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— MarquisdeLuc Vauvenargues
Refléxions et Maximes (1746)

Abstract

Many texts and case studies on quantitative risk analysis have been published. They usually explain
the frequency and consequence calculations in detail, but do not explain how these results are
combined to produce specific measures of risk. The risk measures seem to appear from the underlying
data as if by magic. In this example problem, the background, frequency, and consequence data for
arisk analysis are highly simplified, so that the actual risk calculations can be understood easily. The
example problem has been extremely useful in explaining the principles of Chemical Process
Quantitative Risk Analysis (CPQRA) calculations to engineers, plant management, and other
customers of CPQRA studies. The example aso illustrates the complexity of risk. Even though the
problem is extremely simple and uses trivial models, a large number of valid, but numerically different,
risk estimates can be generated. Even for this very simple example, there is no single answer to the
question “What is the risk?’

I ntroduction

In Flatland (Abbott, 1884), Edwin Abbott uses a highly smplified, two dimensond universeto explain
the concepts of multi-dimengonad geometry. Smilarly, Dionys Burger's Sphereland (Burger, 1965) uses
the same approach to explain multi-dimensona, non-linear geometry. Bothbooks explain complex ideas
by reducing them to smple geometry, illugrating the ideas and fadilitating an understanding of how they
apply to our world. Abbott and Burger aso use their books as a vehicle for socid commentary on their
societies (Victorian England and modern Europe, respectively). This approach (without the socia
commentary) will be used in this paper to explain the concepts of Chemica Process Quantitative Risk
Andyss (CPQRA), paticularly the methods used to combine incident frequency and consequence
estimates to produce various measures of risk. A CPQRA study inauniversemuchsmpler than ours will
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Figure 1. CPQRA Procedure

be described, dlowing us to concentrate on the risk cdculations
rather than on complex incident frequency and consegquence
cdculations.

The example in this paper hasevolved over severd years, and has
proven useful in explaining the concepts of CPQRA to engineers
and managers at Rohm and Haas plants which are the subject of
CPQRA studies. The smple example dlows an understanding of
how the various risk measures are ca culated and what they meaen.
It dso dearly illugtrates the complexity of the concept of risk —
this example has many numericdly different risk measures which
can be caculated. An understanding of the different risk measures
isimportant whenusing CPQRA and quantitative risk estimatesas
a risk management tool. All users of the risk estimates must
understand the risk measure, and ensure that the numbers used in
any risk comparisons are caculated on the same basis.

Background and General Information

Riskland is a very smple universe, where most phenomena occur
assmple step functions. The Riskland Chemica Company (RCC)
operatesinthisuniverse, and has determined that a CPQRA study
is gppropriate as a part of the process risk management program
for one of its hazardous ingdlations. RCC follows the generd
CPQRA procedure as outlined by CCPS (1989), shown
schematicdly in Figure 1.

In the Riskland universe, the following apply:

C All hazards originate at a single point.

C Only two weather conditions occur. The amospheric
gability classand wind speed are dways the same. Half of
the time the wind blowsfromthe northeest, and haf of the
timeit blows from the southwest.

C There are people located around the site. The specific
population digtribution will be described later in the
example, when the information is needed.

C Incident consequences are smple step functions. The
probability of fatdity from a hazardous incident a a
particular location is either O or 1.



These smple conditions, and the description of the impact zones of incidents as Smple geometric areas,
dlowseasy hand cd culationof variousrisk measures. Thetechniques used to derive the risk measuresfrom
the underlying incident frequency and consequence information are the same as for a complex CPQRA
study using sophisticated models intended to represent our world as accurately as possible. The concepts
arethe same; the differenceisinthe complexity of the modds used, the number of incidents evauated, and
the complexity of the calculations.

Incident Identification

RCC applies appropriate incident identification techniques, induding historical information (plant and
process specific, as well as generic industrial experience), checklists, and one or more of the hazard
identification methodol ogies described in the Guidelines for Hazard Evaluation Procedures (CCPS,
1992). Thisis perhaps the most critical step in a CPQRA, because any hazards not identified will not be
evauated, resulting in an underestimate of risk. RCC’ s hazard identification and process safety reviews
identify only two hazardous incidents which can occur in the facility:

I.  Anexplosion resulting from detonation of an ungtable chemicdl.

I1. A release of aflammable, toxic gas resulting from failure of avessd.

| ncident Outcomes

The identified incidents may have one or more outcomes, depending on the sequence of events which
follows the origind incident. For example, alesk of volatile, flammable liquid from a pipe might catch fire
immediatdy (jet fire), might form a flammable cloud which could ignite and burn (flash fire) or explode
(vapor cloud explosion). The materid aso might not ignite at dl, resulting in atoxic vapor cloud. CCPS
(1989) refers to these potentia accident scenarios as incident outcomes. Some incident outcomes are
further subdivided into incident outcome cases, differentiated by the weather conditions and wind
direction, if these conditions affect the potentia damage resulting from the incident.

RCC reviewed the identified incidents for their facility to determine dl possible outcomes, using an event
treelogic modd. Incident 1, the explosion, isdeterminedto have only one possible outcome (the explosion),
and the consequences and effects are unaffected by the weether. Therefore, for Incident | thereisonly one
incdent outcome and one incident outcome case. This can be represented asavery smple (infact, trivia)
event tree with no branches, as shown in Figure 2.

Incident 11, the release of flammable, toxic gas, has severd possible outcomes (jet fire, vapor cloud fire,
vapor cloud explosion, toxic cloud). RCC determines that, in their facility, only two outcomes canoccur.
If the gas release ignites thereis avapor cloud explosion. If the vapor cloud does not ignite, the result is
a toxic cloud extending downwind from the release point. Because there are only two possible weather



conditions in Riskland, threeincident outcome cases are derived fromIncident |1 as shown inthe event tree
in Figure 2.

Incident Incident Outcomes Incident Outcome
Cases

Event Tree for Incident I:

| - Explosion | - Explosion

Event Tree for Incident II: o
IIA - Ignition
(Explosion)

1IB1 - Toxic Cloud

Il - Flammable Toxic Gas to Southwest

1IB - No Ignition
(Toxic Cloud)

1IB2 - Toxic Cloud
to Northeast

Figure2: Event Treesfor the Two Incidents
Consequence and Impact Analysis

Determining the impact of each incident requires two steps. First, a modd estimates a physica
concentration of materia or energy at each location surrounding the facility — for example, radiant heet
fromalfire, overpressure from an exploson, concentration of atoxic materia inthe atmosphere. A second
st of models estimatesthe impact that this physica concentration of materia or energy has on people, the
environment, or property — for example, toxic materia dose-response relaionships. These modds are
described in Chapter 2 of the Guidelines for Chemical Process Quantitative Risk Analysis (CCPS,
1989).

The application of consequence and impact models to the Riskland fadility results in very Smple impact
zone estimates for the identified incident outcome cases.

C Incident Outcome Case | (explosion) — the explosionis centered at the center point of the fedlity;
al persons within 200 meters of the explosion center are killed (probability of fataity = 1.0); al
persons beyond this distance are unaffected (probability of fataity = 0).

C Incident Outcome Case IIA (explosion) — the explosion is centered at the center point of the
fadlity; dl persons within 100 meters of the explosion center are killed (probability of fatdity =
1.0); dl persons beyond this distance are unaffected (probability of fatdity = 0).



C  Incident Outcome Cases 11B1, 11B2 (toxic gas clouds) — al personsin a pie shaped segment of
radius 400 meters downwind and 22.5 degrees width are killed (probability of fatdity = 1.0); all
persons outsde this area are unaffected (probability of fataity = 0).

Figure 3 illugtrates these impact zones.

N N
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N N
Probability of
Fatality = 0
Probability of Probability of |
Fatality = 1.0 Fatality = 1.0
Probability of
Fatality = 0
Incident Incident
Outcome Case 1IB1 Outcome Case 1IB2

Figure 3: Impact Zonesfor Incident Outcome Cases
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Frequency Analysis

Many techniquesareavailablefor estimatingthe frequency of incidents (CCPS, 1989, Chapter 3), induding
fault treeanayss event tree analysis, and the use of historica incident data. RCC applies an gppropriate
set of models and higtorica incident and failure rate data and estimates the following frequencies:

C Incident!| — Freguency =1 x 10° events per year
C Incident Il — Freguency = 3 x 10° events per year
C Incident!l — Ignition Probability = 33%

These estimates dong with the specified weather conditions (wind blowing fromthe Northeast 50% of the
time, and from the Southwest 50% of the time) give the frequency estimatesfor the four incident outcome
cases, as shown in the event trees of Figure 4.

Incident Incident Incident Outcome
Outcomes Cases

Event Tree for Incident I:

| - Explosion | - ExplosionFrequency =
1x 10 per
Frequency = 1 x%er year year
Event Tree for Incident Il
Ignition 1A - Ignition (Explosidmguency =
1x 10 per
Probability = 0.33 year
Il - Flammable Toxic Gas ”E:[]' -STOXtIk:: Clotjd Frequency =
0 Southwes 1x 10 per
Frequency = 3 x%10 Probability = 0.50 year
peryear 1B - No Ignition
(Toxic Cloud)
Probability = 0.67
11B2 - Toxic Cloud
Frequency =
to Northeast 1x 16 per
Probability = 0.50 year

Figure4: Frequency Estimatesfor Incidents, Incident Outcomes,
and Incident Outcome Cases

Individual Risk Estimation

Individual risk is defined by CCPS (1989) as

“The risk to a person in the vicinity of a hazard. This includes the nature of the injury to the
individud, the likelihood of the injury occurring, and the time period over which the injury might
occur.”



Individud risk is useful in understanding and managing risk at alocation where people might be present.
Itisalso useful inunderstanding the risk to aparticular person, or a group of people, based on knowledge
of the geographical location of that person or those people.

Inthis example, the nature of the injury for both individua and societd risk caculaionswill beimmediate
fatdity resulting from fire, explosion, or exposure to toxic vapors.

Individual Risk Contours

Individud risk at any point is given by the following equations (CCPS, 1989):

R, YR, ©

IR, , y = JiPpy 2
where:
IR, = thetotd individua risk of fatdity at geographica location X, y (probability of
fatdity per year)
IR, = the individud risk of fatdity at geographica location x, yfromincident
outcome case i (probability of fataity per year)
n = thetotd number of incident outcome cases conddered in the analysis
fi = frequency of incident outcome casei, (per year)
P | = probability that incident outcome case i will result in afadity at location X, y

This example problem has been set up so that this caculaion is Smple, because each incident outcome
case has an equal impact (probability of fatdity p; ; = 1) throughout its geographical impact zone.
Therefore, within the impact zone for each incident outcome case, the individua risk from that incident
outcome case IR,  ; is equd to the frequency of that incident outcome case (Equation 2). Outside the
impact zong, IR, , ; is zero.

The smple impact models makeit easy to do the caculaions graphicaly. The four impact zones from the
four incidents are superimposed on a map of the region of the plant and its surroundings as shown in
Fgure5. Thetotd individud risk of fatality a each geographicd locationisthen determined by adding the
individud risk from dl incident outcome case impact zones that impact that location (Equation 1). For
example, inthe arealabded “C’ in Figure 5, gpplication of Equation 1 givestheresultslisted in Table 1.
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Tablel: Individual Risk Calculation for Area“C” in Figure5

Incident Outcome f; Ps; IR;
Case (per year) (per
year)
| 10° 1 10°
[1B2 10° 1 10°
IR=3IR = 1.1x10°

Table2: Individual Risk Results

Region Incidents Impacting Total Individual Risk of
(SeeFigure 5) Region Fatality
(per year)
A I, 1A, 1B2 21X 10°
B [, 11A, 11B1 21X 10°
C I,11B2 11X 10°
D I,1IB1 11X 10°
E 11B2 1.0X 10°
F l1B1 1.0X 10°
G I, 1A 11X 10°
H I, A 11X 10°
| | 1.0X 10°
J [ 1.0X 10
K None 0




A smilar caculation for the other areas in Figure 5 givesthe results summarized in Table 2. Figure 5isan
individual risk contour plot for this example problem, with the individud risk vaues for each arealisted
in Table 2. Note that for most CPQRAS, the individua risk contours are plotted for orders of magnitude
of risk (for example, 10%, 107, etc.). In this example, the specific values of risk caculated are plotted.

Individual Risk Profile, or Risk Transect

Theindividud risk profile (risk transect) is agraph showing the individud risk as a functionof distancefrom
the source of the risk in a particular direction. For the example problem, Figure 6 is the individud risk
profile in the northeast direction.

Ix10 =

1x10%

1x10 =

Individual Risk of Fatality,
per year

1x10"” | 1 T |

0 100 200 300 400 500
Distance from Plant in the Northeast
Direction, feet

Figure6: Individual Risk Transect in the Northeast Direction
Other Individual Risk Measures

In developing the individud risk contour map and the individud risk transect (Figures 5 and 6), no
information about the surrounding population was needed. Figure 5 represents the risk to aperson if he
were to be at a particular location 100% of the time (8760 hours per year). For the example problem,
severd other individud risk measures can be cal culated with additiond data onthe population surrounding
the plant. Figure 7 shows the location of people in the area surrounding the RCC facility.
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| Indicates X people a
the specified location

Figure7: Population Digtribution
Note: * — indicates that the people are employeesin on-ste buildings

Themaximum individual risk isthe highest value of individud risk a any geographicd location. For the
example, the absolute maximum individud risk (regardless of whether or not there is any person at that
location) is2.1 x 10 per year, at dl locationsinRegions A and BinFigure 6. The maximumindividud risk
for any actual personis 1.1 x 10° per year, for the two people gpproximately 200 meters southwest of the
fecility. Note that these are not the people closest to the plant — the person in the southeast quadrant is
actudly closer to the plant. The prevailing wind directions in this example result in a higher risk to people
somewhat farther away from the fadlity, but located in a direction toward which the wind blows more
frequently.

The average individual risk isthe average of dl individua risk estimates over a defined population. It is
important to define a population which does not include alarge number of people at litle or no risk, asthis
will give alow biasto the result. Average individud risk is given by CCPS (1989) as.

E Z&.J’ P-":..V

m” - 'D bv (3)
Z Pl; k4
Ly
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where:

IRy, = average individud risk in the exposed population (probability of fatdity per
year)
P,y = number of peoplea location X, y

Applying Equation 3 to the population in the example (Figure 7), averaging only over the populationwhich
is subject to risk from the facility (individud risk > 0) gives:

IRy = [(3)(10°) + (1)(10°) + (2)(1.1 x 10°) + (4)(10°) + (10)(10°)] / 3+ 1+ 2
+4+ 10)

IRy = (L03x10%/20

IRy, = 5.2x10° per year (for the exposed population)

If dl peoplein the area, even those who incur no risk from the fadility, are included in the individua risk
cdculation, the denominator in the above caculation is 30, and the average individud risk is:

(1.03x 10%) /30
3.4 x 10 per year (for the tota population)

IRy
IRy

Another averageindividud risk whichmight be of interest isthe average individud risk to on-site employees
(the people marked * in Figure 7). The average individud risk for the RCC employee population (those
peoplein Regions D, F, and Jof Figure 5/Table 2) is:

IRy = [(2)(1.1x 109+ (4)(10°) + (1)(10%)] /(1 + 2 + 4)
Region D Region F Region J

IRy = (6.3x10°%/7

IRy 9 x 10 per year (for the RCC employee population)

The Fatal Accident Rate (FAR) is calculated from the average individud risk, and is normally used as
a measure of employee risk in an exposed population. Using the average individud risk for the RCC
employee population, FAR s cdculaed from the following equation:

FAR = (114 x 10% IR,, (for the employee population) (4

where IRy, has units of probability of fatdity per year, and FAR has units of fataities per 10° man-hours
of exposure. Applying Equation 4 to the example gives.
FAR IRy (1.14 x 10%)
(9x 10%)(1.14 x 10
0.1 fatalities/ 10° man-hours of exposure

12



Societal Risk Calculation

Societal risk measures the risk to a group of people (CCPS, 1989). Societa risk measures estimate both
the potential 9ze and likelihood of incidents with multiple adverse outcomes. In this example, the adverse
outcome cons dered isimmediatefataity resultingfromfire, explosion, or exposureto toxic vapors. Societal
risk measures are important for managing risk in a Stuation where there is a potential for accidents
impacting more than one person.

F-N Curve

A common measure of societa risk is the Frequency-Number (F-N) Curve. The firdg step in generating
an F-N Curve for the example problem is to ca culate the number of fatdities resulting from each incident
outcome case, as determined by:

Ni = E'Px,y-pj:i )
5Ny

where:

N; = number of fatdities resulting from Incident Outcome Case i
For the example, p;; in Equation 5 equals 1. Because the impact zones for the example are smple, this
caculation can be done graphically by superimposing the impact zonesfromFigure 3 onto the population
digtributionin Figure 7, and counting the number of people insde the impact zone. Table 3 summarizesthe
estimated number of fatdities for the four incident outcome cases.

Table3: Estimated Number of Fatalities from Each Incident Outcome Case

Incident Frequency Estimated
Outcome Case = Number
(per year) of Fatalities

N

I 1.0x 10° 13
1A 1.0x 10°
11B1 1.0x 10°
11B2 1.0x 10°

The datain Table 3 must then be put into cumulative frequency form to plot the F-N Curve:

R, = E R, for oll incident outcome cases i for which N, > N ©6)
1 S

13



Table 4 summarizesthe cumulative frequency results. The datain Table 4 can be plotted to give the societal

frequency of dl incident outcome cases affecting N or more people, per year
frequency of incident outcome casei, per year

risk F-N Curvein Figure 8.

Table4: Cumulative Frequency Data for F-N Curve

Number of Incident Total
Fatalities Outcome Frequency
N Cases Fn

Included (per year)
3+ I,11B1, 11B2 2.1x10°
6+ I, 11B1 1.1x 10°
13+ [ 1.0x10°

>13+ None 0

Other Societal Risk Measures

Other societa risk measures canaso be caculated for this example. The aver age rate of death (ROD)

is the estimated average number of fatdities in the population from al potentid incidents. The ROD is
cdculated usng Equetion 7:

RD = Y £N, ™

=1
where:

ROD = averagerate of death, fatdities per year

Applying the datain Table 3 for the estimated number of fatditiesresultingfromeachincdent outcome case
to Equation 7:

ROD

(1.0 x 10%yr)(13) + (1.0 x 105/yr)(0) + 1.0 x 10°/yr)(6)
+ (1.0 x 10%/yr)(3)
1 x 10 fatdities per year

14
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Figure8: Societ?ISRisk F-N Curve
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APl 752 (API, 1995) uses aggregate risk as atool for managing the risk associated with occupied
buildingsinaprocess plant. Aggregaterisk isdefined as*“ societa risk applied to agpecific group of people
withinafacility” (CCPS, 1996). In this example, the people indicated by an asterisk in Figure7 are RCC
employees working in on-gite buildings. The aggregete risk caculationconsiders only this population, and
it will be assumed that the people are present dl of the time. Table 5 summarizes the number of fataities
for eachincdent outcome casefor the empl oyeepopul ation. This data can be put into cumulaive frequency
form as shown in Table 6, and the resulting aggregate risk curve is shown in Figure 9.

Table5: Estimated Number of Fatalitiesfor the Employee Population in On-Site Buildings
from Each Incident Outcome Case

Incident Frequency Estimated
Outcome Case = Number
(per year) | of Fatalitiesin
the Employee
Population in
On-Site
Buildings,
N
I 1.0x 10° 3
I1A 1.0x 10° 0
11B1 1.0x 10° 6
11B2 10x10° 0

Table6: Cumulative Frequency Data for Aggregate Risk
Curvefor Employee Population in On-Site Buildings

Number of Incident Total
Fatalitiesin Outcome Frequency
Employee Cases Fn
Population in Included (per year)
On-Site
Buildings,
N
3+ [,11B1 1.1x10°
6+ 11B1 1.0x 10°
>6+ None 0
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1x10'06 1 ! [

Number of Fatalities, N

Figure9: Agoregate Risk Curvefor Employee Population in On-Site Buildings

The aggregate risk index (CCPS, 1996) isthe average rate of deeth, as caculated for the people in
on-gte buildingsin a plant. For the example problem, gpplying Equation 7 using the estimated number of
fatdities fromeachinddent outcome case considering the employee population only (the datain Table 5),
the aggregate risk index is:

Aggregate Risk Index (1.0 x 10%yr)(3) + (1.0 x 10°/yr)(6)
6.3 x 10° fatalities per year

The Equivalent Social Cost Index (ESC) is a societa risk measure which attempts to account for
society’ saverson to largeincidents. The calculaion is the same asfor the Rate of Degth, except that the
number of fataitiesis raised to a power to increase the contribution of large incidents to the ESC Index:

BSC = X} £, N? @®

17



where:
p = riskaverson power factor (p > 1)

Risk aversion power factors of 1.2 and 2 have been suggested (CCPS, 1989). Using these factors,
Equivdent Socid Cost (ESC) indices for this example, using the total population, are:

1.4x 10*
6.2 x 10"

1.2 ESC
2.0 ESC

p
p

The units of Equivalent Socid Cogt are not meaningful.

Summary of Risk Results

Thissmple example illustrates the complexity of risk. Although the example consders only the acute risk
of fataity, fourteen different measuresof risk were calculated, as summarized in Table 7. These measures

Table7: Summary of Risk Resultsfor the Riskland Example Problem

Risk Measure Result

Individual Risk

Risk Contours See Figure 5 and Table 2

Risk Transect See Figure 6

Maximum 2.1 x 10° per year

Maximum for Actual Person 1.1 x 10°° per year

Average, Exposed Population 5.2 x 10°® per year

Average, Total Population 3.4 x 10° per year

Average, Employee Population 9x 10°® per year

Fatal Accident Rate (FAR) 0.1 fatalities per 108 man-hours of exposure
Societal Risk

F-N Curve See Figure 8

Aggregate Risk Curve SceFigure 9

Average Rate of Death 1.0 x 10* fatalities per year

Aggregate Risk Index 6.3 x 10° fatalities per year

Equivalent Social Cost Index, Total Population (p = 1.2) 14x10*

Equivalent Social Cost Index, Total Population (p = 2) 6.2 x 10

18



congder different aspects of risk, and dl are vdid risk estimateswhichmight be vauable inthe appropriate
decison making context. For example, a risk study undertaken to determine if the risk to employees in
on-site occupied buildings is tolerable, aggregate risk may be the gppropriate risk measure. Maximum
individud risk to nearby residents and societal risk to the surrounding community might be the best
measures to use in order to understand and manage the risk to neighbors.

One can easly envison a number of other risk measures which could be caculated, considering, for
example, environmenta risk, risk of injury, long term hedth risk, economic risk, and others. Thissmple
example problem clearly shows that thereis no sngle, Smple answer to the question, “What is the risk of
thisfacility?’ That question is much too broad.

Application to Risk Management and Decision Making

While this example problem is intended to demondirate the caculation procedures used to combine
frequency and consegquence datato produce various Specific risk measures, it dso illugtratesthe importance
of dearly definingthe risk measuresto be used in any risk management programwhichincludes quantitative
evauation of risk. When comparing the risk of facilities or design options, it is essentid that the risks are
caculated on the same bass for the comparison to be meaningful. Similarly, if quantitetive guideines are
to be used as a part of an organization’s risk management program, the guiddinesmust be dearly defined
interms of the risk measureto be used, and the calculationa procedures used to obtain the measureswhich
will be compared to the guiddines. Failure to clearly define the risk measures used in a risk management
program will result in confuson and may lead to inconsstent decisons.

Summary

This example Chemica Process Quantitative Risk Andyss problemisintended to teach the methodology
of CPQRA cdculations. For areal risk andysis, these calculations are extensive and use much more
sophigticated models. The cdculations are usudly done using computer programs, and the methodol ogy
of the caculations may not be clear, even to an anadyst who doesrisk andyses routindy. Should al risk
andydts be required to complete at least one smple risk andysis manudly, giving them an opportunity to
understand what the computer program is doing in a more complex study?

This sample problem is aso usgful for explaining risk analysis methods and measures to users of risk
andyds dudies. It explains the meaning of the various risk measures to plant and company management,
and to technical staff who must support the work of the risk analyst by providing muchof the required data.
Before garting a QRA on a facility or plant design, the sample problem can be used to quickly illugtrate
the kind of input data which will be required, and the format of the results of the completed study.

The example illudrates that risk is complex, and that it can be measured in many different ways. The
different measures provide informationabout different agpects of risk — for example, risk to anindividud,
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risk to a particular group of people, average risk, maximum risk. A complete risk management program
may have to consider severa of these risk measures, and it is essentia that al participants in the risk
management process understand the meaning and use of the risk measures congdered.
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