
Maintenance, etc.
welding, cutting, grinding
general machinery, equipment
mechanical impact
temporary heaters, fires, etc.
PLUS vehicles / engines
Potential
w - weak
m - medium
s - strong
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Type

Potential

Activity

Density

Electrical
Hot surface
Hot surface
Electrical
Fric. spark
Mech. spark
Electrical
Static

m
m
m
s
m
m
m
m

i
i
i
if
if
if
i
if

s
s
s
s
s
s
s
m

Electrical
Hot surface

m
m

i
i

m
m

-

-

-

-

Static
Static
Static
Static

m
s
m
s

if
if
i
if

m
s
d
s

Various

s

c

s

Static
Electrical

m
s

if
if

s
s

Mech. spark
Electrical
Fric. spark
Flame
Various

s
m
m
s
m

if
if
if
if
if

s
s
s
s
s

Activity
i – intermittent
if – infrequent
f – frequent
c – continuous
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Table A.7 continued: Ignition sources, and estimated parameters, that relate to
hazardous installations

Operation

Ignition source

"Domestic"
Normal op
electrical equipment, switches, etc.
heaters, boilers, etc.
gas cookers, etc.
smoking materials
"Commercial"
Normal op
electrical equipment, switches, etc.
lifts, mechanical equipment
smoking materials
"Others -external"
Normal op
neon and other lights
electric bug exterminators
Fault
accidental fires, etc.
sirens, alarms, etc.
electrical overloads
focussing of sunlight by glass
Industrial / Process
Specific
flares
furnaces and boilers, stills, etc.
other flame equipment
material handling equipment
mechanical processes
electrical equipment
electrostatic precipitators
hot products
General
electrical equipment
mechanical / friction
hot surfaces
Fault
emergency power supply &
controls
Potential
w - weak
m - medium
s - strong

RSU 4014/R04.081

Type

Potential

Activity

Density

Electrical
Flame
Flame
Flame

w
s
s
s

i
i
i
if

m
m
m
s

Electrical
Mech. spark
Flame

w
w
s

i
i
if

m
m
s

Hot surface
Hot surface
Flame
Electrical
Electrical
Hot surface

m
s
s
m
m
w

if
if
if
if
if
if

s
s
s
s
s
s

Flame
Flame
Flame
Mechanical
Mechanical
Electrical
Electrical
Hot surface
Electrical
Mechanical
Hot surface
Electrical

s
s
s
m
m
m
m
m
m
m
m
m

c
c
c
f
f
c
f
f
c
f
f
if

s
s
s
m
m
d
m
m
d
m
m
m

Activity
i – intermittent
if - infrequent
f - frequent
c - continuous
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APPENDIX B
OVERVIEW OF IGNITION PROBABILITY MODEL

B1.

Background
The model is based on the assumption that a catastrophic leak of flammable gas occurs
from a given source. The aim of the investigation is to determine the probability that the
resulting gas cloud ignites at time t. In this phase of the project, the site under
investigation is an industrial site. The site is divided into different regions, or ‘areatypes’, and each is allocated a type of land use (e.g. car park, boiler house, etc.). In each
area-type a set of ignition source parameters must be specified, which should include the
criteria set out below. Note that the sources within each land use region are assumed to
have a random distribution.
More detailed description of the basic model framework is given by Rew et al (1998).

B2.

Inputs to the model
Gas cloud
The input for the gas cloud is the output file of a dispersion model (Hegabox, 1994),
which can be run independently of the ignition probability model. Hegabox defines the
shape and concentration of the cloud over a period of time. In addition to the output
from the dispersion model, the direction of the motion of the gas cloud must be defined
in the ignition probability model, together with the lower and upper flammability limits
that are appropriate to the gas cloud being modelled.
Site data
The dimensions and layout of the area being modelled must be defined. If there are any
buildings on the site, the location, dimensions and ventilation rate of the building must
be specified.
Ignition source parameters
Each different ignition source, j, must be identified and the density, µj, of each
determined (in units of hectares-1).
If the source is intermittent, the period for which the source is ‘active’, ti, and the period
between each activation, ta, must be specified. From these values the frequency (per
min), λ, at which the source becomes able to ignite the gas, and the probability of the
source being active initially, a, can be calculated.

λ = 1 / (ta + ti);

a = ta / (ta + ti);

For continuous sources a=1 and λ=0.
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The probability of ignition, pI, or ignition potential, is the basic probability that ignition
will occur when the source is active and in contact with the gas, i.e. is surrounded by a
flammable gas cloud.
The model also accounts for whether the ignition source is inside or outside a building,
so ‘location’ needs to be specified for each source.
B3.

The model methodology
In the mathematical model the probability of non-ignition is calculated for individual
sources in each unit area, and then for multiple sources. The results are then combined
to give the probability of non-ignition for the site, Q(t), as:
I

J

[

ln Q(t ) = ∑∑ Aih µ j (1 − a j p j )e

− λ j p j d ih

]

−1 ,

i−1 j=1

where:

Ai is the area of the ‘i’th region as a fraction of the whole site,
j=1,…J represents the ‘j’th ignition source,
d is the duration that the source has been in contact with the gas cloud,

The subscript, h, is added to A and d in the equation above to refer to whether the cell
contains inside or outside sources. If the sources are in a building this delays the
probability of it igniting the gas cloud by a factor which depends on the ventilation rate
of the building.
B4.

How the model is used in practice
The ignition source data is entered into a data file along with the details of the gas cloud,
the site dimensions and the land region dimensions and types. A numerical model is run
to give an output of the probability of non-ignition over the site at a given time. This
can easily be converted into useful forms of output, such as graphs, using a spreadsheet
package.

B5.
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APPENDIX C
REVIEW OF METHODS FOR CONTROL OF IGNITION SOURCES
C1.

Legal background and general codes
Listed below are some of the general statutory requirements that apply to industrial sites.
They relate to the protection of the workforce and specify that ignition sources must be
controlled (to avoid dangerous fires or explosions), without giving any detailed
requirements.
•

Health and Safety at Work Act, 1974;

•

The Fire Precautions Act, 1971;

•

Electricity at Work Regulations, 1989;

•

Highly Flammable Liquids and Liquefied Petroleum Gases regulations, 1972.

There are many other statutory regulations which apply to different types of facility, but
the key aspects are covered by the three stage approach proposed by the UK Advisory
Committee on Major Hazards (ACMH):
•

Identification
The identification stage is covered by the Notification of Installations Handling
Hazardous Substances (NIHHS) Regulations (1982). This requires operators to
inform the Health and Safety Executive (HSE) if more than a specified minimum
quantity of hazardous substance is stored, manufactured, processed or used at an
installation.

•

Prevention of accidents
Prevention of accidents is broadly covered by the requirements of the Health and
Safety at Work Act (1974). More detailed requirements are regulated by the
Control of Major Accident Hazards (COMAH) Regulations.

•

Mitigation of hazards
Mitigation is also covered by COMAH regulations, and also by UK planning
legislation.

Crossthwaite et al (1988) report that, in 1988, there were some 1600 installations in the
UK, which were notified under NIHHS, of which approximately 500 are sites containing
bulk LPG storage. The above elements are brought together by the requirement for the
issue of a fire certificate, which is administered by the Health and Safety Executive, HSE
(HM Inspectorate of Factories). Codes are available from different sectors of industry to
provide guidance on fire safety to aid in satisfying the HSE of the safety of a site. The
most relevant of these generic standards, or codes, are listed below.
•

BS EN 60079, Part 10 (1996): Electrical apparatus for explosive gas atmospheres classification of hazardous areas;

•

BS 5345 (1983): Selection, installation and maintenance of electrical apparatus for
use in potentially explosive atmospheres;
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•

The Institute of Petroleum: Model code of safe practice for the petroleum industry;

•

BS 5908 (1990): Code of practice for fire precautions in the chemical and allied
industries.

The main feature, in terms of controlling ignition sources, of these codes is area
classification, which defines zones where the risk of a flammable leak is at the same
level. There are standards of electrical equipment that are specified as appropriate for use
in each zone. The many different forms of non-electrical ignition source do not have
such clear classifications, but the different standards provide recommendations on which
may be tolerated in different areas (although the aim is usually to have no ignition
sources at all in hazardous areas).
As well as specifying controls on the type of ignition sources, the standards also
recommend procedures for minimising the risk of leaks and ignition, primarily for
normal operating processes. Faults and maintenance operations, i.e. the introduction of
temporary ignition sources, are covered by the use of permit-to-work systems.
A brief discussion of the development of the current standards is given in Section C2,
which also covers some of the general issues that apply to preventing fire and explosion
incidents. The term ‘area classification’ is often used to describe the overall safety
concept set out by each code, although the actual process of ‘area classification’ may be
separated from ‘permit-to-work’ systems and from specific recommendations on the
control of ‘ignition sources’. While it should be noted that these issues are interdependant, they are discussed separately in Sections C3 to C5, respectively.
The standards addressed here are primarily those which apply to on-shore installations in
the UK, although offshore and international codes are referred to where relevant.
C2.

Development of current standards
The first codes relating to the control of ignition sources were developed for the coal
mining industry in 1926 (the flame-proofing of electrical equipment). Further codes were
developed in other industries, primarily by the different petroleum institutions, based on
consideration of areas classified as either ‘dangerous’ or ‘safe’. Today there are a wide
range of codes produced by the various institutions, most of which originated in the ‘70s.
Hazard Area Classification (HAC) forms the basis for all of these standards.
Cox et al (1990) discuss some of the known concerns about the existing approaches and
suggest that a more quantitative approach to area classification could avoid some of the
known disadvantages (i.e. being generally over-conservative, while being inadequate in
specific indoor applications, and having some inconsistencies). A framework for a
quantitative approach was given by Cox et al, pending “comment from the industry”.
However, the latest version of the European standard for area classification (BS-EN
60079-10, 1996), which is discussed further in the following section, has since addressed
many of the issues raised by Cox et al.
Cox et al also briefly review the Source of Hazard (SoH) approach, which is a
quantitative approach given by the ICI Electrical Installations Code (1972). This uses the
same hazardous area classification concept but uses an estimated travel distance of
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potential leaks to potential sources in order to set zone sizes, rather than the ‘blanket’
approach used by the non-quantitative method. The advantage of this, according to Cox
et al, is that it forces careful consideration of leak and ignition sources, while the
disadvantages are that uncertainties still remain and that the approach can involve
considerable effort for “little return” in comparison with the blanket approach.
While not dealing with any specific codes, Worsell (1996) presents a list of controls and
principles that should be adopted to reduce the risks and impacts of fires and explosions
occurring. This provides a concise summary of the aspects that should be considered in
the control of ignition sources and flammable leaks, and is reproduced below, although
the same issues are covered in greater depth by the various codes that are discussed in
the following section.
Factors which reduce the likelihood of an explosive atmosphere
•
The use of suitable risk assessment and hazard analysis, during design and before carrying
out non-routine operations.
•
The operation of an effective permit-to-work system.
•
Good lines of communication between personnel on the ground and management.
•
Plant design to limit likelihood of emissions (eg. specifications for flanges and valves,
etc).
•
Plant layout to minimise likelihood of impact damage by limiting vehicular access and the
use of crash barriers.
•
Effective and timely maintenance.
•
Effective instrumentation and procedures to minimise likelihood of overfill, etc.
•
Good specification, implementation and maintenance of pressure relief systems.
•
Reliable Nitrogen purge.
•
Separating different parts of the plant and good housekeeping to limit domino effects.
Factors which reduce the persistence of an explosive atmosphere
•
Ventilation, preferably natural but also forced of a sufficient level to prevent the build up
of, or quickly disperse, a flammable atmosphere.
•
Automatic shutdown, excess flow valves, etc.
•
Leak detection, through plant instrumentation (level indicators, flow detectors) and the
use of flammable gas detectors.
•
Effective procedures and equipment to quickly isolate the source of a leak (remote shutoff valves) and disperse the flammable atmosphere (water spray, explosion proof emergency
ventilation).
Factors which reduce the likelihood of ignition
Control of all ignition sources through Hazardous Area Classification which is backed up
by suitable procedures and well-disciplined personnel.
•
Training and provision of information, instructions and procedures to enable personnel to
recognise and react correctly to hazardous situations.
•

Factors which reduce the scale of the consequences of ignition.
Reliable and sufficient fire fighting equipment and firewater suitably segregated to
minimise likelihood of damage to fire pumps, power and water pipelines.
•
Effective and well-practised emergency procedures including issues like evacuation, fire
fighting, water sprays, plant shutdown, effective communications with neighbours.
•
Effective emergency procedures, properly trained staff and practice.
•
Passive fire protection such as fireproofed supports to pipework and vessels and
intumescent cladding.
•
Timely and comprehensive provision of information on the nature of hazards to the
police and fire brigade.
•
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C3.

Hazardous area classification

C3.1

Generic area classification approach
The main European standard for area classification, which can be applied to any
industry, is BS EN 60079, Part 10 (1996) “Electrical apparatus for explosive gas
atmospheres - classification of hazardous areas”. It was derived directly from the area
classification section of the British Standard for electrical equipment in flammable
atmospheres (Part 2 of BS 5345, 1983), and is referred to extensively by many of the
other industry fire and explosion codes.
“Area classification is a method of analysing and classifying the environment where
explosive gas atmospheres may occur so as to facilitate the proper selection and
installation of apparatus to be used safely in that environment, taking into account gas
groups and temperature classes.”
(BS-EN 60079: Part 10, Classification of hazardous areas, 1996)

The first step in area classification is to determine the probability that a flammable leak
can occur. From the frequency and duration of the leak, the grade of leak is determined,
which is then used to define the level of classification. The zones, which are used in all
British codes and regulations, are detailed in Table C.1.
Grade of release

Definition

Zone number

Continuous

Continuous, or expected to occur for long periods

Zone 0

Primary

Expected to occur periodically or occasionally in
normal operation

Zone 1

Secondary

Not expected to occur in normal operation, and if
so is likely to infrequently and for short periods

Zone 2

Note 1: The zone numbers are for releases into open air. Greater or less ventilation (i.e. by
artificial means) can give rise to lower or higher zone numbers.
Note 2: All other areas are classified as ‘non-hazardous’.

Table C.1 Basic area classification zones
The zones are used to detail the broad areas where there is a certain level of risk that a
leak will occur. When evaluating a particular leak, or source of leak, the frequency and
duration of release, release rate, concentration, velocity, ventilation, and other factors are
determined. There is then a firm basis on which to determine the likely presence of an
explosive atmosphere.
Knowing the likelihood of a leak being present ensures that an appropriate level of effort
is applied to eliminating ignition sources from each area. The basic approach is to aim to
eliminate all zone 0 and zone 1 areas, and where they do occur to prevent any ignition
sources from occurring in these zones. Zone 2 areas should be minimised and the
ignition sources within them eliminated and, where they do occur, strictly controlled.
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The remaining areas should be ‘non-hazardous’, where controls on ignition sources are
not required. As indicated by Jones (1989), it must be recognised that they may still be
part of, or include, ‘restricted’ on-site areas and controls on ignition sources may, and
should, still apply. Since the size of flammable releases covered by this study will be
large-scale it is the range of ignition sources that exist in non-hazardous areas that will
be of most significance. Thus, the degree to which these less formal controls of ignition
sources exist within typical non-hazardous areas will be of key interest in this study.
Jones (1989) states that the British Standards Institute (BSi), having set out the basic
safety concept through codes such as BS-EN 60079, “have endorsed the principle of
specific industry codes” in order to provide more detailed guidance for a particular
industry. It is important to note that all of these variants of area classification standards,
which are considered in the following sections, are derived from the same original
document, BS-EN 60079-10. Thus, they all carry the same list of exclusions, which
include the manufacture of explosives, certain mines, and areas including flammable
dusts or fibres. Most importantly in the context of this study, the regulations do not
attempt to cover events arising from ‘catastrophic’ failures. These abnormal events
should be addressed by a Preliminary Hazard Analysis and a Hazard and Operability
Study.
The aim of Hazard analyses and studies, or HAZOPs, will be to identify any potential
risk associated wit the facility under consideration, which will lead on to actions to
eliminate or minimise the identified risks. In the hazardous installations considered by
this study, elimination of risk is seldom possible, hence the requirement for an ignition
probability model to determine the impacts associated with the small risk of catastrophic
releases occurring.
C3.2

Quantitative area classification codes
BS 5345: Part 2 (1989) was the area classification part of the British Standard for the use
of electrical apparatus (in flammable atmospheres), from which the present standard
(BS-EN 60079-10) was derived. Although now superseded, this standard contains a
useful flow chart to aid in “determination of type and extent of zone”, and contains some
more detail than the later version. The previous issue of BS 5345, a draft for public
comment (1979), contained an appendix giving a very detailed quantitative approach to
determining zone sizes. This approach was subsequently withdrawn, believed to be a
little over complicated, although it is still a valid method and potentially of use as a
reference.
The Institute of Petroleum (IP) code, which is discussed in the following section, gives
more detail than the generic code in certain areas but is still primarily qualitative. A
quantitative development of the IP code by Associated Octel is available and is described
by Shields (1989). This is a detailed method of performing hazardous area classification,
which takes account of the properties of the individual materials involved. The potential
advantage of this type of method is that zone sizes can be more accurately predicted and
a better appreciation of the influencing factors can be gained, while, as discussed above,
the disadvantage is that it can involve a considerable increase in effort for a marginal
increase in accuracy.
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Shields’ approach requires the use of data on unexpected, or ‘involuntary’, flammable
releases, which is available from work with ICI that was conducted by Heckle (1975).
C3.3

Area classification code for petroleum installations
The Institute of Petroleum’s “Model code of safe practice for the petroleum industry”
consists of a range of codes and guides that relate to all forms of petroleum installations.
Of particular relevance to this study are the following parts.
•

Part 1: Electrical safety code (1991),

•

Part 15: Area classification code for petroleum installations (1990),

•

Part 19: Fire precautions at petroleum refineries and bulk storage installations
(1993),

The IP code adopts the same fundamental approach as set out in the general area
classification standard (which was BS 5345, rather than BS-EN 60079, at the time the IP
codes were developed), but is able to go into further detail since it refers only to one
section of industry. The IP code “only gives detailed guidance where it is considered that
interpretation of the national and international standards is necessary for particular
application in the petroleum industry”.
•

The primary difference between the general codes and the IP code is that the IP sets
out a number of “type examples”, which exist at two levels, in order that the actual
size of hazardous zones may be determined. The ‘direct type example’ is for sites or
areas that are common in form, and in the nature of petroleum handled, so that area
classification can be determined from a series of typical examples. The ‘point source
method’ uses the same approach but for typical point source releases which can be
combined to build up an area classification for situations of greater complexity and
variability.

•

Similarly, the standard approach to determining the significance of different types of
leak is followed but, being industry specific, the IP code is able to give more detailed
recommendations. A series of classifications of fluids, based on their flashpoints, are
given which determine whether a flammable release would give rise to a hazardous
area. (This recognises that it is the condition under which the material is handled
which governs the significance of an emission - whether it is above or below its
flashpoint and also if it is released in the form of mist, foam or spray.) Jones (1989)
adds some “informal rules of thumb” to assist in the use of the code, such as
quantitative values which help to determine the grade of a release.

•

The code adopts the BSi approach to electrical ignition sources (BS 5345) and gives
a number of recommendations for the handling of non-electrical ignition sources.
The approach is essentially the same for all ignition sources although “experienced
judgement will be required for other (i.e. non-electrical) ignition sources because of
the differing incendive energies.”

As for the other standards, area classification is the key component of the IP Model
Codes legislation and all other aspects are related to it. Permit-to-work and control of
ignition source systems are dependant on the area classification process but are dealt
with separately here, in Sections C.4 and C.5, respectively.
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C4.

Permit-to-work systems

C4.1

Introduction
A permit-to-work system aims to ensure that proper consideration is given to the risks of
any non-routine work. It is a written document, which authorises certain people to carry
out specific work, at a certain time, and sets out the precautions required to ensure that
the job is completed safely.
The most common use of permit-to-work systems is in maintenance operations. Often
maintenance will involve the creation of potential ignition sources in classified areas,
where no ignition source should be permitted. A permit-to-work will specify the
necessary precautions to ensure that such an ignition source can be safely tolerated and
so normal zone classification may be regarded as being in abeyance while (and only
while) a permit system is in operation.
The most common forms of permit system are listed below.
•

Cold Work Permit - covers work which is not expected to provide a source of
ignition.

•

Hot Work Permit - covers work where there is a risk of fire or explosion due to the
use of equipment that may provide an ignition source (special ‘vehicle’ permits are a
common variation of the hot work permit). In some installations, work involving
high energy ignition sources (such as naked flames or welding), which are almost
certain to ignite flammable atmospheres, are given different types of permits to
lower energy ignition sources (such as hand tools and non-sparking electrical
equipment).

•

Equipment Disjointing Permit – may be used for any operation which involves
disconnecting equipment or pipework which has contained any liquid or gas.

•

Isolation Permit – similar to a ‘machinery’ or ‘electrical’ permit – used to ensure
that a particular item of equipment is mechanically and electrically isolated before
work commences on it.

•

Vessel Entry Permit - covers entry into a confined space and includes the use of gas
tests.

•

Excavation Permit - covers digging work, to avoid damage to cabling, piping, etc.

There are many variations on these systems, and the fine detail of all permit systems will
vary. The general aims and features, and the associated responsibilities, are the same for
all permit systems and are discussed in Section C4.2. More detail on some of the more
common requirements of permit systems is given in Section C4.3. Permit-to-work
systems are used to control work that has human involvement, and so even the most well
designed permit system cannot guarantee that mistakes will not occur. Some examples of
frequent areas of failure, and recommendations for minimising the occurrence of such
incidents, are given in Section C4.4.
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C4.2

General requirements of permit-to-work systems
The key aspects of permit-to-work systems are highlighted in guides by the Institute of
Petroleum (1993) and the Oil Industry Advisory Committee, OIAC (1991), which aim to
encourage safe practices and harmonisation within industry (one of the key
recommendations of Lord Cullen’s enquiry into the Piper Alpha disaster).
“A permit-to-work system is a formal written system used to control certain
types of work which are identified as potentially hazardous. It is also a means
of communication between site/installation management, plant supervisors and
operators and those who carry out the hazardous work.”
Oil Industry Advisory Committee (1991)

The main points, by way of an overview, that must be addressed when setting up a
permit-to-work system are presented below.
•

The levels of authority, and specification of precautions, for particular jobs must be
clearly identified,

•

Training and instruction in the use of permits is essential, at all levels of
responsibility, and the roles of each individual must be clearly defined,

•

Continuous monitoring and auditing is required, to ensure that the systems work as
intended, and systems must always be reviewed when process, or other, changes
occur.

The above points actually summarise the role of the employer in permit systems. The
responsibility of ensuring that the procedures are set-up and followed correctly, at all
levels, is designated to a “responsible person”. The responsible person should ensure that
the systems, particularly the various levels of communication, are in place. The OIAC
(1991) states that “a permit-to-work system will be fully effective only if the permits are
co-ordinated and controlled by a responsible person and there is adequate supervision to
ensure that the specified procedures are followed”. The duty of supervisors, individual
employees and contractors are to understand the requirements and to follow the permit
instructions.
•

The impact that work performed as part of a permit has on other operations, and vice
versa, must be carefully considered and included in the scope of the permit. This
also applies, and is particularly important, where more than one permit is in
operation at a time. “Each permit should record the existence of the other, and its
implications”. The ‘responsible person’ or site manager must co-ordinate all permits
that are in operation and ensure that any overlapping, or potentially overlapping,
factors are communicated to all personnel involved.

•

The most critical parts of permit work are when suspensions (work is halted for
operational or other reasons), hand-overs (at the end of shifts where personnel
working on a task change) and terminations (when the permit work is completed and
normal operation is ready to resume) occur. In each of these cases it is essential that
all procedures are carefully followed and that all personnel who are new to the task
(changed shifts), or working on a related task (e.g. restarting normal operation)
understand the procedures involved. This is emphasised by one of the incidents
included in the IChemE Accident database (1999), which states that “the importance
of the handover system cannot be overstressed. Communications from one person to
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another are fraught with difficulty, but the risks can be minimised with proper
discussion concerning the job to be done and an accepted system of permits to
work.”
•

As pointed out by the OIAC, and other references, it should be emphasised that a
permit is not “permission to carry out a dangerous job”, but an “essential part of a
system which determines how that job can be carried out safely”. It should ensure
that all foreseeable risks have been considered and can be avoided by taking suitable
precautions.

•

Similarly, a number of authors, including the OIAC, emphasise that permit systems
should only be implemented where needed. There is a danger that if permits occur
regularly in a workplace they will be treated as mundane and procedures can be
overlooked due to complacency. They should be regarded as essential features of
non-routine tasks, such as maintenance, such that all aspects of a permit system are
closely followed.

Scott and Crawley (1992) describe some of the features required of an effective permitto-work system, where “the aim is to communicate the requirements clearly, with
sufficient detail to minimise the chance of accidents occurring but without overelaborating such that short cuts may be encouraged.” The following list of features,
which should apply to all permit systems, summarises the main points raised by Scott &
Crawley, IP (1993) and OIAC (1991).
•

Clearly describe the work that is to be carried out,

•

Ensure the proper authorisation of designated work (including written authorisation
before work commences and confirmation of completion of the work),

•

Make clear to people carrying out the work the exact identity, nature and extent of
the job and the hazards involved, and any limitations on the extent of the work and
the time during which the job may be carried out,

•

Specify the precautions to be taken, including safe isolation from flammable
substances and electricity, gas testing, etc.,

•

Ensure that the person in direct charge of a unit or plant is aware of all the work
being done,

•

Ensure that there is clear labelling of equipment or areas that are out of use,

•

Provide not only a system of continuous control but also a record showing the work
and precautions needed have been properly checked,

•

Display permits at the work site and main, or permit, control rooms,

•

Provide a procedure for when work has to be suspended,

•

Provide a procedure for the cross-referencing of permits for work activities that may
interact or affect one another,

•

Provide a formal hand-over procedure for when a permit is issued for a period longer
than one shift,

•

Provide a formal hand-back procedure to ensure that the part of the plant affected by
the work is in a safe condition when restarted.
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The above points cover the main aspects required for an effective permit. A further,
essential, feature is the need to be aware of human factors. Adequate levels of training,
supervision and monitoring must be provided to minimise the potential impacts of either
conscious or unconscious incompetence.
C4.3

Detailed requirements of permit-to-work systems
Examples of the activities covered by permit systems for a typical LPG installation are
listed below:
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Plant evacuation systems;
Plant services – air, steam, water, electricity, drains and effluent;
LPG road tanker, unloading facility;
Filling of mini bulk tankers;
Storage and handling of full and empty cylinders;
Filling and maintenance of miniature cylinders;
Filling and maintenance of small cylinders (e.g. 3kg, 4.5kg, 7kg);
Filling of intermediate and large cylinders (e.g. 12kg, 19kg, 47kg);
Maintenance of intermediate and large cylinders;
Fork lift truck and shunt vehicle operation;
Emergency equipment and equipment;
Operational safety;
Preparation of pipes, equipment, vessels, etc. for maintenance;
Control of production stores.

The purpose of permit systems is to enable non-routine operations to be conducted
safely, and clearly the nature and associated hazards of non-routine operations will vary
significantly. This section aims to provide brief discussion of two aspects of permit
systems, gas testing and isolation, which are common to many of the circumstances
where permit systems are required. As highlighted earlier, the existence of a permit is
part of a whole system of safe practice and is not simply permission to perform a
dangerous task. This statement can also be applied to gas testing and isolation, and they
must always be considered to be a part of an overall approach that involves other safety
measures and procedures.
Isolation
Once all of the potential hazards associated with a particular job have been identified, it
will be necessary to consider how they can be separated or isolated from the equipment
or plant to be worked on. This applies to all forms of machinery, pressurised systems,
electrical systems and safety and emergency systems. This is done primarily to prevent
the occurrence of ignition sources and flammable atmospheres, but also applies to toxic
hazards and other dangers such as moving machinery.
The permit-to-work should clearly specify the necessary isolation and provide for
signatures to show that the isolation has been complied with, or left in a safe condition
when work is suspended or ready to restart. This can be part of a separate, or even
generic, isolation certificate or directly specified by the main permit.
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The OIAC guide (1991) lists the means of physical isolation that may be used, in
descending order of isolation standard:
•

physical disconnection and blanking,

•

spades or line blinds,

•

double block and bleed valves,

•

closed and locked valves.

Note that there can be hazards associated with the actual process of isolation, which must
always be considered. Valves are liable to leak and should only be used as a primary
means of isolation when using low-risk fluids. Valves should always be physically
locked and tagged to indicate which position they are locked in. All electrical systems
requiring isolation must also be earthed.
Gas testing
The permit system should clearly identify if gas testing is required and if so, the means,
frequency and extent of gas testing. Testing may be required for toxic or suffocating
substances although it is flammable vapours that are of most importance in this case.
Both the acceptable limits and the action that must be taken if these limits are exceeded
must be specified. It is important to record all results on the permit.
As for all elements of permit systems, the potential consequences must be carefully
considered. When specifying equipment, methods and limits for testing, the tolerance of
the equipment and variability of conditions must be considered. In high risk areas (for
example where very strong ignition sources or flammable leaks are possible) specific
equipment may be required that will ensure that equipment is isolated upon detection.
Note that most of these factors will also apply to other forms of monitoring that may be
required (e.g. temperature or pressure testing).
C4.4

Limitations of permit-to-work systems
Maintenance accidents are typically caused by a number of factors, such as a lack of
preparation, failure to implement a safe system of work, change of intent during a job,
residual hazards, poor communication or obscure identification. Permit-to-work systems
play a key role in eliminating such accidents although, as discussed earlier, simply
having a permit system does not prevent accidents. The permit must be carefully planned
and implemented, as described in Sections C4.2 and C4.3.
Data from the MHIDAS database was reviewed as part of this study, and in more detail
by Worsell (1996), and is discussed in detail in Appendix A. Figure A.2 showed that
approximately a quarter of the MHIDAS database incidents that were reviewed in
Appendix A were maintenance related, while just over half were part of normal
processes. The remainder of incidents arose from fuel loading or unloading processes. In
most cases, filling operations will be routine and will have a specific safety system,
rather than a permit-to-work system. Thus, the data from MHIDAS suggests that around
a quarter of accidents involving fire or explosions are caused by actions that occur, or
should occur, under a permit-to-work system.
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This rough estimate is supported to some extent by analysis of the incidents that are
discussed by Lees (1996). Of the small data set that was reviewed (the more relevant and
more recent events only), 6 out of the 17 events were a direct result of either not using,
or using inadequate, permit systems.
The IChemE database of incidents (1999) allows the records of incidents due to permitto-work systems to be interrogated. Analysis of these (26 records) shows the following
points.
•

A common theme, which was apparent across all of the incidents reviewed, was that
the hazards associated with the task were not adequately assessed pre-job. This is an
important aspect which, if neglected, can lead to inadequate equipment and
procedures being specified. This commonly occurs if existing permits are modified
for a new task, rather than fully assessing the new activity.

•

In 8 (31%) cases, maintenance was conducted without a permit-to-work system
being in place (or an existing permit-to-work system was simply not used).

•

In 4 (15%) cases, a seemingly adequate permit system was available but was not
followed correctly – which indicates that the levels of training and/or supervision
were inadequate.

•

In 14 (54%) cases, the permit systems were inadequate.

The figures given above must be treated with a great deal of caution when drawing from
such a small data set, but are given to provide an indication of the extent to which the
different problems may occur. Whatever the true extent to which they occur, the first
three points given above have clear preventative measures: (i.) The potential hazards
associated with all maintenance work should be assessed at a high level so that a permit
is always issued when necessary. (ii.) High level support should always be provided to
ensure that all permits are followed through correctly.
The latter case, of inadequate permit systems, which appears to be the most common
cause of incidents, highlights the fact that simply issuing a permit does not make a job
safe, and all safety aspects must be carefully assessed as part of an overall system.
Further analysis of these ‘inadequate permit’ incidents showed that the causes were split
roughly evenly between the following areas.
•

Exact role of task not fully, or correctly, specified,

•

Inadequate supervision being provided,

•

Poor communication procedures (particularly relating to suspensions and multiple
permit situations),

•

No, or inadequate, gas monitoring.

It is certain that a great deal more than 26 of the 10,500 entries contained in the IChemE
database will have been caused by failures of permit systems. The 26 reviewed here are
those which explicitly mentioned permit failures in their search title and so were readily
available. It is the authors view, based upon reviewing the MHIDAS, IChemE, and other,
databases that the actual proportion of all incidents that occur while permit systems are,
or should be, in operation is between 25-50%.
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C5.

Control of ignition sources
Minimising the occurrence of ignition sources on or around any installation which has
the potential to release flammable substances is clearly of great importance. Although it
is considered as a separate section here, the control of ignition sources is an essential and
dependent aspect of the broader hazardous area classification safety approach.
The basic aim is to have no fixed sources of ignition within a hazardous area and to
carefully control any mobile or temporary sources that may occur.
A useful summary of the overall approach to controlling ignition sources is given by the
UKOOA Guidelines for Fire and Explosion Hazard Management (1995). Although
aimed at offshore installations the points are general and are equally applicable to
onshore installations and are listed below:
•

avoid any unnecessary electrical equipment;

•

use suitably designed and approved electrical equipment for the appropriate
classification of the area;

•

maximise the distance from any source of ignition from possible sources of release;

•

shutdown selected equipment on detection of gas;

•

control hot work and activities with spark potential;

•

use non-flammable or low flammability material;

•

avoid fired heaters in proximity to hazardous areas;

•

avoid processing hydrocarbons near to their autoignition temperature;

•

control of hot surfaces;

•

ensure adequate ventilation;

•

prevent gas ingress into internal combustion engines and non-hazardous areas.

Most of the area classification standards discussed in the previous sections have been
developed for the purpose of controlling electrical equipment. Thus, clear guidelines
exist for the control of electrical ignition sources and an ‘approval coding’, or
certification, system is in place to ensure that electrical equipment can be specified with
the appropriate level of safety for each zone. Many of the codes also specify the controls
required for non-electrical ignition sources, although they are generally less well
developed and often involve “appreciable judgement”. The main recommendations that
exist, for the control of both electrical and non-electrical ignition sources, are discussed
below.
In each of the following sections, a brief discussion of the most likely ways in which the
ignition controls may fail, or simply not be used, is given in italics. These points are
developed further in the main report of this study, which aims to assess the realistic
probability of ignition – rather than the idealised assumption that all ignition controls are
effectively implemented and maintained.
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C5.1

Electrical components
The control of ignition sources from electrical equipment is covered in detail by the
various sections of BS 5345, although the “general recommendations” given in Part 1
(1989) are sufficient for the scope of this study. The four main criteria, given by the
code, for selecting electrical apparatus for use in potentially hazardous areas are as
follows.
(i.) Classification of area: There are a number of different types of protection for
electrical apparatus, that are internationally accepted, which are appropriate for different
zones, as summarised in Table C.2. (Note that Parts 3 to 9 of BS 5345 give detailed
recommendations on the installation and use of each of the different types of protection.)
(ii.) Temperature classification: Apparatus is given a ‘T-class’, which gives the
maximum surface temperature that the apparatus will have, as shown in Table C.3,
which should always be less than the ignition temperature of the anticipated release.
(iii.) Apparatus group: Group I is for electrical apparatus for mines susceptible to
firedamp and Group II for all other potentially explosive atmospheres. (Group II has
further subdivisions, A, B and C, according to the type of release that is anticipated.)
(iv.) Environmental conditions: The integrity of some apparatus may be affected if
operated under conditions that are outside those that it was designed for. Environmental
conditions that must be considered are weather, ingress of liquid or matter, corrosion,
and the effect of solvents and heat from adjacent plant.

Zone
0
1

2

Type of protection
‘ia’
intrinsically safe apparatus / system
‘s’
special protection (for Zone 0)
Any protection suitable for Zone 0
‘d’
flammable enclosure
‘ib’
intrinsically safe apparatus / system
‘p’
pressurization, continuous dilution, etc.
‘e’
increased safety
‘s’
special protection (for Zone 1)
Any protection suitable for Zones 0 or 1
N
type of protection N
‘o’
oil-immersion
‘q’
sand filling

Table C.2 Selection of electrical equipment according to zone of risk
(BS5345, Part 1, 1989)
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T class

Max surface temp (oC)

T1
T2
T3
T4
T5
T6

450
300
200
135
100
85

Table C.3 Relationship between T class and maximum surface temperature risk
(BS 5345, Part 1, 1989)
Thus, if the properties of a particular plant are known, clear guidelines are available
which indicate the type of apparatus that is permitted in each zone. The standards are
internationally recognised, so certified equipment is readily available for almost any
function. BS 5345, Part 1 (1989) gives detailed tables which specify the properties of a
wide range of flammable substances and the equipment protection necessary for each.
Some of the key recommendations for electrical apparatus in hazardous areas are
summarised in the following list:
•

apparatus should always be certified, or approved by a certifying authority;

•

design and install to allow inspection access;

•

comprehensive records should be maintained;

•

always operate within electrical ratings (for power, voltage, current, duty, etc.);

•

consider protection against mechanical damage from plant or machinery;

•

automatic disconnection in the event of overcurrent, and earth fault protection;

•

cable and wiring must always be of level appropriate to the equipment and zone;

•

outside a hazardous zone there should be means of isolating supplies to the area;

•

efficient inspection, maintenance and testing is essential.

All of the above recommendations are taken from BS 5345 Part 1 (1989), and are
essentially reiterated by Part 1 of the IP Model Code of Practice (1991) and BS 5908
(1990), both of which reference BS 5345. The Institution of Gas Engineers (IGE)
produce a similar electrical apparatus code “Electrical equipment in gas production,
storage and distribution” (1987). This, again, adopts the same approach as BS 5345
(although without any explicit reference to it), but gives some more specific
recommendations in certain areas, such as the types of earthing system which should be
used.
As well as these formal codes, a wide range of simple summaries of electrical code
requirements (usually in the form of wall charts or sales brochures) are available,
through equipment manufacturers, an example being Bestobell Mobrey (1988).
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Potential for failure of controls:
In addition to a basic failure to meet the regulations through using incorrect equipment
in a zone (which should be prevented by the fire certification process), potential failures
of the ignition source control system are:

C5.2

•

insufficient maintenance so that mechanical damage, corrosion, etc., compromises
the protection of the equipment,

•

temporary use of equipment inappropriate to the particular zone,

•

changes to plant leading to extended zones without upgrading the electrical
equipment.

Mobile sources
Varying degrees of protection exist for mobile equipment driven by combustion engines
(covered by Sections C5.6 and C5.7), otherwise mobile sources should only be used
under permit control (recommended by the IP code). Note that permit controls may
extend to non-hazardous areas.
Potential for failure of controls:
Potential failures are the same as those described for permit systems in Section C4.4.

C5.3

Hot work
Hot work (which is considered, by the IP and other codes, to include “unprotected
mobile engines and plant”) should always be undertaken under permit control. The basic
controls are listed below, while the codes also give more detailed recommendations.
•

eliminate continuous and primary grades of release and ensure rapid detection of
secondary releases,

•

avoid any unnecessary ignition sources,

•

stop the work if releases are detected.

Potential for failure of controls:
Potential failures are the same as those described for permit systems in Section C4.4.
C5.4

Hot surfaces
Parts of both the IP code and BS 5345 give tables of autoignition temperatures (AIT) for
appropriate fluids. The exact AIT is dependant on factors including the concentration of
the flammable mixture and the contact time between the mixture and the hot surface so
only ‘good practice’ guidelines can be given, rather than precise recommendations. In
open air very hot surfaces should be avoided, which Jones (1989) suggests applies to
closed processes with an internal fluid temperature above 650oC. For areas with
restricted ventilation: (i.) avoid surfaces more than 50oC above the AIT of any likely
release (also recommended by the Oil Companies Materials Association, OCMA, in their
guidelines for the use of diesel engines), and (ii.) where a range of vapours may be
exposed (i.e. varying AIT) a limit of 230oC is recommended.
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The IP code also warns that these limits may not be adequate if catalytically active
surfaces (such as surfaces covered by oily rags, etc.) are present and specifies that oil
contamination and accumulation of oily rags should be avoided, “especially in areas
classified as hazardous”.
Potential for failure of controls:
As for electrical equipment (Section C5.1), correct design coupled with the fire
certification process should ensure that the above guidelines are adhered to. The main
reason for failure to occur would be failure to maintain the designed condition through
insufficient maintenance, use of temporary equipment or changes to the plant.
C5.5

Heaters and furnaces (flames)
The location of heaters, furnaces and specialised equipment that includes flames is an
area often left to “experienced judgement” by the various codes. The IP code states that
such items should be located as far as is practicable from hazardous areas. This is not
always very far, particularly in the case of process equipment (such as vapourizers, etc.),
and a rather vague statement on protection equipment is given by the IP - “flammable
gas detectors should be provided, and may be linked to automatic shutdown”. Guidance
is also given to the possibility of leakage from flanges or piping where “all equipment
within 1.5m of the burner, flanges, valves (etc. - i.e. any point where a leak may occur)
should be suitable for use in a zone 2 area”.
Potential for failure of controls:
Strong ignition sources such as this will not be located in an area where any form of
flammable substance is expected to occur. However, they will exist in non-hazardous
areas, which are still susceptible to major leaks. Less serious leaks may also reach such
sources, depending on how well designed the site layout is.

C5.6

Combustion engines
As discussed in Section 2, there are a number of ignition sources associated with
engines. The IP code states that engines of any kind are “unacceptable in zone 0,
undesirable in zone 1, and should be avoided where possible elsewhere”. Mobile units
are covered by the use of permits, while a series of guidelines are given by the IP for
permanent installations. The key point of these guidelines is that petrol and LPG driven
engines are not permitted in hazardous areas, leaving diesel engines and gas turbines as
the main alternatives. Other recommendations relate to siting and ventilation
requirements.
Various codes for the use of diesel engines exist, and the IP adopts those established for
offshore practices through the OCMA “Recommendations for the protection of diesel
engines in hazardous areas”. These include the specification of quick shutdown
mechanisms, spark arresters on exhausts, quick closing air intake valves, and additional
requirements for more specific applications. These regulations are also applicable to gas
turbines which require additional levels of ventilation since they inherently involve a
fuel and ignition source in close proximity.

RSU 4014/R04.081

C-17

February 2002

Potential for failure of controls:
Most of the potential failures discussed in Section C5.1 to C5.5 apply to the use of
engines, in particular those associated with permit systems and changes (through lack of
maintenance, etc.) to equipment.
C5.7

Road and rail vehicles
Road and rail traffic are regarded as ignition sources and have restricted entry into
hazardous areas, and so are controlled by special permit systems (since the unloading of
tankers is an infrequent aspect of normal operation). Note that road and rail tankers are
subject to separate regulations to diesel engines. Both are permitted to enter hazardous
areas under strict control only, where rail locomotives must be withdrawn and road
tankers must have engines and all electrical systems shutdown before any loading or
unloading commences.
Details of the specific static protection required in the loading or unloading of petroleum
products are also given in codes produced by both IP and IGE, and general examples are
given in BS 5345. Loading gantries should be electrically continuous, bonded to any
connections and pipelines, and separately earthed. A flexible cable, with clamping
device, should be provided to earth the vehicle at all times that any loading procedures
take place. In the case of rail tankers, the tracks in the loading area must be bonded
together and earthed and should be isolated from parts of the track outside of the loading
area. (These guidelines are aimed particularly for road and rail tankers, although the
same approach will apply to sea and air transport.)
Potential for failure of controls:
Because of the high risk associated with the loading and unloading of flammable substances,
strict controls may be expected to be in place. One of the main possibilities for failure in this
case is that, being a regular operation, such controls may become treated as mundane and
procedures may not be followed properly.

C5.8

Static & lightning
Petroleum distillates are static accumulators and so good earthing and bonding are
always required. Detailed guidelines are given by a number of the codes, particularly
Part I of BS 5345 (1989) on the earthing and bonding requirements to prevent ignition
from static, electrical faults, lightning, cathodic protection and radio-frequency
induction. In short, the recommendations are that all conductive surfaces are electrically
continuous and earthed, where the resistance to earth should be less than 10Ω in general
and lower for certain electrical apparatus. (In areas where cathodic protection occurs the
resistance will need to be higher, and recommended approaches are given.) Further
details are given in codes BS 5958 (general static) and BS 6651 (lightning).
The BSi code for chemical sites, BS 5908 (1990) gives similar guidelines, and also
discusses the prevention of static from personnel causing ignition via anti-static or
conductive floors and footwear (which are detailed further in BS 2050). Also discussed
are other means of increasing the rate of dissipation of electric charge such as increased
humidity and anti-static additives. BS 5908 states that “there are no acceptable methods”
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of reducing charge in fluids (all approaches discussed here relate to removing static from
solid surfaces) and that particular care is required when handling liquids with
conductivities less than 50 pS/m.
Potential for failure of controls:
Due to the nature of static and lightning, the conditions that may lead to ignition may be
in place for a long period of time without actually causing ignition. Thus, there is some
scope for design or operation of plant or equipment without such a condition being
immediately obvious. Assuming that the facility is designed correctly, the most likely
failure of the above guidelines will arise through faults or maintenance rather than
normal operation.
C6.

Summary of ignition source controls
This appendix has reviewed the various codes, standards and regulations that apply to
hazardous installations, with the aim of determining the methods of controlling the
ignition sources which can occur. A key aim of the work in this study (described in the
main report) is to estimate to what extent these regulations are actually followed on sites.
From this it will then be possible to estimate the probability of ignition of a flammable
substance for different areas of a site. Further consideration on how the different areas of
a site should be classified will be required, although at this stage the standard approach
of considering ‘hazardous’ and ‘non-hazardous’ areas is continued.
Table C.4 shows all of the ignition sources that were identified in Appendix A (Table
A.7) and summarises the methods that are in place to control each type of ignition
source. The table indicates whether the identified ignition source is expected to occur
within a hazardous area (all sources are assumed to potentially occur in non-hazardous
areas) and indicates the likelihood of the controls succeeding in preventing ignition.
It should be noted that the type of control is given in broad terms, such as ‘permits’ or
‘HAC’, while the exact controls used for types of ignition source will vary according to
their use and location. Any more detailed assessment of ignition controls will typically
apply to the area, or land-use type, rather than the individual ignition source.
In all cases, where a control is given by Table C.4, there is potential for failure to occur
through simply not employing that control as intended. The table only identifies any
additional potential for failure of the controls, i.e. the most likely or most significant
potential failures.
The aim of Table C.4 is to summarise the types of control and the ignition sources that
may be covered by each. A broad indication of the quality, or the range of quality, of the
ignition controls may then be derived. The quality of controls may vary from ‘nonexistent’, where control of ignition sources is neglected, to ‘excellent’, where the
controls are applied rigidly so that the risk of such ignition sources occurring will be
negligible, or at least minimal.
Based on the broad assessments given in Table C.4, a framework system for ranking the
effectiveness of ignition controls is given in Table C.5. As for the ignition source
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parameters, discussed above, the effectiveness of ignition controls can only be
determined in detail for specific areas, or systems. It should be noted that the framework
(Table C.5) is based on the information reviewed in this Appendix, while the actual
rankings used in the model may be modified to suit the particular conditions being
assessed.
From the initial summary of the status of on-site ignition sources and their control, given
by Tables C.4 and C.5, respectively, both of which contain a certain degree of qualitative
judgement, the aims of the remainder of this study (see main report) are to:
•

identify zones or areas where the overall risk of ignition is comparable, for use in the
on-site ignition probability model,

•

assess the density of ignition sources, and other ignition parameters, within each of
these areas.
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Table C.4 Summary of ignition sources, locations and forms of control for hazardous installations
Non-hazardous

Strength

Operation

Areas

Controls

Classified
Areas

Controls

Main ref.

Sec.

Potential failures of controls

Motor Vehicles
Vehicle (normal or
‘fault’ operation)

Med. Car parks;
Roads;

None;

Fuelling areas;

Special permits;

IP, IGE

Permit not followed;

Restricted access;

Controlled roads;

Restricted access;

OCMA

C5.7 Unauthorised vehicle entry;

Other open areas.

Permits.

IP, OCMA

Other open areas. Permits / none.
Traffic control
systems

Med. Access roads

None (or design)

Static from vehicle
occupants

Med. Car parks

None

Vehicles used without permit.

None in HAC areas (or will be designed to appropriate standards)
Fuelling areas;

Earthing;

Other open areas.

None (or earthing);

BS5908,
BS5958

C5.8

Procedures not followed;
Vehicles used without permit

Rail Vehicles
Typically no rail on site (if rail is used, will occur in non-hazardous areas or in fuelling area under similar permit control as for road vehicles)
Static
Personnel

Med. All areas

None

Fuelling areas;

Earthing;

Zone 0 areas.

Earthing / clothing.

Process areas

Design / earthing

Processes

Med. Process areas

Design / earthing

High voltage lines

Low

None

Lightning

High All areas

None

High Boiler house

None

Hot work

High All areas

Permits may apply

All areas

Permits

Vehicles / engines

Med. All areas

Restricted access

All areas

Permits

Cold work

Low All areas

None

All areas

Permits

Open areas

BS5908,
BS2050

C5.8 Procedures not followed

BS5908

C5.8 Inadequate maintenance

None in HAC areas
All areas

Design / conductors BS6651

C5.8 Inadequate maintenance

Boilers
Boilers, heating

None in HAC areas (or will have detection and auto-shutdown)

Maintenance

RSU 4014/R04.081

C-21

IP, OIAC

C4

Action without permit, or
inadequate permit, or failure to
use permit correctly.

February 2002

Table C.4 continued: Summary of ignition sources, locations and forms of control for hazardous installations
Operation

Non-hazardous

Strength

Areas

Controls

Classified
Areas

Controls

Main ref.

Section Potential failures of controls

“Domestic” / “commercial”
Electrical

Low

Various areas

None

Mech. equipment

Low

Various areas

None

Cooking

High Kitchen

None (detection)

Smoking

High Various

Designated areas

Lights / CCTV

Med. Various areas

None (high)

Various areas

Design

BS-EN60079

C5.1

Listed in Section C5.1

Faults (fires, alarms)

High Various areas

None

Various areas

Design (detection)

BS-EN60079

C5.1

Listed in Section C5.1

Flares

High Flare stack

None (high)

Furnaces, etc.

High Furnace area

None

Electrical
equipment

Med. Process area

None (or design)

Process area

Design

BS-EN60079

C5.1

Listed in Section C5.1

Mechanical
equipment

Med. Process area

None (or design)

Process area

Design

BS5345

C5.1

(Same approach as for
electrical – less prescriptive)

Hot products

High Process area

None (or design)

Process area

Design

IP, BS5345

C5.4

Listed in Section C5.4

None in HAC areas

Others - external

Industrial / process
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Table C.5 Framework ranking system for quality, or effectiveness, of ignition source controls

No.

Type

Probability of ignition, in
presence of flammable
substance 1, 2

Permanent ignition controls

Temporary ignition controls

Qualitative

Quantitativ
e estimate

Design features such as intrinsically safe
electrical equipment or earthing of system

Controls with human factors, such as permit
systems and access control

1

Ideal

None

0

Design and maintenance ensures no ignition
source at any time

Permits and procedures ensure no ignition
sources introduced at any time

2

Excellent

Minimal

0.1

Equipment well designed and maintained to
eliminate risk – ignition only arising from
rare events (e.g. unforeseen failure of
equipment)

Permit well designed and implemented –
ignition source only arising from unforeseen
failure of several systems (e.g. human error
AND failure of back-up systems)

3

Typical
(good)

Limited

0.25

Equipment designed to meet standards and
maintained regularly – ignition eliminated in
normal operation but some potential for
equipment failure or changing circumstances
to result in occasional ignition source

Permit well designed and implemented –
ignition eliminated in normal circumstances
but some potential for human error to result in
occasional ignition source

4

Poor

Poor

0.5

Design does not meet precise standards and
poorly maintained – resulting in significant
potential for ignition sources to occur

Permits and procedures employed but
significant potential for failures – primarily
due to poor training, supervision and permit
management systems

5

None

None

>0.5

No adherence to standards and little
maintenance – significant potential for
ignition sources to occur

No use of permit system – maintenance and
special operations (e.g. fuelling) occur with
little or no control – significant potential for
ignition sources to be introduced

Note 1: Probability of ignition is given as indication of strength of source only.
Note 2: Given values can be used to factor identified parameters according to quality of control (e.g.1: strong ignition source (p=1) with
‘excellent’ controls would have p=1*0.1=0.1; e.g.2: maintenance producing ignition source (p=0.5) with rate of activation of a=0.2, with ‘typical’
control would have p=0.5 and a=0.2*0.25=0.05).
Main use is for ignition potential, where the ignition potential, Pi, is the ignition strength, defined as Pa, multiplied by the appropriate
‘quality factor’, from the above table, fq.
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APPENDIX D
GENERIC IGNITION SOURCE DATA FOR PROBABILITY MODEL
D1.

Areas of similar ignition source parameters
A generic site is assumed to consist of the areas listed in Table D.1, below. The table
splits a site into areas that should have reasonably consistent levels of ignition sources
for any site, so that ignition source parameters can be generalised for each area. For
some of these areas, similar levels of equipment may occur, but may apply to either
classified or non-hazardous areas, as indicated in the table.
The areas listed are selected to cover all of the different ‘land-use types’, in terms of
ignition sources, of hazardous installations. The ignition source parameters for each of
the broad area types listed in Table D1 are considered in detail in the following sections.
A full list of the different areas, or land-use types, for which parameters will be defined
in the model, based on the analysis in Sections (D2 to D15), is given in Section D16.

Classified
Car parks

Non-hazardous

X

✓ (Section D2)

✓(Section D4)

✓(Section D3)

Waste ground

X

✓ (Section D5)

Boiler house

X

✓ (Section D6)

Furnace / flame / strong ignition source

X

✓ (Section D7)

Kitchen

X

✓ (Section D8)

Process area – ‘heavy’ equipment

X

✓(Section D9

Process area – ‘medium’ equipment

X

✓(Section D10)

Process area – ‘light’ equipment

X

✓(Section D11)

Classified area (internal)

✓ (Section D12)

X

Classified area (external)

✓ (Section D13)

X

Roads

Storage areas – internal & external

✓(Section D14)

Offices

X

✓(Section D15)

Table D.1 Generic land-use areas
In each of the following cases, a range of assumptions relating to typical use of each area
is given and then used to identify the ignition parameters. The emphasis in this section is
in stating all assumptions made, clearly, so that they can be revised for modelling of
specific sites or applications if required.
The potential variation in the ignition parameters in each land-use type, either due to
uncertainties in the assumptions or due to different levels of ignition control being
applied, is discussed in each of the following sections. Sensitivity studies on the impact
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of these variations are presented in Section D17. It should be noted that these sensitivity
studies aim to represent the potential variation in parameters, within each land-use type.
The sensitivity of the model to variation in parameters, with respect to the overall
ignition probability for the site, is assessed in more detail in the main report.
D2.

Car parks

D2.1

Area type
Covers main car parking areas and any roads where only traffic heading to and from a
car park will occur. Such car parks will primarily accommodate employee’s cars and any
visitors, and will be a non-hazardous area. Since the area is ‘on-site’ some controls may
exist, such as barriers or gates where ‘unauthorised’ and/or ‘unsafe’ vehicles may be
prevented from entering the site. It is assumed that such an area will have no additional
ignition sources other than those associated with traffic, and possibly traffic control
measures.

D2.2

Ignition sources
•

Vehicles (hot surfaces, engines, etc.):
- ‘Rush hour’ (i.e. employees entering and leaving site),
- ‘Others’ (i.e. visitors and general on-site traffic),

•
D2.3

Smoking (will depend on the site and the level of control).

Notes
Static from vehicles and vehicle occupants is assumed to provide negligible risk of
ignition (both in terms of strength and frequency) in comparison with the actual vehicle
sources.
Some traffic control measures may apply (such as electronic barriers, traffic lights,
CCTV and lighting), but such items are more likely to form part of the “Roads” land-use
type, which is described in Section D3.
Maintenance activities may occur in this area. However, since the frequency will be
very low, and the strength of the normal ignition source parameters is relatively high, the
(potential) additional source provided by maintenance activities is not considered to be
significant.

D2.4

Parameters
It should be noted that each of the ignition source types, for which parameters are
defined, for this land-use type will be external (i.e. outdoors). The parameters are defined
for ‘normal’, or daytime, operation. These parameters will be constant for sites which
operate continuously, while for this area it may be assumed that there are no ignition
sources at all during periods while the site is not in use (i.e. at night, for plants that do
not operate 24 hours).
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‘Rush hour’ vehicles
The previous phase of the study, by Rew et al (1998), uses an ignition strength of 0.1 for
vehicles. This is based on observations of general traffic by Simmons (1978) and
Jeffreys (1982), which indicate that the primary cause of ignition is the activation of
starter motors. Due to the nature of car parks, there will be a higher incidence of
‘starting’ than in general traffic flow and so the ignition strength used here is increased
to 0.2. It is noted that the occasional occurrence of unusually high ignition sources (e.g.
broken exhausts, misfiring) is assumed to be eliminated by the control of traffic entering
the site.
Ignition potential, p = 0.2;
Peaks in traffic movement in and out of car parks will occur immediately before and after
each shift. It is assumed that, for each car, this is equivalent to a single source occurring
for 3 minutes at the start and end of every shift (i.e. a total of 6 minutes per car per shift).
The default assumption is that each shift will last for 8 hours, with no significant traffic
movement during lunch hour or breaks.
Average time of activation, ta = 6 mins;
Time between activations, ti = 474 mins;
ta / (ta + ti) = a = 0.0125;
1 / (ta + ti) = λ = 0.0021;
The density of traffic (i.e. sources) during this time is taken as a typical number of cars
per hectare, based on analysis of several sample sites. (Note that in each case, it has been
conservatively assumed that each car park will be full, for each shift.)
Density, µ = 160 ha-1;
‘Other’ vehicles
As above, ignition potential, p = 0.2;
General traffic movement, through visitors and casual traffic, is assumed to be equivalent
to 1 visitor entering and leaving the site per hour (providing an active source for a total
of 6 minutes, as above). For a small site the density of 1 vehicle in the car park at a time
will be approximately 3 cars per hectare, based on analysis of several sample sites. If
this density is taken as the default for all sites with the frequency fixed (at the value
indicated above), the number of ignition sources of this kind will increase proportionally
for larger sites.
Average time of activation, ta = 6 mins;
Time between activations, ti = 54 mins;
ta / (ta + ti) = a = 0.1; 1 / (ta + ti) = λ = 0.017;
Density, µ = 3 ha-1;
Smoking (in car park)

RSU 4014/R04.081

D-3

February 2002

If the car park area has no ignition controls at all, it is assumed that some drivers may
smoke in the car park area. This is, conservatively, assumed to provide a continuous
ignition source (due to lighting materials, rather than the actual cigarettes smouldering)
over a five minute period at the start and end of each shift, with an ignition potential of 1.
The density of this source is taken as 5% of that of cars in the car park (this value is an
estimate of the likely maximum percentage of personnel who will smoke between their
cars and the workplace).
Ignition potential, p = 1;
Average time of activation, ta = 10 mins;
Time between activations, ti = 470 mins;
ta / (ta + ti) = a = 0.0208;
1 / (ta + ti) = λ = 0.0021;
Density, µ = 8 ha-1;
D2.5

Summary
Base case ignition source parameters for the Car Park land-use type:
p

ta

ti

a

λ

µ

Loc.

Ref.

‘Rush hour’ vehicles

0.2

6

474

0.0125

0.0021

160

Out.

-

‘Other’ vehicles

0.2

6

54

0.1

0.017

3

Out.

-

1

10

470

0.021

0.0021

8

Out.

-

Ignition source

Smoking

D2.6

Controls
The above parameters represent those considered to be most realistic, corresponding to a
typical site with a typical level of control. The potential for variation of the parameters
with respect to the quality of ignition controls is considered in the table below, with
respect to the framework ranking system presented in Table C.5 of Appendix C (and also
Section 3 of the main report). The basis of the framework is that the basic form of the
parameter, without any controls is determined, and then factored to account for the
degree of control applied. For example the ignition potential, Pi, is the ignition strength
(Pa) multiplied by the appropriate ‘quality factor’ (fq) from the framework.

Ignition source

‘Rush hour’ vehicles
‘Other’ vehicles
Smoking

Quality of control (and factor, fq) from framework ranking system
Ideal
(0)

Excellent
(0.1)

Typical
(0.25)

Poor
(0.5)

None
(>0.5)

Framework not appropriate since level of
control will not vary significantly. Typically,
P=0.2. (See also Note 1, below).

P=0.3 used to represent
increase in ‘high risk’
vehicles. (See also Note 1.)

Assume no smoking
permitted. (see also Note 2.)

P=1, for 20 mins each shift.
(see also Note 2.)

P=1, for 10
mins each
shift

Note 1: To represent a failure to control access of ‘strong ignition source’ vehicles the
value of p, used for all vehicles could be increased to 0.3 (from 0.2). There is
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little scope for controlling vehicle access, in terms of ignition sources, so that
more detailed assessment of the level of control is not considered appropriate.
Note 2: In many sites smoking will not be permitted in any area, including car parks,
which may be considered to represent well controlled sites in this context. Other
sites (representing poorly controlled sites) will not restrict smoking in non
hazardous areas and, where perhaps the car park is the only area on site where
smoking is permitted, the rate of smoking ignition sources occurring may be
higher than that given for the base case in Section D2.4. However, it should be
noted that this potential increase is compensated for by the fact that staff are
unlikely to light cigarettes in the presence of a catastrophic release of flammable
substance.
The potential range in ignition probability between the levels of ignition control, as
identified above, is assessed in Section D17.
D2.7

Options
The key parameters that determine the number of ignition sources at any given time are
the frequency and density of vehicles. Default values have been given above (and in
brackets in the following text) to represent a general site, while user inputs could be used
to represent vehicle activity in more detail, for a given site.
Frequency:
da – estimate of duration for which cars provide an active ignition source on entering /
leaving the car park (6 mins);
ds – duration of each shift (or period for which cars remain in the car park) (8 hours);
Average time of activation, ta = 2da;
Time between activations, ti = ds – 2da;
∴ a = ta / (ta + ti) = 2da / ds; and λ = 1 / (ta + ti) = 1 / ds;
Density:
A – area of car park;
n – number of cars present during each time period, ds;
∴ µ = n / A (ha-1);
As discussed above, the possibility of smoking providing an ignition source in car park
areas could be a user input option, where the parameters, particularly density, will be
linked to the density of cars.
Examples of how the density and frequency of the above parameters will effect the base
case ignition probability are presented in Section D17.
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D3.

Roads (non-hazardous areas)

D3.1

Area type
Covers all roads on site where vehicle movements may occur without any controls, other
than those required for site access. This is effectively the main entrance road area, where
both employee traffic (heading to the “Car park” area type) and delivery vehicles
(heading to the “Controlled roads” area type) will occur at the same time. Since the area
is ‘on-site’ some controls may exist, such as barriers or gates preventing ‘unauthorised’
and/or ‘unsafe’ vehicles from entering the site. It is assumed that these areas will have
no additional ignition sources other than those associated with traffic and traffic control
measures.

D3.2

Ignition sources
•

•
D3.3

Vehicles (hot surfaces, engines, etc.):
•
‘Rush hour’ (i.e. employees entering and leaving site),
•
‘Others’ (i.e. visitors and general on-site traffic),
•
‘Deliveries’,
Traffic control (electronic barriers, traffic lights, CCTV and lighting).

Notes
Static from vehicles and vehicle occupants is assumed to provide negligible risk of
ignition (both in terms of strength and frequency) in comparison with the actual vehicle
sources.
Maintenance activities may occur in this area. However, since the frequency will be
very low, and the strength of the normal ignition source parameters is relatively high, the
(potential) additional source provided by maintenance activities is not considered to be
significant.

D3.4

Parameters
It should be noted that each of the ignition source types for this land-use type will be
external (i.e. outdoors). The parameters are defined for ‘normal’, or daytime, operation.
These parameters will be constant for sites which operate continuously, while for this
area, it may be assumed that there are no ignition sources at all during periods while the
site is not in use (i.e. at night, for plants that do not operate 24 hours).
‘Rush hour’ vehicles
As for Section D2, with p=0.1 (rather than 0.2) since vehicles won’t ‘start-up’ on road
area.
p = 0.1;
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‘Other’ vehicles
As for Section D2, with p=0.1 (rather than 0.2) since vehicles won’t ‘start-up’ on road
area.
p = 0.1;

a = 0.1;

λ =0.017;

µ = 3 ha-1;

‘Delivery’ vehicles
It is assumed that delivery vehicles to a hazardous installation will be diesel only (as
specified by the Institute of Petroleum Code (1993)), and will be maintained regularly, so
that the ignition potential will be no more than 0.1, as used by Rew et al (1998) for
general vehicles.
Ignition potential, p = 0.1;
The default values given below, for the frequency of source activation, are based on the
assumption that each vehicle movement along the road (in either direction) provides an
active ignition source for 3 minutes. It is also assumed that each site receives one
delivery every ½ an hour (while the site is operational), which gives an average of 6
minutes activity every 30 minutes, if return journeys are accounted for.
Average time of activation, ta = 6 mins;
Time between activations, ti = 30 mins;
ta / (ta + ti) = a = 0.2; 1 / (ta + ti) = λ = 0.033;
The default density value is based on one vehicle at a time on a non-hazardous area road
from analysis of a typical small-medium sized site.
Density, µ = 20 ha-1;
Traffic controls
It is assumed that some degree of electrical equipment will be involved in ‘traffic
controls’ on a typical site and that the combined effect of any traffic signals, electrical
barriers, CCTV or lighting that occur will be equivalent to a strong but intermittent (i.e.
occurring instantaneously) ignition source, activated, on average, once every 5 minutes.
The ignition source parameters are therefore as listed below. It is assumed that there will
be one set of traffic control measures per site. The density is derived in the same way as
for the delivery vehicles above.
p = 1;

a = 0;

λ = 0.2;

Density, µ = 20 ha-1;
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D3.5

Summary
Base case ignition source parameters for the Roads land-use type:
p

ta

ti

a

λ

µ

Loc.

Ref.

‘Rush hour’ vehicles

0.1

6

474

0.0125

0.0021

160

Out.

Sec. D2

‘Other’ vehicles

0.1

6

54

0.1

0.017

3

Out.

Sec. D2

‘Delivery’ vehicles

0.1

6

30

0.2

0.033

20

Out.

-

1

-

-

0

0.2

20

Out.

Rew (1998)

Ignition source

Traffic control

D3.6

Controls
It is possible that non-diesel vehicles, or poorly maintained vehicles, with increased
ignition potential, will be allowed to enter the site, if controls are not ideal. However,
even in a worst-case site, it is assumed that such events will be extremely infrequent so
that the additional risk of ignition will be negligible. Therefore, the potential for
variation of the parameters with respect to the quality of ignition controls is the same as
for the parameters for Car Park areas, considered in Section D2.6. The following table
illustrates the potential variations in the parameters, based on the framework ranking
system presented in Table C.5 of Appendix C.

Ignition source

‘Rush hour’ vehicles
‘Other’ vehicles
‘Delivery’ vehicles
Traffic controls

Quality of control (and factor, fq) from framework ranking system
Ideal
(0)

Excellent
(0.1)

Typical
(0.25)

Framework not appropriate since level of
control will not vary significantly. Typically,
P=0.1. (See also Section D2.6.)
No traffic controls.

Poor
(0.5)

None
(>0.5)

P=0.2 used to represent use
of ‘high risk’ vehicles. (See
also Section D2.6.)

As for base case. (See also Note 1.)

Note 1: Traffic controls are anticipated to provide a very minor ignition source (as
demonstrated by sensitivity studies in Section D17) and so the degree of control
on their use is not considered significant in relation to the ignition source
provided by vehicle movements.
The potential range in ignition probability between the levels of ignition control, as
identified above, is assessed in Section D17.
D3.7

Options
The number of occurrences of all of the above ignition sources (which may be
represented by either the density of sources or the frequency of activation) has the
potential to vary significantly from site to site, and even from day to day. The
anticipated number of deliveries per day will be available for any particular site, so that
the frequency of delivery vehicles may be specified in more detail.
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As for Section D2, default values have been given above (and in brackets in the
following text) for a general site, while user inputs could be used to give more detail for
a particular site, particularly where the average frequency of deliveries to a site is known.
Frequency:
da – estimate of duration for which delivery vehicles provide an active ignition source,
for each journey, while on the non-hazardous portion of road area (3 mins);
n – number of ‘delivery’ vehicles entering or leaving the site in time, T (16);
T – time period over which n is given (8 hours);
Average time of activation, ta = 2da;
Time between activations, ti = (T / n) – 2da;
∴ a = ta / (ta + ti) = 2nda / T; and λ = 1 / (ta + ti) = n / T;
Varying the frequency of deliveries, to 15 minutes or 1 hour, produces the values given
in the table below for sensitivity assessments.
Density:
Similarly, the area of each ‘sector’ will be known for a particular site and so, the actual
density of each source can be specified in more detail. The frequency values for
‘delivery’ vehicles, above, allow for the variable number of deliveries, so the density
estimate represents a single ignition source in this area type. (There will also be a single
set of traffic control measures, so the density of ‘traffic control’ ignition sources is
calculated in the same way.)
A – area of non-hazardous portion of roads (hectares);
∴ µ = 1 / A (ha-1);
It should be noted that the generic model makes no allowance for rail (or sea) transport
of materials. The base case option considered here is assumed to have road transport
only, while if rail transport occurs the same options could be applied but with
consideration given to modifying some of the values, such as, for example, using p=0.4
with all other parameters the same.
Examples of how the density and frequency of occurrence of the ‘delivery vehicles’
ignition source will vary the ignition probability are shown in Section D17. Curves of
ignition probability against cloud area are shown for double and half the frequency of
deliveries assumed in the base case, and for increased and decreased assumptions on the
strength of ignition source provided by vehicles.
D4.

Controlled roads (classified areas)

D4.1

Area type
Covers roads on site that will only be used by delivery vehicles and access should be
strictly controlled since some, or all, of such an area will come under hazardous area
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classification requirements. It is assumed that these areas will have no additional
ignition sources other than those associated with traffic.
D4.2

Ignition sources
•

D4.3

Delivery vehicles (hot surfaces, engines, etc.).

Notes
Static from vehicles and vehicle occupants may become, relatively, more significant
factor in these areas, although the risk will remain small and is assumed to be covered by
the conservative value of vehicle ignition source potential.

D4.4

Parameters
‘Delivery’ vehicles
The ignition potential is taken as p=0.2, as discussed in more detail in Section D2, since
vehicle ‘start-up’ will be a significant feature in this area (before each return journey,
and possibly while manoeuvring).
Ignition potential, p = 0.2;
The default values given below, for frequency of source activation, are based on the
assumption that each vehicle movement along the road (in either direction) provides an
active ignition source for 3 minutes, as was assumed for non-hazardous road areas in
Section D3. It is assumed that all delivery vehicles will use the ‘Controlled roads’ and
so the frequency of deliveries will also be the same as that used in Section D3.
a = 0.2;

λ = 0.033;

The density value is based on one vehicle at a time, and the default value assumes that
the area of “Controlled road” is the same as that of the non-hazardous portion of roads.
Density, µ = 20 ha-1;
As for the parameters in Sections D2 and D3, the ignition sources in this area will be
external, with the same assumptions made regarding the day/night operation.
D4.5

Summary
Base case ignition source parameters for the Controlled Roads land-use type:
Ignition source
‘Delivery’ vehicles

p
0.2

ta

ti

a

λ

µ

Loc.

Ref.

6

30

0.2

0.033

20

Out.

Sec. D3

The potential variation of ignition controls and parameters relating to ‘delivery vehicles’,
which are assumed to be the only form of ignition source that will occur in this area, is
discussed in Sections D3.6 and D3.7. Further analysis of the potential variation in
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ignition probability, due to either the levels of ignition control or any uncertainty in the
assumed parameters, is given in Section D17.
D5.

Waste ground

D5.1

Area type
This land-use type allows for areas of site where no ignition sources will exist, even as a
‘non-hazardous area’ where no controls will apply.

D5.2

Ignition sources
•

D5.3

None

Parameters
p = 0;

D5.4

( and / or: a = 0; λ = 0; µ = 0 ha-1;)

Summary
There are no ignition source parameters specified for this area.
Ignition source

p

ta

ti

a

λ

µ

Loc.

Ref.

None

0

0

0

0

0

0

Out

-

To allow for an absolute worst-case scenario, an ignition source could be applied to this
area to allow for accidental fires occurring. It is considered that this is unnecessary,
since the occurrence of such an event should be extremely infrequent, even in a poorly
maintained and controlled hazardous installation.
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D6.

Boiler house

D6.1

Area type
Rooms (or buildings) with air intakes to boilers or boiler systems.

D6.2

Ignition sources
•

D6.3

Flame, or boiler ignition source.

Notes
The type of boiler equipment used is dependent on the size of site, and also on the
processes involved. Where a boiler house exists, it is assumed that either ‘forced air
draft’, ‘atmospheric’ or ‘balanced flue’ boilers are used, each of which requires external
air to be drawn in. Therefore, there will be a minimal delay before any external gas
cloud is drawn into the boiler. Although there is potential for the resulting mixture to
exceed the upper flammability limit and extinguish any flame or pilot light, it must be
assumed that the ignition potential will be 1. It should be noted that most boiler houses
will contain additional ignition sources, such as motors, hot surfaces and electrical
equipment. However, these will be internal equipment and will be insignificant
compared to the strong ignition source provided by the boiler itself, which will come into
contact with any gas cloud before any surrounding equipment.
Similarly, the (potential) additional source that may be provided by maintenance
activities is not considered to be significant in relation to the strong, and frequent,
ignition source provided by the boiler.

D6.4

Parameters
The potential for ignition of any flammable vapour that reaches the air intakes of the
boiler system is assumed to be 1.
Ignition potential, p = 1;
As discussed above, there is significant potential for variation of boiler demand, and
sensitivity cases are considered further in Section D17. The default assumption is that
the boilers will not be required as part of any plant processes, and so will be used for
space and water heating. In this case it is estimated that, on average, a boiler will provide
an active ignition source for 2 hours during each daytime shift, and 4 hours during each
night-time shift. Thus:
Day: a = 0.25;
λ = 0.0021;
Night (for plants that operate continuously):
a = 0.5;
λ = 0.0021;

Given that a flammable release reaches the outside of a boiler house, the air / fuel
mixture will be almost certainly drawn in and the ‘ignition source’ is effectively the air
intakes. The density will be high, within the defined boiler house area and is estimated as
being the equivalent of 200 sources per hectare.
Density, µ = 200 ha-1;
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Given that the ignition potential will be 1 (i.e. a strong source), a flammable gas cloud in
contact with the air intakes will be ignited by the boiler. There will be some delay while
the gas/air is drawn in to the boiler and so the ignition source is specified as ‘internal’.
This is the default assumption, although the delay will not be as long as for infiltration to
other buildings. The slight uncertainty over this assumption will only have any
significance at the limits of the cloud range, as the LFL is approached, and is not
considered significant in modelling the overall probability of ignition.
D6.5

Summary
Base case ignition source parameters (for daytime operation only):

D6.6

Ignition source

p

ta

ti

a

λ

µ

Loc.

Ref.

Boiler

1

120

480

0.25

0.0021

200

In.

-

Controls
Typically, a boiler house will be located in a non-hazardous area and no controls will be
applied to the system. It may, however, be possible that a well-controlled site will have
some form of gas detection system linked to automatic shutdown of the boiler. A lesser
form of this may be that sites have an alarm for major releases, which will automatically
trip the boiler. This latter case will depend on the incident leading to the release being
detected and will only be of any benefit if the alarm is raised, manually, before the
release reaches the boiler house.
The framework ranking system for the quality of ignition controls, presented in Table
C.5 of Appendix C, is not of direct use in this case, since the typical case will be to have
no controls. The effectiveness of the two control mechanisms given above, automatic
and manual power / boiler trips, will depend on the detection methods employed and will
be subject to a considerable degree of uncertainty. The gas detection / automatic shut
down approach is assumed to be as close to ‘ideal’ ignition control as is practical, but
will not be able to eliminate the potential for ignition. The use of boiler shut-down on
detection of a major release is more common, and is taken to be representative of
‘excellent’ ignition control in this case, but has greater potential for failure of the control.
As summarised below, values of 0.25 and 0.5 are assigned to the ignition potential, for
these ‘ideal’ and ‘excellent’ cases, respectively.
Quality of control (categories from framework ranking system)
Ignition source
Boiler

Ideal
‘Excellent’ P
halved, P=0.25

Excellent
‘Typical’ P
halved, P=0.5.

Typical

Poor

None

Framework not appropriate since no
control is the ‘typical’ case. P=1.

Even in the above ‘ideal’ ignition control case, because the effective density of sources
once a cloud has reached the boiler house is high, the ignition probability is 1 for any
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significant cloud size. Further consideration of the impact of controls on the boiler house
ignition source is given in Section D17.
D6.7

Options
In addition to the sensitivity to controls, such as detection and auto-shutdown, discussed
above, the frequency and duration of boiler operation will vary considerably. Two
variations of possible operation are selected, which aim to cover the extremes of possible
boiler operation.
•

If steam is required for the actual processes conducted on site, or boilers are required
for any other purposes other than space heating, boilers may be operated almost
continuously. In this (worst) case:
a = 1;

•

λ ≈ 0;

At the other extreme, some sites may have minimal staffing levels, not requiring
boilers, or using smaller units that may have much lower ignition potential, or being
used much less frequently.

The above discussion is included here to demonstrate the possible variation in the
ignition source parameters. In using the model, careful consideration should be given to
the specification of boiler house land-use types, as discussed further in Section D17.
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D7.

Flames, etc.

D7.1

Area type
Aims to represent any areas containing strong ignition sources, such as flares, furnaces
and any other processes where open flames may occur.

D7.2

Ignition sources
•

D7.3

Flames / strong ignition sources.

Notes
Strong ignition surfaces such as these will only occur in non-hazardous areas, even in
poorly designed, or controlled, sites.
The area types must be specified separately for external and internal sources, to account
for the delay in any release infiltrating any buildings, although the parameters in each
case will be the same.
The variation in such sources will be significant from site to site. A typical LPG site may
not contain any such sources, while an oil refinery is likely to have a number of flares, as
well as vaporisers and other ‘strong ignition source’ processes.
The (potential) additional source that may be provided by maintenance activities is not
considered to be significant in relation to the strong, and frequent, ignition source
provided by the flame (or whichever ‘strong’ source applies).

D7.4

Parameters
The ignition potential of each source will be 1, while active.
Ignition potential, p = 1;
The base case assumption for such sources is that they will be continuous, while the
plant is in operation. However, such sources may occur at irregular intervals and, being
significant sources, it is important that the activation rate and frequency can be varied if
required. Where such sources occur, for a specific application of the model, it would be
beneficial to identify the frequency of operation and modify the following parameters as
appropriate. In order to cover the most likely modes of strong ignition source parameters
occurring, three different land-use types are specified within the “Flames” area-type.
a.) Continuous processes (such as vaporisers):
a = 1;
λ ≈ 0;
b.) Infrequent processes. This aims to represent processes, such as flaring of gases,
which may occur relatively infrequently but for a sustained period. A representative
pattern is assumed to be a flame being active for 1 hour at a time, once a day.
Average time of activation = 60mins;
Time between activations = 420mins;
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1 / (ta + ti) = λ = 0.0021;

ta / (ta + ti) = a = 0.125;

c.) Intermittent processes. This aims to represent more frequent but shorter duration
processes, such as welding and other workshop activities, or processes, involving hot
work. A representative pattern is assumed to be a flame (or very strong source) being
active for 5 minutes every hour (during plant operating hours).
Average time of activation = 5mins;
Time between activations = 55mins;
ta / (ta + ti) = a = 0.083;
1 / (ta + ti) = λ = 0.0167;
The ignition sources may be either indoors or outdoors, in this case, and must be defined
as such. This means that there must be, in fact, 6 distinct sets of the “Flames” land-use
type, covering internal and external sources for each of the 3 operating frequency cases
covered above.
Similarly to boiler houses (discussed in Section D6), if a flammable release reaches an
area specified as a strong source, ignition will be almost inevitable. The aim of the
model will be to identify such areas quite precisely and, therefore, to set the density of
sources within each relatively small area as being high (to reflect the likelihood of
ignition, rather than the actual density of sources). The density is therefore assumed to be
the same as that estimated for boiler houses.
Density, µ = 200 ha-1;
The parameters are defined for ‘normal’, or daytime, operation. These parameters will
be constant for sites that operate continuously, while it is assumed that there are no
ignition sources at all during periods while the site is not in use (i.e. at night, for plants
that do not operate 24 hours).
D7.5

Summary
Base case ignition source parameters are presented below, for each of the three types of
“Flames” areas, noting that parameter sets will be defined for both internal and external
variants of each case.
Ignition source

p

ta

ti

a

λ

µ

Loc.

Ref.

a.) Continuous Flame

1

cont.

0

1

0

200

In./ Out

-

Ignition source

p

ta

ti

a

λ

µ

Loc.

Ref.

b.) Infrequent Flame

1

60

420

0.125

0.0021

200

In./ Out

-

Ignition source

p

ta

ti

a

λ

µ

Loc.

Ref.

c.) Intermittent Flame

1

cont.

0

0.083

0.0167

200

In./ Out

-
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D7.6

Controls
As for boiler houses (Section D6), such areas will typically be located in a non
hazardous area and no controls will be applied to the system. It may, however, be
possible that a well-controlled site will have some form of gas detection system linked to
automatic shutdown of the ignition source, or the process producing it. A lesser form of
this may be that sites have an alarm for major releases, which will automatically trip the
process.
The potential variation in ignition probability due to these controls is covered in Section
D17 (where all 6 versions of this land-use type are considered together).
It should be noted that any external sources that occur, which will usually be flares, will
be situated relatively high up. This in itself provides an element of control, which will
delay and possibly prevent ignition occurring, depending on the height of any flammable
cloud that is released. The height of any catastrophic release will depend on both the
release conditions and the prevailing weather at the time of the incident. For the
purposes of this study it is assumed that the catastrophic release will be large enough to
reach any elevated ignition sources, such as flares, with minimal delay. However, in
specific instances it may be possible either to eliminate flares as an ignition source, if
there is sufficient confidence that any release will not reach the height of the flare, or to
reduce the strength of the source by a factor appropriate to the probability of a release
reaching the top of any flare stack.

D7.7

Options
As discussed above (Section D7.4) the frequency and duration of operation of such
sources will vary considerably. The three different operating frequency cases illustrate
this potential variation in the ignition probability, as shown in Section D17. The impact
of the assumed density is the same as for the Boiler House land-use type, which is also
illustrated in Section D17.
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D8.

Kitchen facilities

D8.1

Area type
This will, primarily, represent rest rooms and similar areas, where cooking facilities may
be available for staff use. Also considered should be large-scale facilities for sites that
may have a canteen catering for a relatively large number of staff.

D8.2

Ignition sources
•
•
•

D8.3

Smoking,
Hot surfaces (ovens, grills, etc.),
Electrical equipment.

Notes
These rooms or areas may occur in several, relatively small, locations throughout the
non-hazardous areas of a site. For small areas it is assumed that limited cooking
facilities will be available, but that smoking may occur. The base case assessment will
use this, based on the assumption that larger facilities (such as canteens) will contain the
same proportion of ignition sources. (Typically, the cooking ignition sources will be
stronger, but the density will be lower, and it is also less likely that smoking will be
permitted in these areas.)
Being non-hazardous areas that are not part of the actual processing taking place on-site,
there is much more potential for failures of maintenance to occur. On the other hand,
hazardous installations may have significantly better control of the ignition sources in
kitchen facilities than would occur on ‘normal’ industrial sites.
Maintenance activities may occur in this area. However, since the frequency will be
very low, and the strength of the normal ignition source parameters is relatively high, the
(potential) additional source provided by maintenance activities is not considered to be
significant. The primary impact of maintenance in this area will be the potential for lack
of maintenance to result in faulty electrical equipment being used.

D8.4

Parameters
It should be noted that each of the ignition source types for this land-use type will be
internal (i.e. inside buildings). The parameters are defined for ‘normal’, or daytime,
operation. These parameters will be constant for sites which operate continuously, while
for this area, it may be assumed that there are no ignition sources at all during periods
while the site is not in use (i.e. at night, for plants that do not operate 24 hours).
Smoking
Tests by Jeffreys et al (1982) demonstrate that the ignition source related to smoking is,
in almost all instances, due only to lighters or matches, and burning cigarettes produce a
negligible risk of ignition.
Ignition potential, p = 1;
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It is conservatively assumed that the equivalent ignition source from smoking is the
continuous lighting of cigarettes over a 5 minute period at the start of each break, where
breaks are assumed to occur every 2 hours. This is conservative since, even where a
large number of employees smoke during each break, the actual presence of flames will
be intermittent over the assumed 5 minute period. Another, significant, mitigating factor
is that it is very unlikely that people will attempt to light a cigarette in the event of a
catastrophic release.
Average time of activation, ta = 5 mins;
Time between activations, ti = 115 mins;
ta / (ta + ti) = a = 0.0417;
1 / (ta + ti) = λ = 0.0083;
Based on a typical rest area of approximately 25m2:
Density, µ = 400 ha-1;
Cooking equipment
The base case assumption is that, even in non-hazardous areas, gas cooking will not be
employed. Various electrical elements may provide an ignition source, such as toasters,
hobs and kettles, due to hot elements or surfaces. These are, however, unlikely to provide
strong ignition sources and so a value of p=0.25 (corresponding to ‘weak to medium’
ignition strength, based on the framework recommendations suggested by Rew et al
(1998)) is selected. Faults in electrical equipment, resulting in sparks, will occur
infrequently, but will provide a strong ignition source, as discussed further in Section
D8.6.
Ignition potential, p = 0.25;
Cooking facilities, including kettles, may be used intermittently throughout a shift, with
a peak demand around ‘lunchtime’. The simplified assumption is that some form of
‘cooking equipment’ ignition source will occur, on average, for 5 minutes every half an
hour.
Average time of activation, ta = 5 mins;
Time between activations, ti = 25 mins;
ta / (ta + ti) = a = 0.167;
1 / (ta + ti) = λ = 0.033;
Not all rest areas will contain kitchen facilities, other than a kettle. To reflect this the
density given for smoking areas, above, is nominally factored down by 4. There will be a
number of ignition sources of this kind in kitchen facilities, although it is assumed that
they will typically be used at the same time and, in the context of a whole industrial
installation, can be treated as a single source.
Density, µ = 100 ha-1;
D8.5

Summary
Base case ignition source parameters:
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Ignition source

p

ta

ti

a

λ

µ

Loc.

Ref.

Smoking

1

5

115

0.042

0.0083

400

In.

-

0.25

5

25

0.167

0.033

100

In.

-

Cooking equipment

D8.6

Controls
In many hazardous installations, as well as being restricted to certain areas, smoking may
be controlled by the enforced use of ‘safe’ lighters. It is common practise to ban flame
type lighters, and matches, from a site and to provide car-type lighters, which will
provide a much weaker ignition potential. In this case, the parameters used will be the
same as those given above, except that the ignition potential will be the same as that used
for cooking equipment (i.e. ‘weak to medium’, p=0.25), rather than p=1.
The parameters for the actual kitchen equipment, given above in Section D8.4, represent
those considered to be most realistic, corresponding to a typical site with a typical level
of control. The potential for variation of the parameters with respect to the quality of
ignition controls is considered in the table below using the framework ranking system
presented in Table C.5 of Appendix C.

Ignition source

Quality of control (and factor, fq) from framework ranking system
Ideal
(0)

Excellent
(0.1)

Typical
(0.25)

Poor
(0.5)

Smoking

No smoking,
P=0

Car-type
lighters, P=0.25

No restrictions on smoking in this area, P=1

Cooking equipment

Well
maintained,
low risk
equipment
used, P=0.05

Well controlled,
‘weak’ ignition
strength, P=0.1

‘Weak to
medium’
ignition
strength,
P=0.25

Stronger
source
(faults, etc.),
P=0.5

None
(>0.5)

Faults and
strong
sources (gas
flames)
used, P=1

The potential range in ignition probability between the levels of ignition control, as
identified above, is assessed in Section D17.
D8.7

Options
There is significant potential for the strength and frequency of activation of the cooking
facilities to vary, which will depend primarily on the scale of the kitchens. The potential
variation in ignition strength is represented by the variation with the type of controls in
place, as presented in Section D8.6. The impact of varying the frequency of the ignition
sources discussed is considered in Section D17, which varies the base case activation
rates for both smoking and cooking equipment ignition sources. The density of the
sources is a key parameter, and is also considered further in Section D17.
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D9.

Process area, ‘heavy’ equipment level (non-hazardous)

D9.1

Area type
This area is aimed at covering rooms or buildings, in non-hazardous areas, where general
plant processes are conducted, with ‘heavy’ equipment. This level of equipment is
defined in more detail in Appendix E and corresponds to areas containing a high level of
mechanical equipment / machinery.

D9.2

Ignition sources
•
•
•

D9.3

Hot surfaces,
Motors, pumps, etc.,
Electrical equipment.

Notes
These land-use type aims to cover a wide range of possible ignition sources by defining a
general level of ignition probability. The approach used is defined in more detail in
Appendix E, where the parameters are based on typical ignition sources identified in
industrial areas containing ‘heavy’ levels of general equipment by Rew et al (1998).
Maintenance activities may occur in this area. However, since the frequency will be
very low, and the strength of the normal ignition source parameters is relatively high, the
(potential) additional source provided by maintenance activities is not considered to be
significant. The primary impact of maintenance in this area will be the potential for lack
of maintenance to result in faults occurring (leading to additional ignition sources),
which is accounted for in the overall ignition probability, as derived in Appendix E.

D9.4

Parameters
‘Heavy’ equipment levels are assumed to be dominated by mechanical equipment where
a certain level of hot surfaces (and/or friction) will occur. Most of the machinery will be
enclosed, but the hot surfaces will be exposed to the air within the site. Each machine is
assumed to have a large motor as well as several additional ignition source components
such as compressors, pumps and additional motors. All machinery will have a number of
electrical components, some of which may be high voltage.
The general ignition probability for ‘heavy’ equipment levels derived in Appendix E
(Table E.2) is considered to represent a realistic estimate of the ignition parameters that
will occur in the equivalent areas of a hazardous installation (with particular respect to
LPG type sites). The parameters are defined as a single source, which is based on a
combination of the ignition sources listed below (where further detail is given in
Appendix E).
•

Hot surface source: p=0.1, a=1, λ≈0.

•

Large motor: p=0.3, a=1, λ≈0.

•

Additional components: p=0.2, a=1, λ≈0.
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•

Electrical components (n=10): p=0.5, a=0, λ=0.00277.

Given these assumed ignition sources, the various parameters (p, a and λ) may be
combined, to produce one set of parameters which defines an ignition source that is
equivalent to an area containing ‘heavy’ equipment. Thus, the ignition source
parameters for non-hazardous process areas with ‘heavy’ levels of equipment are:
p=0.5,

λ=0.0277,

a=1.

As discussed in Appendix E (Section E4) the above parameters were derived to act as a
single ignition source, representing an area of approximately 200m2, so that the
equivalent density value is determined to be 50 such sources per hectare.
Density, µ = 50 ha-1;
D9.5

Summary
As discussed above, a single ignition source parameter is defined in this case, which is
summarised below.
Ignition source
‘Heavy’ equipment levels

D9.6

p

ta

ti

a

λ

µ

Loc.

Ref.

0.5

-

-

1

0.028

50

In.

Rew (1998)

Controls
The parameters derived above represent those considered to be most realistic,
corresponding to a typical site with a typical level of control. The potential for variation
of the parameters with respect to the quality of ignition controls is considered in the table
below using the framework ranking system presented in Table C.5 of Appendix C. In
this case, since the area is very general, there are no specific considerations with respect
to the level of ignition control. Therefore, the values given below for ignition potential
are factored in proportion to the ‘typical’ level of ignition control (which has an ignition
potential of 0.5).

Ignition source

‘Heavy’ equipment
levels

RSU 4014/R04.081

Quality of control (and factor, fq) from framework ranking system
Ideal
(0)
P=0
(ignition
sources
eliminated
or gas
detected)

Excellent
(0.1)
P=0.2 (well
controlled
ignition
sources)

D-22

Typical
(0.25)
P=0.5

Poor
(0.5)

None
(>0.5)

P=1 (faults and additional
strong sources allowed to
occur)

February 2002

The potential range in ignition probability between the levels of ignition control, as
identified above, is assessed in Section D17.
D9.7

Options
The key parameter that may impact on the overall ignition probability is the assumed
density of the ignition source. As discussed in Section D9.4 (and in more detail in
Appendix E) the value determined is an estimate and so it is important to assess the
sensitivity of the model to the potential variation in this parameter, which is illustrated in
Section D17.
Although the types of ignition sources occurring in practise will vary significantly, it is
assumed that the derived parameters for activation of the ignition sources are suitable for
this general representation. Variation in the ignition potential is assessed, in Section D17,
by comparison of the different levels of control, and of the different equipment levels
that are assumed (i.e. ‘medium’ and ‘light’ process areas, as covered by Sections D10
and D11, respectively),

D10.

Process area, ‘medium’ equipment level (non-hazardous)

D10.1 Area type
This area is aimed at covering rooms or buildings, in non-hazardous areas, where general
plant processes are conducted, with ‘medium’ levels of equipment. This level of
equipment is defined in more detail in Appendix E and corresponds to processes that are
primarily electrical, with some mechanical equipment.
It should be noted that this area is most appropriate for representing any buildings
containing processes where the potential ignition sources are not clear, i.e. should be
used as the default process area land-use type. It is also suitable for defining buildings
such as pump houses and small plant in non-hazardous areas, containing compressors,
motors, etc., with no obvious high strength ignition sources.
D10.2 Ignition sources
•
•
•

Hot surfaces,
Motors, pumps, etc.,
Electrical equipment.

D10.3 Notes
As for the ‘heavy’ equipment levels process area, Section D9.3.
D10.4 Parameters
As for the ‘heavy’ equipment levels process area, Section D9.4, the parameters are
defined as a single source, which is based on a combination of the ignition sources listed
below (where further detail is given in Appendix E). In this case, the general ignition
potential for ‘medium’ equipment levels produced by these ignition sources is
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considered to be slightly higher than would typically occur in the equivalent areas of a
hazardous installation (with particular respect to LPG type sites). As described in
Appendix E (Section E4), the single set of ignition source parameters, derived from the
following sources, uses a lower ignition potential for this application.
•

Hot surface source: p=0.05, a=1, λ≈0.

•

Small motor: p=0.2, a=1, λ≈0.

•

Additional components: p=0.2, a=1, λ≈0.

•

Electrical components (n=20): p=0.5, a=0, λ=0.00139.

Given these assumed ignition sources, the various parameters (p, a and λ) may be
combined, to produce one set of parameters which defines an ignition source that is
equivalent to an area containing ‘medium’ equipment. Thus, the ignition source
parameters for non-hazardous process areas with ‘medium’ levels of equipment are:
p=0.25,

λ=0.0347,

a=1.

As discussed in Appendix E (Section E4) the above parameters were derived to act as a
single ignition source, representing an area of approximately 200m2, so that the
equivalent density value is determined to be 50 such sources per hectare.
Density, µ = 50 ha-1;
D10.5 Summary
As discussed above, a single ignition source parameter is defined in this case, which is
summarised below.
Ignition source
‘Medium’ equipment levels

p

ta

ti

a

λ

µ

Loc.

Ref.

0.25

-

-

1

0.035

50

In.

Rew (1998)

D10.6 Controls
As for the ‘heavy’ equipment levels process area, Section D9.6, the values given below
for ignition potential are factored in proportion to the ‘typical’ level of ignition control,
which in this case is p=0.25.
The potential range in ignition probability between the levels of ignition control, as
identified above, is assessed in Section D17.
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Quality of control (and factor, fq) from framework ranking system

Ignition source

‘Medium’ equipment
levels

Ideal
(0)
P=0
(ignition
sources
eliminated
or gas
detected)

Excellent
(0.1)
P=0.1 (well
controlled
ignition
sources)

Typical
(0.25)
P=0.25

Poor
(0.5)

None
(>0.5)

P=0.5 (faults and additional
sources allowed to occur)

D10.7 Options
The potential variations in the parameters derived for each of the non-hazardous process
areas (i.e. each of sections D9 to D11) are considered together in Section D17.
D11.

Process area, ‘light’ equipment level (non-hazardous)

D11.1 Area type
This area is aimed at covering rooms or buildings, in non-hazardous areas, where general
plant processes are conducted, with ‘light’ levels of equipment. This level of equipment
is defined in more detail in Appendix E and corresponds to processes containing
primarily electrical equipment only, with no hot surfaces or other strong ignition sources.
D11.2 Ignition sources
•
•

Motors, etc.,
Electrical equipment.

D11.3 Notes
As for the ‘heavy’ equipment levels process area, Section D9.3.
D11.4 Parameters
As for the ‘heavy’ equipment levels process area, Section D9.4, the parameters are
defined as a single source, which is based on a combination of the ignition sources listed
below (where further detail is given in Appendix E). In this case, the general ignition
potential for ‘light’ equipment levels produced by these ignition sources is considered to
be higher than would typically occur in the equivalent areas of a hazardous installation
(with particular respect to LPG type sites). As described in Appendix E (Section E4), the
ignition potential value corresponding to low densities of equipment is considered to be
most appropriate for this application.
•

Additional components: p=0.25, a=1, λ≈0.

•

Electrical components (n=20): p=0.5, a=0, λ=0.00139.
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Given these assumed ignition sources, the various parameters (p, a and λ) may be
combined, to produce one set of parameters which defines an ignition source that is
equivalent to an area containing ‘medium’ equipment. Thus, the ignition source
parameters for non-hazardous process areas with ‘medium’ levels of equipment are:
λ=0.0556,

p=0.1,

a=1.

As discussed in Appendix E (Section E4) the above parameters were derived to act as a
single ignition source, representing an area of approximately 200m2, so that the
equivalent density value is determined to be 50 such sources per hectare.
Density, µ = 50 ha-1;
D11.5 Summary
As discussed above, a single ignition source parameter is defined in this case, which is
summarised below.
Ignition source
‘Light’ equipment levels

p

ta

ti

a

λ

µ

Loc.

Ref.

0.1

-

-

1

0.056

50

In.

Rew (1998)

D11.6 Controls
As for the ‘heavy’ equipment levels process area, Section D9.6, the values given below
for ignition potential are factored in proportion to the ‘typical’ level of ignition control,
which in this case is p=0.1.

Ignition source

‘Light’ equipment
levels

Quality of control (and factor, fq) from framework ranking system
Ideal
(0)
P=0 (ignition
sources
eliminated or
gas detected)

Excellent
(0.1)
P=0.04 (well
controlled
ignition
sources)

Typical
(0.25)
P=0.1

Poor
(0.5)

None
(>0.5)

P=0.2 (faults and additional
sources allowed to occur)

The potential range in ignition probability between the levels of ignition control, as
identified above, is assessed in Section D17.
D11.7 Options
The potential variations in the parameters derived for each of the non-hazardous process
areas (i.e. each of sections D9 to D11) are considered together in Section D17.
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D12.

Classified process areas (internal)

D12.1 Area type
This area represents any process areas that are covered by hazardous area classification
and subject to the various controls that are discussed in Section 3 of the main report.
Typically, zone 0 and zone 1 areas will be small, and in the context of determining the
ignition probability of a catastrophic release (i.e. where a wide area is involved) it is
considered that these zones should be combined with zone 2 areas for analysis of
potential ignition sources.
Although this area is termed “Classified Process”, it is assumed that this land-use type
may be applied to any internal areas of a site that are covered by hazardous area
classification. External classified areas are considered separately in the Section D13.
D12.2 Ignition sources
•
•
•

Faults,
Static,
Material handling equipment.

D12.3 Notes
The ignition probability in zone 0 and zone 1 areas should be zero. While there is always
potential for failure of controls, the probability of such events occurring will be very
low. It should also be noted that process areas are designated as classified areas because
of the relatively high probability of flammable atmospheres occurring (arising from
small leaks and normal processes), so that there is a strong incentive for any ignition
sources that do arise to be eliminated quickly. Therefore, as discussed above, analysis of
these areas with respect to catastrophic releases is assumed to be covered by analysis of
a single area, which will be based on the potential for ignition sources to occur in zone 2
areas.
There is potential for either very weak, or very infrequent, ignition sources to occur
within zone 2 areas. However, as discussed above, any low level of ignition probability
in classified areas in a typical site will be insignificant (in terms of catastrophic releases)
in relation to the stronger ignition sources that occur in other areas of a site. Therefore,
the base case ignition potential for classified areas is also considered to be zero. The
potential ignition sources that may occur in classified areas (zone 2) are considered as
potential variations to the base case in Section D12.6, in terms of potential failure of
controls.
D12.4 Parameters
As discussed above the base case assumption for classified areas is that there will be no
ignition sources. Small vehicles and materials handling equipment may be used in zone 2
areas, although they should be rated so that the ignition potential will, typically, be
negligible. Larger vehicles may pass through classified areas, but these are considered
separately, in Section D4. Other potential ignition sources are due to maintenance
activities occurring without correct procedures or equipment faults occurring that lead to
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abnormal ignition sources. Neither of these events will have significant frequencies, so
are not considered appropriate for the base case.
D12.5 Summary
There are no ignition source parameters specified for this area.
Ignition source

p

ta

ti

a

λ

µ

Loc.

Ref.

None

0

0

0

0

0

0

In

-

D12.6 Controls
As for other areas, the potential ignition source due to failure of controls on maintenance
is not considered to be significant in terms of catastrophic releases, i.e. in relation to the
relatively high probability of ignition that will occur in other areas of a site.
As discussed above, material handling equipment or vehicles (such as fork trucks) may
be used in zone 2 areas, although their use should be controlled so that there are no
ignition sources. To account for a potential variation in control levels, it is assumed that
sites with poor quality ignition controls may use inappropriate vehicles or equipment so
that a weak ignition source occurs. The potential variations are summarised in the
following table and discussed below.

Ignition source

Material handling in
classified area

Quality of control (and factor, fq) from framework ranking system
Ideal
(0)

Excellent
(0.1)

Typical
(0.25)

P=0 (assumed that rated equipment is
used)

Poor
(0.5)
P=0.05, a=0.167,
λ=0.033.
(See Note 1)

None
(>0.5)
P=0.05, a=1,
λ≈0.
(See Note 2.)

Note 1: It is assumed that for a ‘poor’ ignition control case, the ignition potential will be
0.05 (corresponding to a weak ignition source from the framework ignition
ranking used by Rew et al, 1998). It is assumed that the material handling
equipment will be used regularly in site operations, corresponding to 5 minutes of
active ignition source every half an hour. The density, based on analysis of
several sample sites is assumed to be equivalent to 50 such sources per hectare.
Ignition potential, p = 0.05;
Average time of activation, ta = 5 mins;
Time between activations, ti = 25 mins;
1 / (ta + ti) = λ = 0.033;
ta / (ta + ti) = a = 0.167;
Density, µ = 50 ha-1;
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Note 2: The same parameters are assumed to apply in the case of the worst case ignition
control case, except that the weak ignition source will apply almost continuously,
during normal working hours.
The potential range in ignition probability between the levels of ignition control, as
identified above, is assessed in Section D17.
D12.7 Options
In this case, it is not considered necessary to vary the ignition source parameters, since
their contribution to the overall probability of ignition for a site will be negligible. It
should be emphasised that this assumption is only relevant to the consideration of large
or catastrophic releases.
D13.

External classified areas

D13.1 Area type
This area represents any external areas that are covered by hazardous area classification
and subject to the various controls that are discussed in Section 3 of the main report. As
for the internal classified areas, this land-use will be considered as a single area, rather
than treating zones 0, 1 and 2 separately. This land-use type is aimed at covering all
external parts of a site that are classified except those where delivery vehicles may occur,
which are covered by the “Classified Roads” land-use type, presented in Section D4.
In some hazardous installations, where large storage areas are required, this area will be
the most common form of land-use on the site.
D13.2 Ignition sources
•
•
•

Faults,
Static,
Material handling equipment.

D13.3 Notes
The same basic parameters and assumptions will apply as for the internal classified areas
in Section D12. However, in this case, it is assumed that the implementation of controls
is more difficult outside (because of the larger areas involved) so that the risk of weak or
infrequent ignition sources occurring (such as static, faults in material handling
equipment) is greater than for the equivalent internal area. Therefore, the parameters
presented in Section D12.6 as the ‘poor’ level of ignition control for internal classified
areas are taken as the base case for the equivalent external areas.
D13.4 Parameters
From Section D12.6, the base case assumption is that some material handling activity
(such as fork-lift trucks) will occur for 5 minutes in every hour. This activity will have a
very weak ignition potential associated with it, of p=0.05. In the case of external areas,
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however, it is assumed that the density of potential ignition sources will be lower, at
approximately 25 per hectare.
Ignition potential, p = 0.05;
Average time of activation, ta = 5 mins;
Time between activations, ti = 25 mins;
ta / (ta + ti) = a = 0.167;
1 / (ta + ti) = λ = 0.033;
Density, µ = 25 ha-1;
D13.5 Summary
Base case ignition source parameters:
Ignition source

p

ta

ti

a

λ

µ

Loc.

Ref.

Material handling

0.05

5

25

0.167

0.033

25

Out

-

D13.6 Controls
The parameters derived above represent those considered to be most realistic,
corresponding to a typical site with a typical level of control. The potential for variation
of the parameters with respect to the quality of ignition controls is considered in the table
below using the framework ranking system presented in Table C.5 of Appendix C.
Quality of control (and factor, fq) from framework ranking system

Ignition source

Ideal
(0)

Material handling
in classified area

P=0 (assumed that
rated equipment is
used)

Excellent
(0.1)

Typical
(0.25)
P=0.05,
a=0.167,
λ=0.033.
(See Note 1)

Poor
(0.5)
P=0.1, a=0.333,
λ=0.033.
(See Note 2)

None
(>0.5)
P=0.1, a=1, λ≈0.
(See Note 3.)

Note 1: As for the ‘poor’ control case presented in Section D12.6, for classified internal
areas.
Note 2: The same parameters are assumed to apply in the case ‘poor’ ignition control,
except that the ignition potential and the frequency of activation are both
doubled, to account for controls being less stringently applied outdoors.
Note 3: The same parameters are assumed to apply in the case of the worst case ignition
control case, except that the ignition source will apply almost continuously,
during normal working hours.
The potential range in ignition probability between the levels of ignition control, as
identified above, is assessed in Section D17.
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D13.7 Options
In this case, it is not considered necessary to vary the ignition source parameters, since
their contribution to the overall probability of ignition for a site will be negligible. It
should be emphasised that this assumption is only relevant to the consideration of large
or catastrophic releases.

D14.

Storage areas

D14.1 Area type
This is intended to represent rooms or areas used for storage, which may be either
internal or external.
D14.2 Ignition sources
•
•
•

Faults,
Static,
Material handling equipment.

D14.3 Notes
Internal storage areas are assumed to be either small scale stores, which are rarely used
and are not anticipated to contain any ignition sources, or larger storage areas, where
material handling activities may take place.
•

Small stores will normally form part of another room or building and it is assumed
that, typically, they will not be used as specific land-use types. If they are distinct
from other areas then they should be included in the model as Waste Ground (i.e.
areas with no ignition sources).

•

Larger stores are assumed to contain very few ignition source parameters and are
assumed to have the same ignition source parameters as the internal Classified areas,
discussed in Section D12. Storage areas that have relatively high levels of material
handling activity should be classed as process areas, for the purposes of the ignition
probability model.

Therefore, no additional land-use type is required in the case of internal storage areas.
External storage areas may be either non-hazardous or classified. The latter case is
detailed in Section D13. For non-hazardous, external, storage areas, the potential ignition
sources are assumed to be the same as for the Classified storage areas, as discussed in
Section D13, but with increased ignition potential, since rated equipment may not be
used.
This external storage area may also be used to apply to areas of the site where no specific
activity occurs but with the potential for small vehicle movements and other infrequent
and relatively weak ignition sources to exist.
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The approach to modelling any storage areas that may occur is summarised in the
following table.
Storage areas

Equivalent land-use type (in terms of
ignition probability)

Ref.

Internal, small (no ignition
sources)

Define as Waste ground (i.e. no sources)

Section D5

Internal, large (some ignition
sources)

Define as internal Classified areas. (Or as
process area, if appropriate).

Section D12
(or D9 – D11)

External, classified

Define as external Classified area.

Section D13

External, non-hazardous

Define as external Storage area

This section

D14.4 Parameters
The ‘poor’ ignition control levels for classified areas, Section D13.6, are assumed to
apply to the same parameters as the base case in non-hazardous areas. Therefore, the
base case assumption is that some material handling activity (such as fork-lift trucks)
will occur for 10 minutes in every hour with an ignition potential of p=0.1. In this case,
which will typically cover a relatively large proportion of the site, it is assumed that the
density of potential ignition sources will be lower, at approximately 10 per hectare.
Ignition potential, p = 0.1;
Average time of activation, ta = 10 mins;
Time between activations, ti = 20 mins;
ta / (ta + ti) = a = 0.333;
1 / (ta + ti) = λ = 0.033;
Density, µ = 10 ha-1;
D14.5 Summary
Base case ignition source parameters:
Ignition source

p

ta

ti

a

λ

µ

Loc.

Ref.

Material handling

0.1

10

20

0.333

0.033

10

Out

Section D13

D14.6 Controls
The above parameters are derived in order to represent a very general area. Therefore,
the potential variation of the quality of ignition controls is also assumed to be very
general, as shown in the table below (using the framework ranking system presented in
Table C.5 of Appendix C).
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Ignition source

Material handling
in classified area

Quality of control (and factor, fq) from framework ranking system
Ideal
(0)

Excellent
(0.1)

Typical
(0.25)

P=0 (assumed that rated
equipment is used or no
ignition sources are allowed
to occur)

P=0.1,
a=0.333,
λ=0.033.

Poor
(0.5)

None
(>0.5)

P=0.1, continuously (assuming
almost continuous operation of
equipment with no controls)

D14.7 Options
In this case, the land-use type may potentially cover a significant proportion of the site
so that any potential variation in the parameters may have a significant impact on the
overall probability of ignition. However, it is considered that any variation will occur
within the bounds set by the above variation in the ignition controls (Section D14.6), so
that further assessment is not required.

D15.

Office areas

D15.1 Area type
Covers main office areas and all similar areas on-site, which may include reception areas
and corridors, etc., which will occur in non-hazardous areas only. This may be used to
represent any rooms where no specific processing, or other strong ignition sources, take
place, but where there may be a number of weak sources due to computers and other
items of electrical equipment.
D15.2 Ignition sources
•
•

Electrical equipment (PCs, photocopiers, lights, etc.),
Static, hot surfaces, etc.

D15.3 Notes
Although these areas will be very different from those classified as process areas, with
‘light’ levels of equipment, the ignition sources will be very similar. A slight distinction
may be made between the ‘office’ and ‘light process’ areas in that office areas may be
assumed to have slightly weaker ignition sources, which will also occur with a lower
density than given in Section D11 for ‘Light’ equipment levels, process areas.
D15.4 Parameters
As discussed above, it is assumed that the base case ignition source parameters will be
similar to those derived for process areas with ‘light’ equipment levels, but with slightly
weaker ignition potential and lower density. Therefore, the parameters derived in Section
D11.4 for the ‘light’ equipment process area are given below and modified as follows.

p=0.1,
RSU 4014/R04.081

λ=0.0556,
D-33

a=1;

µ = 50 ha-1;
February 2002

In this case, the ignition potential (based on a frequently activated effective ignition
source) is assumed to be weak and is reduced to p=0.05. The density of sources in a
typical office will be relatively high, although in this case the parameters are derived in
relation to process areas and so it is considered that the above density value should be
reduced to 20 sources per hectare to represent a typical office.
D15.5 Summary
As discussed in more detail in Section D11, and derived above, a single ignition source
parameter is defined in this case, which is summarised below.
Ignition source

p

ta

ti

a

λ

µ

Loc.

Ref.

Office equipment

0.05

-

-

1

0.056

20

In.

Section D11

D15.6 Controls
It is not anticipated that any controls will be appropriate to office areas other than to
ensure that significant ignition sources are eliminated. Therefore, in this case, it is
considered that variation of ignition source parameters due to different levels of ignition
control being applied will not occur. However, the above assumptions are intended to
represent a very general area and the sensitivity of the overall ignition probability to the
assumptions made should be assessed.
D15.7 Options
Potential variations in the parameters derived in this section are assessed in Section D17.
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D16.

Summary of land-use types
The full list of land-use types, for which sets of ignition source parameters will be
defined, are listed below.

Ref.

Land-use type

Classification

Location

1

Car parks

Non-hazardous

External

2

Roads

Non-hazardous

External

3

Controlled roads

Classified

External

4

Waste ground

Non-hazardous

External

5

Boiler house

Non-hazardous

Internal

6

Flames: continuous

Non-hazardous

Internal

7
8

External
Flames: infrequent

Non-hazardous

9
10

Internal
External

Flames: intermittent

Non-hazardous

11

Internal
External

12

Kitchen facilities

Non-hazardous

Internal

13

Process area – ‘heavy’ eqpt.

Non-hazardous

Internal

14

Process area – ‘medium’ eqpt.

Non-hazardous

Internal

15

Process area – ‘light’ eqpt.

Non-hazardous

Internal

16

Classified area

Classified

Internal

17

External classified area

Classified

External

18

External storage area

Non-hazardous

External

19

Office area

Non-hazardous

Internal

Table D.2: Land-use types for use in ignition probability model
The following section presents plots of the ignition probability against time from release
for the base case parameters for each of the above areas. Also shown are plots to assess
the sensitivity of the model to the potential variations in the ignition parameters in each
land-use type, either due to uncertainties in the assumptions or due to different levels of
ignition control being applied.
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D17.

Sensitivity studies

D17.1 Approach
Plots showing the sensitivity of the probability of ignition, for each land-use type, are
given in Figures D2 to D18 (Section D17.4). It is important to note that these cases are
aimed at investigating the variation in the ignition probability within each specific area,
rather than the impact on the site as a whole, which is assessed in more detail in the main
report. The plots shown in Figures D2 to D18 show the probability of ignition, for the
whole site, against the time from release.
The analysis is based on assessing the ignition probability of a simple site, of dimensions
200 x 200 m2, with a single building or area, consisting of the land-use type under
investigation, of size 20 x 20 m2. A schematic of the site layout used for these sensitivity
studies is shown in Figure D1. The rest of the site is assumed to be free of ignition
sources. The land-use type of interest is situated 50m from the centre of the site, where a
large release is assumed to occur. The release is modelled using HEGABOX (Post,
1994) and consists of an instantaneous release of 200 tonnes of propane, under standard
daytime conditions. (The same release is used as the base case dispersion model in the
for the results presented in the main report and is described in more detail in Section 5 of
the main report.)
200m

No ignition sources

100m

Land-use type under test

0m
0m

100

200

Figure D1: Layout of ‘site’ used for sensitivity studies on each land-use type
Although the sensitivity in this section is aimed at comparing different parameters for
specific land-use areas, the above approach is used so that the resulting ignition
probability is of a similar order to the contribution each area will make to the overall
probability. The same model is used for each land-use type so that the contributions from
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each area can be compared. If releases were tested over an area consisting solely of the
land-use type, the results would be artificially high in most cases. For example, because
of the high equivalent density of boiler equipment within a boiler house, any analysis of
the ignition probability within a site containing only boiler houses would give an ignition
potential of 1, irrespective of the likely variations in the detailed parameters.
The main conclusions from the sensitivity assessments, which should be noted in
developing the model further are summarised in Section D17.3.
D17.2 Sensitivity analysis
Car parks
Figure D2 shows the upper and lower limits of ignition probability for the Car parks
land-use type, based on the estimated range of potential ignition control quality from
‘poor’ to ‘excellent’, as discussed in Section D2.6. Two plots are shown for the poor
level of ignition control, to illustrate the relatively small impact that the ‘smoking’
ignition source has on the ignition probability. The plots presented in Figures D3 and D4
demonstrate how the probability of ignition is effected by the key parameters in the Car
parks area, which are the density and the time for which each vehicle provides an on-site
ignition source, respectively.
It can be seen from these figures that the contribution to the overall ignition probability
of a site from the Car parks area will be relatively low, and also that the potential
variations in the assumed values will not have a significant effect.
Roads
Figure D5 shows the upper and lower limits of ignition probability for the Roads land
use type, based on the estimated range of potential ignition control quality from ‘poor’ to
‘excellent’, as discussed in Section D3.6. Two plots are shown for the poor level of
ignition control, to illustrate the significant effect on the ignition probability that the
assumptions regarding traffic control ignition sources have. Consideration should be
given to using less conservative assumptions for this ignition source. The other ignition
source that is different to the Car parks land-use type is that due to delivery vehicles and
the sensitivity of the model to the frequency of deliveries is illustrated in Figure D6.
Controlled Roads
The only significant ignition source in this area is that due to delivery vehicles. Analysis
of the variation in ignition probability of the Roads area, discussed above, demonstrated
that the variation in controls and frequency of vehicle ignition sources will have little
impact on the overall ignition probability. Figure D7 illustrates the base case ignition
probability, which is relatively low, and similar to that of the Car parks land-use type,
and also shows the sensitivity to the assumed density of ignition sources within the
Controlled roads area.

RSU 4014/R04.081

D-37

February 2002

Waste ground
No plots are shown for this land-use type, since it is intended to represent a zero ignition
source and any potential variation (i.e. introduction of some ignition sources) is assumed
to be negligible.
Boiler house
The base case ignition probability for the Boiler house land-use type is shown in Figure
D8. It can be seen that the base case ignition probability is very close to 1 (once the
infiltration into the internal area has occurred) so that no variations that may increase the
ignition probability are considered. Plots included in Figure D8 illustrate the potential
reduction in ignition probability due to reductions in the assumed values of density and
ignition potential (which correspond to the key parameters in terms of uncertainties and
ignition controls, respectively). It can be seen that the key parameter is the density,
although even reducing this by a factor of 4 still results in a high probability of ignition,
since the basic assumption is that ignition will occur if a flammable mixture reaches a
boiler house, and the basic density is therefore high. Further consideration to the
potential variations should be given (since the actual areas involved in a site will be
relatively small) and the boiler house is clearly a significant contributor to the overall
ignition probability.
Flame areas
a & b: Continuous strong ignition source (internal and external),
c & d: Intermittent strong ignition source (internal and external),
e & f: Infrequent strong ignition source (internal and external).
As discussed in more detail in Section D7, six variations of the “Flames” land-use type
are specified. Plots of the ignition probability for the base case of each are shown in
Figure D9, where it can be seen that the contribution to the overall ignition probability
will be strong in each case. The potential for variations in the ignition probability, due
either to uncertainties in the defined parameters or variation in the level of ignition
control, will be similar to that of the Boiler house area, described above and illustrated in
Figure D8. Thus, as for the Boiler house, careful consideration should be given to any
potential reductions in the ignition probability, through control of ignition sources, which
may have a big overall impact by reducing the contribution from this significant area.
It should be noted that Figure D9 is plotted on a different scale to the other figures
presented in this section (ignition probability from 0.1 to 1, rather than 0.01 to 1). From
the revised scale it can be seen that the continuous, intermittent and infrequent variations
of the “Flame” area produce ignition probabilities of approximately 1, 0.9 and 0.8,
respectively.
Kitchen facilities
As described in Section D8, the potential range in the ignition probability in the Kitchens
land-use type, due to the potential variation in the level of control, is significant. Figure
D10 shows the upper and lower limits of ignition probability, corresponding to ‘ideal’
and ‘poor’ levels of ignition control, as well as the base and ‘excellent’ control cases. It
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can be seen that the base case ignition probability is high, typically between 0.8 and 0.9,
although an increase in the level of control can reduce this significantly, to around 0.5
(‘excellent’ control), and to below 0.1 if further controls are applied. Therefore, it is
recommended that consideration be given to revising the base case assumptions, or that
careful consideration is given to the type of kitchen facilities on a specific site when
using the model.
Figure D11 illustrates the relative significance of each of the ignition sources (defined as
‘smoking’ and ‘cooking equipment’), with respect to the base case. Figure D12 shows
the potential reduction in ignition probability due to the key assumptions of the density
of ignition sources and the frequency with which they occur.
The above figures show that although the individual assumptions can significantly effect
the overall ignition probability (particularly assumptions relating to the smoking ignition
source), it is the broad assumptions relating to the overall level of control that is of most
importance.
Process areas (non-hazardous)
a:
‘Heavy’ equipment levels,
b:
‘Medium’ equipment levels,
c:
‘Light’ equipment levels.
The ignition probability arising from the proposed ignition source parameters for the
three non-hazardous process areas are compared in Figure D13. These land-use types are
intended to represent very general areas and so variation of the parameters according to
the levels of control is not included here. (Variations on the base case parameters, due to
the levels of control, will be simple factors to increase or decrease the ignition potential
as appropriate.) It can be seen from Figure D13 that the parameters derived in Section
D9, for ‘heavy’, ‘medium’ and ‘light’ levels of equipment, respectively, correspond
approximately to constant ignition probabilities of 0.9, 0.7 and 0.35. It is considered that
these values provide good representations of the different degrees of ignition probability
that will occur in ‘typical’ non-hazardous process areas. Figure D14 demonstrates the
importance of the assumed density of ignition sources within each process area, where
halving the density in each case reduces the above ignition probability values to
approximately 0.7, 0.4 and 0.2, respectively.
Classified areas
As discussed in more detail in Sections D12 and D13, there should only be very weak or
infrequent ignition sources in classified areas. Figure D15 shows the ignition probability
for internal Classified areas, which can be seen to be negligible in the base case, rising to
a maximum steady ignition probability of 0.2 under the estimate of ‘worst case’ ignition
control conditions. Similar values can be seen in Figure D16, which shows the
equivalent curves for external Classified areas.
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External storage areas
Figure D17 shows the base case ignition probability for the external Storage areas land
use type and the estimated upper bound, which is represented by the ‘poor’ level of
ignition control. It can be seen that the ignition probability will remain low in this area,
below 0.05, due to the low density of ignition sources (as discussed in Section D14).
Although this land-use will have a low level of ignition probability, consideration should
be given to increasing the base case level (by taking the ‘poor’ ignition control case as
the base case, for example) in order to provide greater distinction between this area and
the external Classified areas land-use type.
Offices
The base case ignition probability and possible variations due to uncertainty in the key
ignition source parameters, which are the equivalent ignition potential and density
values, are shown in Figure D18.
D17.3 Summary of key parameters
The sensitivity assessments presented here illustrate the base case ignition probability for
each land-use type (for a sample site and a representative catastrophic release). The
discussion given above, in Section D17.2, aims to demonstrate that the base case
parameters and potential variations due to ignition control levels are representative of a
typical site. Areas of uncertainty, or potentially significant variations due to ignition
controls, that should be considered further in developing and using the model (see
Sections 4 and 5 of the main report) are summarised below.
•

Consideration should be given to using less conservative assumptions for the ‘traffic
controls’ ignition source in the Roads land-use type.

•

The Boiler house land-use type is a significant contributor to the overall ignition
probability and further consideration of the potential variations in the ignition source
parameters should be given. The base case parameters are a best estimate, although
the likely use of boilers on each site should be considered, in using the model, in
order to provide the most realistic overall ignition probability.

•

The above points also apply to the various Flame (i.e. strong ignition source) land
use types.

•

Similarly, it is recommended that consideration be given to revising the base case
assumptions in the Kitchen facilities land-use type, or to the type of kitchen facilities
specified for a particular site when using the model, because of the relatively high
potential for variation of the parameters.

•

Consideration should be given to increasing the base case level of the external
Storage areas land-use type, in order to provide greater distinction between this area
and the external Classified areas land-use type.
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D17.4 Sensitivity plots

1
(base case) typical quality of ignition controls
excellent quality of ignition controls
poor quality of ignition controls

Probability of Ignition

poor quality of ignition controls (with smoking sources doubled in frequency)

0.1

0.01
0

50

100

150

Time (s)

Figure D2: Sensitivity of the probability of ignition in Car Park areas to the
potential variation in the quality of ignition source controls

1
base case
base case density doubled

Probability of Ignition

base case density halved

0.1

0.01
0

50

100

150

Time (s)

Figure D3: Sensitivity of the probability of ignition in Car Park areas to the
assumed density of ignition sources
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1

base case
vehicles active for 1min each way

Probability of Ignition

vehicles active for 5mins each way

0.1

0.01
0

50

100

150

Time (s)

Figure D4: Sensitivity of the probability of ignition in Car Park areas to the
duration of vehicle ignition sources

Probability of Ignition

1

0.1

(base case) typical quality of ignition controls
(excellent quality) traffic control ignition source removed
(poor quality) potential of all vehicles increased
(poor quality) potential of delivery vehicles increased
0.01
0

50

100

150

Time (s)

Figure D5: Sensitivity of the probability of ignition in Roads areas to the potential
variation in the quality of ignition source controls
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Probability of Ignition

1

0.1

base case
delivery frequency halved
delivery frequency doubled

0.01
0

50

100

150

Time (s)

Figure D6: Sensitivity of the probability of ignition in Roads areas to the frequency
of occurrence of the delivery vehicles ignition source

1
base case
density doubled

Probability of Ignition

density halved

0.1

0.01
0

50

100

150
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Figure D7: Sensitivity of the probability of ignition in the Controlled Roads area to
the density of the delivery vehicles ignition source
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Probability of Ignition

1

intermittent (external)
infrequent (internal)
intermittent (internal)

0.1
0

50

100

150

Time (s)

Figure D8: Sensitivity of the probability of ignition in the Boiler House area to
potential controls (lower ignition potential) and uncertainty in the assumed
parameters (lower density)

Probability of Ignition
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0.1

intermittent (external)
continuous (external)
infrequent (external)

0.01
0

50
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150
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Figure D9: Probability of ignition for each of the Flame (strong ignition source)
land-use types
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Probability of Ignition

1

0.1

(base case) typical quality of ignition controls
excellent quality, p=0.25 smoking, p=0.1 cooking
poor quality, p=1 smoking, p=0.5 cooking
ideal quality, no smoking, p=0.05 cooking
0.01
0

50

100

150

Time (s)

Figure D10: Sensitivity of the probability of ignition in Kitchen Facilities areas to
the potential variation in the quality of ignition source controls

Probability of Ignition

1

0.1

base case
no smoking source
no cooking source
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0
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Figure D11: Sensitivity of the probability of ignition in Kitchen Facilities areas to
each of the ignition sources
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Probability of Ignition

1
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base case
frequency halved
density halved
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Figure D12: Sensitivity of the probability of ignition in Kitchen Facilities areas to
the frequency of occurrence and density of the ignition sources

Probability of Ignition
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'Medium' equipment levels, process area
'Heavy' equipment levels, process area
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Figure D13: Probability of ignition for each of the Non-hazardous Process
land-use types
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Probability of Ignition

1

0.1
'Medium' Process, base case
'Medium' Process, lower density
'Heavy' Process, base case
'Heavy' Process, lower density
'Light' Process, base case
'Light' Process, lower density

0.01
0
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Figure D14: Sensitivity of the probability of ignition in Non-hazardous Process
areas to the density of ignition sources
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Base case (Probability of ignition = zero)
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Figure D15: Sensitivity of the probability of ignition in internal Classified areas to
the potential variation in the quality of ignition source controls
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Figure D16: Sensitivity of the probability of ignition in external Classified areas to
the potential variation in the quality of ignition source controls
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Figure D17: Sensitivity of the probability of ignition in external Storage areas to the
potential variation in the quality of ignition source controls
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Figure D18: Sensitivity of the probability of ignition in Office areas to the assumed
values of density and ignition potential
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APPENDIX E
IGNITION PROBABILITY DUE TO GENERAL PROCESSES AND MACHINERY
E1

Ignition due to general processes and machinery
Almost all process areas will contain various machines and components, which may be
mechanical, electrical, or both, resulting in a range of ignition sources occurring.
Examples of such sources are motors, pumps, hot surfaces, switches and contacts. The
type of equipment occurring in such areas can vary significantly and is very difficult to
generalise. However, the overall level of ignition probability can be approximated for
different levels, or bands, of equipment. The approach used by Rew et al (1998) in
setting a background ignition probability for ‘general equipment’, for off-site ignition
probability in industrial areas, can be modified to apply to the on-site ignition probability
model.
The approach used by Rew et al was to determine the ignition source parameters for
examples of ‘heavy’, ‘medium’ and ‘light’ levels of equipment to provide a set of
parameters representing a background level of ignition probability. The ignition strength,
p, for each set, was then factored in order to provide an estimate of the parameters for
different densities of equipment. The results arrived at using this approach are
summarised in the following table and the key assumptions are listed below.

Ignition strength, p
Equipment Level

Other
parameters

High
Density

Medium
Density

Low
Density

p=0.5

0.4

0.3

a=1,
λ=0.0277

Heavy

Large motors,
pumps, etc.

Medium

Smaller motors
and pumps, etc.

0.4

0.3

0.2

a=1,
λ=0.0347

Light

Low voltage
switches and
contacts only

0.25

0.2

0.15

a=1,
λ=0.0556

Table E.1: Ignition source parameters for each level of
‘general equipment’ (Rew et al, 1998)
•

The different levels of machinery are classed as either heavy, medium or light, which
relate approximately to ‘mainly mechanical’, ‘some mechanical’ and ‘mainly
electrical’, respectively.

•

The calculations in this, off-site, study assume that each site, and therefore each
piece of equipment, is a single ignition source, so that density values are not
appropriate. The symbol, n, denotes the number of sources of each kind that are used
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to calculate the ignition parameters for each piece of equipment. Calculations of the
ignition source parameters then use the strongest ignition source machine,
continuously in contact with any gas entering the plant, as being representative of a
high density of sources of that equipment level.
•

For each of the equipment levels considered, the ignition source content of a typical
machine or section of equipment was derived by considering individual cases in
detail and then attempting to generalise the contents for all such cases. For example,
printing machinery was taken as representative of heavy machinery but a stronger
element of ‘additional components’ (pumps, compressors, etc.) has been included to
represent the make up of a more general site containing ‘heavy’ equipment.

•

The ignition parameters are calculated for ‘high’ densities of equipment and then
modified for two further cases, ‘medium’ and ‘low’ density, by reducing the ignition
strength, p. It is assumed that the same types of equipment will occur, with the same
operating characteristics, but with reduced densities. The equivalent effect to
reducing the density, noting that each ‘equipment level’ is treated as a point source
in this model (off-site, Rew et al), is to reduce the ignition strength to represent the
reduced risk of ignition. The primary justification for this simplified approach to
converting the ignition probability is based on the risk of ignition due to machinery
(particularly electrical) caused by faults, which is assumed to be the same for all
levels of equipment. Whatever the probability of faults resulting in ignition may be,
the density of such potential faults, and thus the overall probability of ignition from
such faults, will reduce as the density of equipment is reduced.

•

The proportion of sources which are covered or shielded is a highly variable factor,
as is the strength of such shielding. Therefore, the rate of gas ingress to such sources
is impossible to quantify accurately. In order to represent the lower risk created by
the delay in gas ingress, the ignition probability of a covered source is taken to be
half of that assumed when the source is uncovered.

The calculation method used by Rew et al (1998) is given in the following section and
the derivation of the parameters shown in Table E.1 is given in Section E3.
E2

Calculation Method
The equations used in the following analysis are derived in full as part of the
development of the ignition probability model by Spencer & Rew, 1997.
Consider a site (or, in this case, a machine) containing j different types of ignition source
(j=1, ... J). There are nj sources of type j, which will have ignition source parameters pj,
aj and λj. If the site is covered by flammable gas then the probability of no ignition due
to source type j is given by:

Qj (t ) = (1 − ajpj ) e − njλjpjt
nj
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Therefore the probability of no ignition over the whole site (or group of equipment) is
given by:
J

{

Qs(t ) = ∏ (1 − ajpj ) e − njλjpjt
j =1

nj

}

(E.2)

The parameters representing an equivalent single ignition source, ps, as and λs, are such
that:

Qs(t ) = (1 − asps )e − λspst

(E.3)

Equating (E.2) and (E.3):

t=0
t≠0

⇒
⇒

J

1 − asps = ∏ (1 − ajpj )
+ λsps

j =1
J

= ∑ njλjpj

nj

(E.4)

j =1

In order to solve equations (E.4) for j sources, one of the three unknowns (as, ps or λs)
must have a specified value. In the ‘heavy equipment’ case, for example, the
combination of the three continuous sources would result in a continuous source with p
equal to 0.496. So ps is set at 0.5 and the equation solved (where, in this case, J=4) to
find as and λs.
E3

Derivation of parameters for ‘general equipment’ ignition source

E3.1

‘Heavy’ equipment levels
This is dominated by mechanical equipment where a certain level of hot surfaces (and/or
friction) will occur. Most of the machinery will be enclosed, but the hot surfaces will be
exposed to the air within the site. Each mechanical machine will have a large motor as
well as several additional ignition source components such as compressors, pumps and
additional motors. All machinery will have a number of electrical components, some of
which may be high voltage.
• Hot surface source - uncovered
Significant sources due to friction or hot surfaces are considered individually (i.e. in
specific land-use types), so a continuous low risk of p=0.1 is assumed (uncovered).
(p=0.1, a=1, λ≈0, n=1)
• Large motor - covered
Assume a continuous risk of p=0.6 for an uncovered motor (giving p=0.3 for the covered
case). This is a very conservative value, which is assumed to also account for the risk of
ignition due to faults occurring, as well as the variable number of components.
(p=0.3, a=1, λ≈0, n=1)
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• Additional components - covered
Each individual component will be of low risk, but a continuous uncovered value of
p=0.4 (giving p=0.2 for the covered case) is assumed to account for the variable number
of such components.
(p=0.2, a=1, λ≈0, n=1)
• Electrical components - covered
The majority of electrical components (switches, contacts, etc.) will be low voltage and
will have more than one level of shielding from the atmosphere presenting a negligible
risk of ignition. To account for faults and high voltage components, an approximate
value of 20 sources per machine is assumed where each may produce a strong spark
(giving p=0.5 for the covered case) twice per, working, day (ti=360 minutes).
(p=0.5, a=0, λ=0.00277, n=10)
Given these assumed ignition sources, the various parameters (p, a, λ, n) may be
combined using the method detailed above (Section E2), to produce one set of
parameters which defines the heavy equipment machinery factor. Thus, the ignition
source parameters for sites with high concentrations of heavy machinery are:
p=0.5,

λ=0.0277,

a=0.992.

For heavy machinery levels with medium and low concentrations of equipment (with less
chance of faults occurring) the value of p is reduced to 0.4 and 0.3 respectively.
E3.2

‘Medium’ equipment levels
In this case, there are lower amounts of mechanical equipment than that assumed for
“heavy equipment”, and there will also be a lower level of risk. Any ignition source due
to friction or hot surfaces will be of a low level and will be enclosed within the
machinery. Any motors that occur will be relatively small and have a lower risk of
ignition than those considered above. Additional ignition source components will occur
as specified for heavy machinery. All machinery will have a number of electrical
components, which are all assumed to be low voltage (i.e. 24V or lower).
• Hot surface source - covered
The probability of ignition is reduced by being enclosed.
(p=0.05, a=1, λ≈0, n=1)
• Small motor - covered
Assume a continuous risk of p=0.4 for an uncovered motor. This is a very conservative
value which is assumed also to account for the risk of ignition due to electrical faults
occurring, as well as the variable number of components.
(p=0.2, a=1, λ≈0, n=1)
• Additional components - covered
Each individual component will be of low risk, but a continuous uncovered value of
p=0.4 is assumed, to account for the variable number of such components.
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(p=0.2, a=1, λ≈0, n=1)
• Electrical components - covered
The majority of electrical components (switches, contacts, etc.) will be low voltage and
will have more than one level of shielding from the atmosphere, and will therefore
present a negligible risk of ignition. To account for faults, an approximate value of 20
sources per machine is assumed where each may produce a strong spark (p=1, when
uncovered) once per, working, day (ti=720 minutes).
(p=0.5, a=0, λ=0.00139, n=20)
Given these assumed ignition sources, the various parameters (p, a, λ, n) may be
combined using the method detailed above, which gives the ignition source parameters
for sites with high concentrations of medium machinery as:
p=0.4,

λ=0.0347,

a=0.98.

For medium machinery levels with medium and low concentrations of equipment (with
less chance of faults occurring) the value of p is reduced to 0.3 and 0.2 respectively.
E3.3

‘Light’ equipment levels
These are dominated by electrical equipment and the only mechanical equipment that
may occur is assumed to be of a relatively low ignition probability and will be covered.
All components are assumed to be low voltage.
• Additional components - covered
Each individual component will be of low risk, but a continuous uncovered value of
p=0.5 is assumed to account for the risk of ignition due to electrical faults occurring, as
well as any motors that may be employed.
(p=0.25, a=1, λ≈∞, n=1)
• Electrical components - uncovered
To account for faults, an approximate value of 20 sources per machine is assumed where
each may produce a strong spark once per, working, day (ti=720 minutes).
(p=0.5, a=0, λ=0.00139, n=20)
Given these assumed ignition sources, the various parameters (p, a, λ, n) may be
combined using the method detailed above, which gives the ignition source parameters
for sites with high concentrations of light machinery as:
p=0.25,

λ=0.0556,

a=1.

For low machinery levels with medium and low concentrations of equipment (with less
chance of faults occurring) the value of p is reduced to 0.2 and 0.15 respectively.
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E4

On-site ignition probability due to general processes and machinery
As discussed in Section E1, the approach used by Rew et al (1998) in setting a
background ignition probability for ‘general equipment’, for off-site ignition probability,
can be modified to apply to the on-site ignition probability model.
The ignition source parameters derived for examples of ‘heavy’, ‘medium’ and ‘light’
levels of equipment are based representing the background level of ignition probability
as a single ignition source. Thus, in effect the parameters reflect the probability of
ignition of a cloud coming into contact with any part of an area containing that level of
equipment. To reflect this same level of ignition probability for the on-site model, the
density of ignition sources within each area must be defined.
Therefore, rather than varying the ignition strength to simulate decreasing densities of
equipment, a base case ignition strength should be defined, with an estimated density,
which can then be varied to reflect reducing levels of equipment, if required.
•

The parameters derived in Section E3 were based on the levels of process equipment
contained in typical industrial areas. It is assumed (based on knowledge of the sites
used in the above derivation, and from analysis of sample sites) that this represents
small to medium sized rooms or buildings of area approximately 200m2. Thus, the
base case density of these ‘general equipment’ ignition sources is approximately
equivalent to 50 per hectare.

•

This density is assumed to provide the base case for ‘high’ densities of equipment
and is halved to provide estimates for ‘medium’ and ‘low’ density areas.

The size of the typical area, considered above, and the general assumptions on the items
of equipment making up the overall ignition source, presented in Section E3, are
considered to be appropriate to the types of process area that may occur in typical
hazardous installations. The parameters most appropriate to each level of equipment are
discussed below and summarised in Table E.2.
•

For areas considered to include ‘heavy’ levels of equipment on a hazardous
installation, it is considered that the ‘high density’ value of ignition potential, p=0.5,
is most appropriate. This reflects the fact that the original derivation was for
‘background’ levels of equipment, while the same parameters will be used, in this
case, to represent all of the ignition sources occurring in a particular process area.

•

To provide a more clear distinction between different types of process area, the
‘medium density’ value of ignition potential, p=0.3, is selected to represent the
‘medium’ levels of process equipment. Although these values are selected for nonhazardous areas, without consideration of any ignition controls, it is considered that
the ‘high density’ value given in Section E3.2 is over-conservative for use in
hazardous installations.

•

Similarly, the ignition potential values given in Section E3.3, for both ‘high’ and
‘medium’ densities of equipment, are considered to be higher than would apply to
areas of hazardous installations containing ‘light’ levels of equipment, even in non-
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hazardous areas. An ignition potential of p=0.15 is considered to represent the most
realistic base case for use in this, on-site, study.

Equipment level of process area

Parameters

Heavy

Large motors, pumps,
etc.

p=0.5, a=1,
λ=0.0277

Medium

Smaller motors and
pumps, etc.

p=0.3, a=1,
λ=0.0347

Light

Low voltage switches
and contacts only

p=0.15, a=1,
λ=0.0556

Density of ‘general equipment’
ignition source, µ (ha-1)
High

Medium

Low

50

25

12.5

Table E.2: Ignition source parameters for each level of process
equipment proposed for the on-site model
The above values are proposed as an equivalent set of parameters, representing general process
equipment ignition sources, for on-site applications. They are, in effect, a conversion of the
values used in the off-site ignition probability model developed by Rew et al (1998). Further
development of these values should be considered, in relation to the land-use types and
applications appropriate to on-site hazardous installations, before the above values are used in the
on-site ignition probability model.
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APPENDIX F
EXISTING MODELS FOR COMPARISON WITH ON-SITE IGNITION
PROBABILITY MODEL
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APPENDIX F
EXISTING MODELS FOR COMPARISON WITH ON-SITE IGNITION
PROBABILITY MODEL
F.1

Current approach
Modelling of ignition probability tends to be based on either sparse incident data or
expert estimates. Many quantified risk assessments have used expert estimates of
ignition probability rather than historical data, as reviewed by both Cox et al (1990)
and CCPS (1995).
The Canvey Island Report (HSE, 1981) used onsite ignition probabilities of 0.1 for
areas with ‘no’ ignition sources, 0.2 for ‘very few’ ignition sources, 0.5 for ‘few’
ignition sources and 0.9 for ‘many’ ignition sources.
Kletz (1977) argued that the probability of ignition increases with size of leak and is
certainly greater than 0.1 for large leaks (10 ton or more) and may be as high as 0.5.
Kletz also states that 1 in 10,000 small leaks in polyethylene plants ignites and that 1
in 30 small to major leaks on plants handling hydrogen and hydrocarbons at 250 bar
ignites. Browning (1969) suggests that, for massive LPG leaks into areas with no
obvious source of ignition, and explosion proof equipment, the probability of ignition
is only 0.1.
Blything & Reeves (1988) suggested that 70% of ‘large’ LPG releases (where no pool
was formed) would ignite, defining a large release as one which would travel
approximately 60m before being diluted to below LFL. It was then assumed that
ignition probability was proportional to distance travelled for other release sizes.
Ignition probability was reduced by a factor of 10 for cases where the releases did not
reach the nearest identifiable ignition source. As discussed by Rew et al (1998), this
model was compared against LPGITA data and was found to underpredict by a factor
of 10 for small releases, possibly due to non-consideration of temporary ignition
sources.
It can be seen that there is a wide variation in the values of ignition probabilities
given by the various authors quoted above and the use of such expert judgement
requires considerable care. Many of the values are case specific and, while they may
be reasonable estimates of ignition for certain plants or types of release, they may not
be directly applicable to more general studies. Furthermore, interpretation of terms
such as ‘massive’ or ‘minor’ is not straightforward.
Section G2 discusses a selection of more generalised models for ignition probability.
These models tend to be based on both historical data and expert judgement and relate
ignition probability to mass release rate of flammable gas or to the cloud area.
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F.2

Ignition probability models
A number of simple correlations for ignition probability have been suggested based
on historical data rather than site information. Three are reviewed here, two based on
cloud area (Clay et al, 1988, Simmons, 1974) and one on release rate (Cox et al,
1990).
Simmons (1974) conducted a survey of 59 incidents of ignition of clouds of LNG or
LPG resulting from accidental spills due to transportation. For these, the size of the
cloud when ignition occurred was estimated and fitted the probability of ignition as a
function of cloud area to an error function. For incidents in which only the distance
from the source of the ignition point, x, was reported, the cloud area, A, was
estimated using the following correlation:

A = 0.175x 2

(F.1.)

Then the probability of ignition, inclusive of immediate and delayed, P(A), as a
function of area is given by:
P( A ) =

1
 log10 A −1.38021 

1 + erf 
 
2.45318
2

(F.2.)

where the area, A, is given in m2.
The current method used by HSE in Flammables RISKAT (Clay et al, 1988) for
delayed ignition is based on the assumption that a large release of LPG over industrial
land has a probability of ignition of almost unity. The probability of ignition of a
smaller cloud is then calculated in terms of the large release. Thus it is assumed that a
large instantaneous release of 200 tonnes of LPG which has drifted downwind over
industrial land in D5 weather conditions has a probability of ignition of 0.999999, i.e.
1-10-6. If this probability is denoted by Pf, then, for a cloud which has drifted a
distance x downwind, the probability that it has ignited is:

(

P( A) = 1 − 1 − Pf

)

A

Af

(F.3.)

where A is the cloud area and Af is the area swept by the flammable cloud if it
disperses to its full size. Within the RISKAT model, the ignition probability is
calculated on a grid by grid basis. Thus for industrial land, the ignition probability
per grid, PI, is calculated as follows:

(

PI = 1 − 1 − Pf

giving

)

1

Nf

P( A) = 1 − (1 − PI )

(F.4.)
N

(F.5.)

where N is the number of grid squares encompassed by the release being modelled
and Nf is the number of grid squares encompassed by the reference release of 200
tonnes of LPG. The ignition probability per grid is then scaled by 0.8 for urban land
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and 0.04 for rural land. Thus it should be noted that, for urban and rural land use
types, the probability of ignition is dependent on the size of the grid, although the
effect is small for grid sizes typically used in RISKAT (50m square). It should also
be noted that, for F2 weather conditions, although the cloud area will be higher than
for D5 conditions, the RISKAT model assumes that the cumulative probability of
ignition, Pf, is lower and is equal to 0.9. This reflects the likely lower density of
ignition sources when F2 conditions occur (generally at night).
For the purposes of comparison within this study, the area swept by an instantaneous
release of LPG has been calculated using the HEGABOX model in the HGSYSTEM
suite (Post, 1994). For a 200 tonne release of propane, as defined in Section F.4,
HEGABOX gives the final cloud area above the LFL as 540,000 m2. It is assumed
that, due to the small cloud drift in comparison to the radial growth (or slumping) for
a release of this size, the area swept, Af, is approximately equal to the final cloud area
and the calculations presented below are based on this figure.
One disadvantage of this HSE model is that, for clouds in industrial areas
significantly smaller than Af, the probability of ignition is highly dependent on the
choice of Pf, i.e. ‘an ignition probability of almost unity’. For example, for a cloud of
area 20,000 m2, using Pf = (1-10-6) gives a probability of ignition of 0.4 whereas if
Pf = (1-10-4) had been used the probability would be 0.3 and if Pf = (1-10-8) had been
used the probability would be 0.5. This is illustrated in Figure F.1, which shows the
variation of probability of ignition with cloud area for these values of Pf. It would be
preferable if the model was sensitive to parameters over which more certainty could
be attached.
1
0.9

Probability that the cloud has ignited, P(A)

0.8
0.7

P f = 1-10 -8
P f = 1-10 -6
P f = 1-10 -4

0.6
0.5
0.4
0.3
0.2
0.1
0
10 2

10 4

10 3

10 5

10 6

2

cloud area, A [m ]

Figure F.1: Sensitivity of current HSE model to value of Pf chosen.

Cox et al (1990) suggested a correlation for the probability of ignition based on mass
flow rate, i.e. for continuous rather than instantaneous releases. It is assumed that the
probability of ignition is proportional to a power of the mass flow rate. The constant
of proportionality and the power are then set from a few data points. If the mass flow
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& (kg/s), then the probability of ignition (immediate and delayed)
rate is denoted by m
for a particular scenario is approximately given by:
&b
P = am

(F.6.)

Values of the coefficients a and b are estimated for a few scenarios and are given in
Table F.1, noting that the ‘observed’ coefficients are based on both incident data and
expert judgement. It is assumed that the probability of ignition for a ‘massive’ 50
kg/s release is 0.3, based on data for blowouts given by Dahl et al (1983), and that the
probability of ignition for a ‘minor’ 0.5 kg/s leak is 0.01, derived from the estimates
of Kletz (1977). Values of a and b for the other scenarios are based on the judgement
of Cox et al (1990). It should be noted that the model is not intended for very high
mass release rates, where it gives a probability of greater than 1.
Scenario
Observed
Control of ignition sources
Self Ignition
No control of ignition sources

a
0.017
0.006
0.003
0.074

b
0.74
0.77
0.28
0.57

Table F.1: Coefficients for model suggested by Cox et al (1990)

Figure F.2 compares the formula given by Simmons (1974), based on historical data,
with the probabilities of ignition for industrial, urban and rural areas, as used by the
HSE (Af = 540,000 m2). For the urban and rural curves, a grid size of 50m by 50m
has been used. The figure shows that, for all land use types, the probability of
ignition of clouds with areas less than 105 m2 is significantly underestimated by the
HSE model in comparison to the Simmons correlation. The shapes of the curves are
also different, which is possibly due to the Simmons correlation being averaged over
many different ignition source densities, whereas the HSE model assumes that the
ignition source density is constant and known for a particular incident.
Probabilities calculated using the Cox et al (1990) model are also shown in Figure
F.2. The values of the coefficients used are those for the ‘observed’ ignition
probability (a = 0.017, b = 0.74). The cloud area for a particular gas flow rate is
calculated using Shell’s HEGADAS steady state dense gas dispersion model (Post,
1994) for a wind speed of 5 m/s in stability class D. This gives the ground area over
which the concentration is above the lower flammability limit as approximately
330 m2 per kg/s of leak mass flow rate. It can be seen that the model predicts slightly
lower ignition probabilities than the HSE curves for industrial or urban ignition
sources. However, it should be noted that the Cox et al (1990) curve is plotted
against the maximum, steady-state area that the cloud would have reached had
ignition not occurred. However, the Simmons (1974) and HSE models relate
probability of ignition to the area that the flammable cloud has reached when ignition
occurs, which is likely to be significantly less than the maximum area of the cloud in
most instances. Thus the Cox et al (1990) curve is underestimated in Figure F.2, and
is not directly comparable to the other curves.
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Figure F.2: Comparison of historical data and model currently used by HSE

The previous phase of this study, by Rew et al (1998), developed an ignition
probability for off-site applications. This was based on three generic land-use types
(similarly to the HSE model shown in Figure F.2), which are rural, urban and
industrial. The industrial land-use type of this model can be used for comparison
with the on-site ignition probability model, as discussed further in Section F.3.
F.3

Summary of available models

Of the four ignition probability models discussed in Section F.3, only that produced
by Simmons is wholly based on incident data (59 accidents involving spills of LNG
or LPG). Unfortunately, the data relates to US transportation incidents alone and is
unlikely to reflect the densities and types of ignition sources found around UK sites
storing flammable gases. It is also based on general land-use, relevant to each
incident, and is not specifically industrial. Therefore, this model is not strictly
suitable for validation of the model developed in this study, although it can be used as
a useful point of reference.
As discussed in Section F.2, the Cox et al (1990) model is not directly comparable to
the others and so is not used for validation or comparison with the on-site ignition
probability model, for the catastrophic release scenario described in Section F.4.
The current method used by HSE (Clay et al, 1988) and the off-site model (Rew et al,
1998) provide useful indications of the existing approach to on-site ignition
probability modelling and the resulting probability estimates. Both models, when
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used in this context, represent a general ‘industrial’ site. This can be used for
comparison with the results from this study, although the difference between typical
‘industrial’ areas and a hazardous installation, where careful control of ignition
sources should occur, must be noted.
In the case of the HSE model, which is based on expert judgement, the ignition
probability value, Pf (as described in Section F.2), can be selected to reflect a reduced
probability of ignition associated with a ‘controlled’ industrial site. Values of Pf = (110-6) and (1-10-4) have been selected for comparison with the on-site model, although
the uncertainty in selecting values should be recognised.
F.4

Dispersion model

This section gives the basic parameter details of the catastrophic release used for
comparison of the models described above and the on-site ignition probability model.
The same release is also used in demonstrating and testing the model and its
sensitivity to the various parameters that have been derived.
An instantaneous release of 200 tonnes of propane is simulated using HEGABOX
(Post 1994).
The input conditions used and some key results are given in Table F.2.
Release parameter
Day time
Initial aspect ratio
1
Initial diameter
48 m
Wind speed
5 m/s
Stability
D
Air and ground temperature
20°C
Ground roughness
0.1 m
Initial gas concentration
100%
Initial gas temperature
-42°C
Release size
20 tonnes
Results when concentration reaches LFL
Cloud area
5.432×105 m2
140 s
Time
Table F.2: Input conditions for instantaneous release of propane and key results
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