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Abstract 

Typical deliverables of a classical quantitative risk analysis (or QRA) effort are individual risk 
and societal risk data. Individual risk within the context of such a classical QRA is defined as the 
frequency or probability (measured over a fixed time span) of mortality of a “hypothetical and 
immobile” individual, who resides at a fixed location for an infinite amount of time. The 
determination of this individual risk number is a rather abstract exercise that yields a number 
without direct practical applications other than a comparison of the safety levels across different 
sites. Societal risk data are normally presented in the form of an F-N curve, the slope of which is 
a measure of the risk aversion towards accidents with multiple fatalities. Although an F-N curve 
is a great tool it includes concepts that are often difficult to grasp for decision-makers. 

For facilities where we conduct a QRA, the classical individual risk will be interpreted as a 
measure of the inherent process safety of those facilities. The classical individual risk and F-N 
curves are calculated with the aid of industry databases for equipment failures. Numerous 
failure scenarios are included in the effort. Failure modes are as realistic as possible; e.g., a 
credit will be taken for pressure venting during fired heater explosions. Unique scenarios that 
were found during the Process Design hazard review and during the HazOp review as well as 
corrective actions are also accounted for.  Corrective actions are typically in the form of a 
redesign where we try to design a problem out (inherent safety) or control improvements (safety-
instrumented systems, external risk reduction facilities, etc.). 

Furthermore we will compute the “true” risk to any individual working in or near the facility 
under review. In order to accomplish this feat we have to determine an individual’s spatial 
distribution in the facility and the fractional time(s) of exposure. The complexity of this endeavor 
requires that certain simplifications be introduced. NOVA Chemicals has worked together with 
TNO2 in developing the necessary software. 

The final result is a high resolution QRA that allows management to compare hazards to 
individuals on a one-to-one basis; e.g., the furnace engineer’s risk to the furnace operator’s risk.  
Our initial experience has been that this “humanization” of risk, making the numbers 
transparent and the direct risk comparison feature are of great value to management. 
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Introduction 
NOVA Chemicals (from hereon-called NOVA) uses risk management routinely for making 

risk-based decisions on a micro as well as on a macro scale. The expectation is that risk-based 
solutions will be custom-made solutions and save financial and other resources, particularly in a 
time of growth through acquisitions. NOVA’s risk management program takes into consideration 
all initiatives of Responsible Care4 such as process safety, occupational safety, environmental 
impairments, and business risk (property loss and the cost of business interruption).  

The before-mentioned process safety program was established by a senior management 
directive and deals almost exclusively with process safety although it overlaps with other aspects 
of the overall risk management program. The process safety program is detailed in the NOVA 
Loss Prevention (Engineering) Standards, or LPS. LPS have been organized in a 3-layered 
hierarchy: 

1. The top layer consists of goal-oriented criteria that in essence paraphrase stated executive 
commitments. Line management and designers cannot deviate from these criteria. Two layers 
of implementation tools, standards and guidelines, support the criteria and are discussed 
below. 

2. The second layer consists of standards that need to be followed; however, a plant manager or 
a project manager or their delegate can deviate from a standard via a formal procedure in 
writing. The only caveat being that the applicable criteria need to be met.   

3. The third layer consists of guidelines that constitute design recommendations. Designers and 
managers can deviate from guidelines when they deem that to be prudent.  

The Probabilistic Risk Management LPS has a special position within the family of LPS since 
it contains NOVA’s process safety risk criteria and functions as the arbitrator in case of conflict 
between LPS. It also formalizes the risk analysis process. 

This Probabilistic Risk Management LPS contains: 
a) Quantitative criteria that specify what is acceptable and what is not acceptable to NOVA;  
b) standards and guidelines for designs from a risk perspective to account for uncertainties in 

the risk analyses;  
c) rules for QRAs. For example: QRAs will be conducted when other tools do not suffice and 

are mandated for larger projects, e.g., capital cost > US$ 250 x 106.  

At present NOVA‘s Joffre Site in Alberta, Canada is undergoing a major expansion. NOVA 
operates already two world-scale ethylene plants (E1 and E2) and a world-scale polyethylene 
plant (PE1) at this site. The expansion includes a third ethylene plant (E3, a joint venture with 
Union Carbide Corporation), a second polyethylene plant (PE2) and an α-olefins plant (a joint 
venture with BP/Amoco). The large capacity of ethylene (> 7 x 109 lbs./year) and the vertical 
integration of the Alberta ethylene economy makes Joffre the focal point for feedstock suppliers 
and ethylene consumers. This concentration has infra-structural advantages but also carries 
significant risks; not only to NOVA but also to many other stakeholders, such as suppliers, 
customers, risk financiers, revenue-gathering governments, etc.  
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All Joffre ethylene plants use ethane as a feedstock. Ethane is extracted from natural gas that 
is in ample supply in Alberta. The ethane based ethylene production is a relative “clean” gas-
phase process with minimal liquid byproducts. This has certain economic benefits but also 
certain risk benefits. Jet fires, flash fires and vapour cloud explosions (VCEs) are considered to 
be the main hazards while pool fire hazards are of a lesser concern.  

The scale of the Joffre expansion, the integration of the Alberta economy, the increased 
staffing needs at Joffre all warranted an extensive risk analysis of what was being done at the 
Joffre Site and where we wanted to be in terms of risk after completion of the project. 

Purpose Of A Risk Analysis 
Risk analyses within the chemical process and oil industry are performed to serve a number of 

diverse purposes. These include: 
1. an imposed legal requirement in certain jurisdictions/countries (see [1]); 
2. proof of due diligence; 
3. design optimization; 
4. land-use planning; 
5. project justification; and  
6. development of a valuable presentational device when dealing with concerned parties such as 

citizens or management! Such a device has positive applications since it can be used as a 
great tool to inform people. On the flipside it can also be used as a means to dazzle 
opposition.   

The results of a risk analysis are 
invariably expressed as a set of numbers 
that are in essence point values assigned to 
stochastic variables. The physical meaning 
of these abstract numbers are often not 
well understood and frequently misused. 
For the Joffre projects underway we 
wanted to improve the usefulness and 
practicality of the risk analyses by giving 
management an improved sense of their 
purpose.  Showing a relationship between 
the hazards of the facility, the risks to 
individuals working in that facility and 
task planning achieved this.  
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Figure 1 NOVA’ s QRA process 

Risk Analysis Methodology 

TNO’s QRA software program, Riskcurves®, was used for the risk analyses. The integrated 
QRA process is shown in Figure 1. QRA scenarios are automatically generated from equipment 
specifications with the aid of a consequence analysis program and a failure database. The generic 
failure rate database is being modified to reflect actual Joffre Site circumstances. The generated 



scenarios database was augmented or otherwise modified where appropriate with special 
scenarios that had been identified during: 

• industrial explosion modeling, which included sophisticated computational fluid dynamics 
explosion modeling (see [2] and [3]). For example furnace and building explosions were 
evaluated using explosion venting (see Figure 2 and [4] and [5]); 

• process design safety reviews that used the failure mode effect and criticality analysis 
(FMECA) format. These reviews were also used for an early project definition of safety-
instrumented systems and integrity levels (see [6] and [7]); and 

•  detailed design reviews that relied on 
the HazOp methodology. 

Where required, event trees, fault trees and 
piping aging behaviour were determined. 
Calculated risks were compared with NOVA 
risk criteria and standards that were first 
published in 1993 (see [8]). Societal Risk 
Criteria and Standards are given in Figure 3 
and Individual Risk Criteria and Standards are 
given in Figure 4. Individual risk within the 
context of this paper (and use within NOVA) 
differs from the classical individual risk 
description in that it considers exposure time 
and the possibility of escape. The classical 
Individual Risk number is typically calculated 
as the frequency (or probability measured 
over a fixed time span) of mortality of a 
“hypothetical and immobile” individual, who 
resides at a fixed location for an infinite 
amount of time (see [9]). This latter definition 
corresponds with NOVA’s Geographical Risk 
definition. 

As the
deflagration
progresses the
pressure in the
firebox
increases and
the furnace shell
starts to peel off
the frame.

This creates a
vented
explosion (see
NFPA 68, VDI
3673) and a
directional effect
that typically
results in a
reduced risk.

Figure 2 Failure Scenario of A Fired Heater 

Geographical Risk 
For each identified hazard scenario the frequency of fatality of a hypothetical individual at any 

given location (x, y, z) was determined. Often each scenario needs to be subdivided into 
subscenarios with different weather classes and wind directions in order to arrive at the desired 
numbers, e.g., a single release scenario involving four weather classes and twelve wind 
directions can involve up to 48 frequency functions. Mathematically this takes the form: 
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Where: 
j is the number of sub-scenarios 1 → S; and 
fi

Death (x, y, z) is the number of potentially fatal events per year at location (x, y, z) as a result of 
scenario i.  
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Figure 3 Societal Risk Criteria and Standards
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The Geographical Risk or GR (x, y, z) is then given by: . ( )∑∑
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Where: 
i is the number of scenarios 1 → Z; and 
GR (x, y, z) is the number of potentially fatal events per year at location (x, y, z).  

Care needs to be exercised since as the number of independent scenarios that are included in 
the QRA increases, the calculated risk will increase. It is therefore important to put a similar 
level of effort into the consequence and frequency analysis as in the hazard identification step. 
When done properly the QRA will be less subjective and more accurately represent the actual 
risk.  

Jørn Vatn (see [10]) found the philosophical aspects of probability expressed by Immanuel 
Kant (1724-1804) useful. Kant used the phrases "Das Ding an sich" and "Das Ding für mich" to 
differentiate between how the world really is (an sich) and my perception of the world (für 
mich). The geographical risk is a "Das Ding an sich" risk (see [10]), in other words, an inherent 
facility risk and therefore a meaningful measure of the process safety of that facility. This elegant 



metric of inherent safety is unfortunately not often used. The GR is often shown as one or more 
discrete iso-risk contours super-imposed on a map of the facility (under consideration) and its 
surroundings. These “iso-morts” are an ideal tool for land-use planning, provided the uncertainty 
of the analysis is factored in. Over the years, NOVA management has worked together with local 
planning authorities on land-use in the vicinity of Joffre and avoided encroachments into the 
Joffre buffer zones.  

Societal Risk 
F-N curves allow the user to give an appropriate weight to multiple fatality accidents. In order 

to do this a population grid with the actual location of people needs to be defined. High 
resolution QRA means that the population grid sizes need to be small. For off-site societal risks 
the population grid was defined by placing individuals in their houses. In case of on-site societal 
risks the population grid was defined in discussions with the project team/operations. The F-N 
curve is a simple plot of the values of F(n) against n. F(n) and n are defined as follows: 

n (an integer) represents the number of anticipated fatalities (1 ≤ n ≤ N). 
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Fatalties nfnf , the sum of the frequencies of all events that cause exactly n 

fatalities. 
The societal risk is considered acceptable when each calculated F(n) is less than the 

corresponding unacceptable risk criterion function value . All criterion function values 
(n=1→N) form a straight line (see Figure 3) with a slope of –a that gives the following 
relationship between F(n) and f(n) and (see [11]): 
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The usual range for a is: 1.5 ≤ a ≤ 2. 

Determination of the F-N curve requires knowledge of the population grid that is at risk from 
the facility under consideration. Furthermore for large facilities care needs to be exercised to 
limit nmax (or N) to a reasonable and defendable number. For example it would be unreasonable 
in the case of a transcontinental oil pipeline to sum all potential oil burn victims in New York 
State and the State of California when defining N. 

Individual Risk 

Individual risks are determined by calculating the fractional exposure time and mitigating 
circumstances of individuals to the GR at the different hazardous locations they reside. This 
requires, as with societal risks, a high-resolution definition of the population grid, i.e., small grid 
sizes. It further requires a description of the work patterns of each individual. This provides the 
basis for a high-resolution risk analysis and possibly future real time risk monitoring. Such tools 
can on the other hand also open the door for some Orwellian practices and possibly result in less 
room for discretionary activities by operating staff unless furthered by management.  



For each facility, information about team compositions, expected work location(s), the 
expected time spent at those locations and applicable attenuation factors for each individual team 
member were solicited from the project team/operations. The individual risk was now defined by 
the equation: 

( ) ( ) BCzyx
t

zyxzyxAnnum AFGRtIR ,,,,,,,
1 ∑ ××=Φ τ

τ
 

( ) plantatSpent

t
zyx t −−=∑ ττ ,,  

Where: 
IR(Φ) = individual risk of individual Φ at the plant site 
τAnnum = number of hours in a calendar year 
τx,y,z (t) = number of hours individual (Φ) has spent over the year at location (x, y, z) inside the 
facility. 
AFx,y,z,BC = attenuation factor as a function of the Basic Consequence BC. 
 

The attenuation factor is introduced as a risk modifier that takes protective locations and 
protective gear into consideration as it applies to the basic consequence under consideration (see 
Table 1). Attenuation factors listed in Table 1 were agreed upon between NOVA and TNO as a 
means to account for vulnerability in the best available manner. As far as we know it is not 
practicable to refine these factors in a statistically defensible manner that would also meet 
computing time limitations.  

Failure to consider actual vulnerabilities during a QRA will result in grossly overstated risks. 
High resolution QRAs achieve more accurate results than “classical” QRAs since they do not 
rely on default vulnerability values that are determined by the most vulnerable group.  
 

Attenuation Factors: 0 = 0% vulnerable and 1 = 100% vulnerable 
Basic Consequences As Distinguished By NOVA 

Protective features: Heat of 
radiation 

Explosion 
(blast) 

Direct flame 
contact 

Toxic substance 
inhalation 

Person wearing no 
protective gear at all 
residing "in field" 

1 0.5 1 1 

Person wearing fire 
retardant clothing (e.g., 
Nomex) or protective gear 
"in field" 

0.1 1 0.5 1 

Person located inside a non-
blast proof building 0 1 0.1 0.75 

Person located inside a blast 
proof building (note: 
assumes HVAC with intake 
monitoring) 

0 0.01 0 0.1 

Table 1 Attenuation (vulnerability) Factors for Persons Subjected to Basic Consequences 



Early Societal And Individual Risk Analysis Results From E3  
Early (tentative) results have been calculated for E3. E3 is expected to startup at the time of 

writing this paper). The E3 off-site societal risk for Joffre is negligible, as was expected since it 
is surrounded by open farmland. The E3 on-site societal risk was also calculated and found to be 
acceptable. The calculated individual risk, on the other hand, led to a discussion about tasks that 
is still on going. It is here where we see the strength and benefit of a high resolution QRA since 
now the “true” individual risk can be calculated for each person residing in a facility, i.e., "Das 
Ding für mich" risk (see [10]). This is a risk that has not been “diluted” or averaged out by 
grouping a number of individuals together. While refining the work we are also considering risk 
over time as a result of aging of equipment and differences in metallurgy; this could be expanded 
to human factors. Such a feature could assist management with planning.  

 
Figure 5 Example of an Individual Risk chart. The frequency of fatality is shown for 94 

different individuals. 
Computer limitations and mathematical complexities still require that certain simplifications 

be introduced. For example let us consider operator “Joe”, who spends 60 percent of his time in 
the field and 40 percent in the control room. If “Joe” succumbs to fatal injuries in the field as 
result of a vapour cloud explosion, we will have to remove 40% of “Joe” from the control room 
population. Corrections for “density” at a location need therefore to be applied to the probability 
of death rather than the number of fatalities. In the example of “Joe” this would lead to a single 
fatality with a probability of 60%. 



The problem increases in complexity as the number of people and the different tasks they 
perform increases. This is aggravated when considering mutual exclusivity as with shift workers 
and varying task team compositions. For an ethylene plant with a staff count of 100, this would 
lead to an almost infinite number of different combinations. In order to achieve results within a 
reasonable computing time frame (less than 24 hours) a number of simplifications were 
introduced. Of these simplifications we will list three: 
1. the highest exposed headcount  possible was assumed for any given accident; 
2. when a person can be present at more than one location within the exposure area of an 

accident, only the location closest to the source will be considered; and 
3. furthermore, in case of simplification #2. the final probability of presence is found by 

summing all fractional probabilities of presence in the exposure area of the accident. 

This type of individual risk analysis delivers the type of barchart that is shown in Figure 5 that 
shows the individual risk for 94 individuals. As can be seen it is possible to identify the 
individual with the highest calculated risk quite readily. By being able to put a finger on operator 
“Joe” or engineer “Ron” we can attach a recognizable face to an abstract number. This has raised 
the level of interest of management significantly. 

 
Summary and conclusions 

High resolution QRA offers a number of tools that can assist management with planning. 
These planning benefits include: 
• on-site land-use planning such as low-risk location planning for temporary and permanent 

buildings. 
• off-site land-use planning such as advising and/or lobbying regulators with informed-

decision making arguments when rezoning issues come up. 
• proper remuneration for people performing higher risk tasks. 

Furthermore it can improve the quality of their management activities. In particular the 
determination of a truly undiluted individual risk allows: 

• guide and steward design decisions; 
• risk assumptions in the final design to be validated; 
• individuals with the highest risk to be identified; 
• the tasks of those individuals to be reassessed in order to arrive at a more equitable risk 

distribution; 
• training to be optimized; and 
• aging effects to be identified. 
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