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ABSTRACT 
Quantitative Risk Analysis (QRA) is today well accepted in the process industries as a tool for identifying the risks and 
hazards associated with the process to assess their tolerability and to identify opportunities for risk reduction, which can 
be evaluated for cost-benefit. For a QRA study to be useful the methods and tools adopted for the quantification of risk 
and its assessment are key. This paper presents the methods and tools, which have found international acceptance for 
the purpose. However, the numbers produced by a QRA study are of no inherent use in themselves. It is the assessment of 
those numbers that allows conclusions to be drawn and recommendations to be developed; and which is of prime 
importance in providing value from a QRA study. The quality of a risk assessment depends on the availability of 
appropriate and well-defined risk acceptability criteria. While no criteria have been laid down by the Indian authorities, 
a review has been made of such criteria in use in other countries. Formulated and uniform risk criteria should be used for 
QRA studies specifically for environmental clearance in India.  
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INTRODUCTION 
Hazardous plants (chemical, petroleum, petrochemical and fertilizer industries) give rise to hazards 
presenting risk to employees and the public. Risk criteria help to decide whether risk associated with the 
activity is acceptable to proceed. The concept of acceptable/tolerable risk and who determines the 
tolerability is still debatable. Comparison on the application of risk criteria (individual and societal) has 
been discussed globally (1,2,3,4). Some researchers argue that risk criteria should be replaced by risk 
management approach with a drive for risk reduction (5,6).  
Risk Analysis is the development of a quantitative estimate of risk based on engineering evaluation and 

mathematical techniques for combining estimates of consequences and frequencies, [5]. It is today well 

accepted in the process industries as a tool for identifying the risks and hazards associated with the 

process to assess their tolerability and to identify opportunities for risk reduction, which can be 

evaluated for cost-benefit. Risk Analysis may be Qualitative as well as Quantitative. While, the steps 

remain essentially the same, Quantitative Risk Analysis or QRA, as the name implies, involves the 

determination of quantifiable measures of risk. While, Qualitative Risk Analysis does have its applications, 

particularly as a screening tool in conjunction with hazard identification techniques such as HAZOP, 

quantification permits the use of risk analysis as a superior decision making tool. Specifically, 

quantification enables the use of QRA as a tool for Cost-Benefit Analysis (of risk reduction measures) and 

permits judgment of the tolerability of risks. This can be better understood by reference to Fig 1, which 

illustrates the steps involved in QRA [4]. 
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It is seen that the major steps of Risk Evaluation and Reduction follow the step of Risk Quantification. In 
turn it is seen that Risk Quantification itself depends on the quantification of effects and damage and the 
determination of likelihood. 
Materials and methods 
Risk and its measurement for loss of life 
Risk is defined as the unwanted consequences of a particular activity in relation to the likelihood that this 
may occur. Risk thus is a function of two variables: magnitude of undesired consequences and the 
likelihood of their occurrence. The concern in QRA studies is typically with fatality risk. In addition 
financial risk may also be evaluated (when Cost-Benefit is to be evaluated). 
Fatality Risk 
Fatality risk may be expressed as risk to either individuals (Individual Risk) or population groups as a 
whole (Societal Risk). The units used are fatality likelihood of an individual per year or of a certain 
number of people per year. 
Individual Risk (IR)  
Individual Risk is the probability of death occurring as a result of accidents at a plant, installation or a 
transport route expressed as a function of the distance from such an activity. Such a risk actually exists 
only when a person is present at that spot (out of doors). The individual risk is well illustrated with the 
aid of risk - curves or Iso-risk contours. The unit of Individual Risk is fatality likelihood of an individual 
per year. 
Individual risk for a single accident scenario releasing toxic vapour cloud is calculated as: 

Individual Risk = Accident frequency x response fraction x weather class probability x Cloud 
direction probability 

Response fraction is the percentage of the exposed population who would be lethally injured when 
exposed to the calculated concentration of the toxic material over the exposure duration. In case of a 
vapour cloud explosion other probabilities such as ignition probability, probability of flash fire versus 
explosion also need to be taken into account. The individual risk at a certain distance from a plant is the 
result of the cumulative risk connected with all possible scenarios. The calculation of individual risk at a 
geographical location near a plant assumes that the contributions of all incident outcome cases are 
additive. Thus, the total individual risk at each point is equal to the sum of the individual risks, at that 
point, of all incident outcome cases associated with the plant. 
IRx,y = i=1n IRx,y,i 

The calculation of individual risk requires the application of these equations at every geographical 
location surrounding the facility. Application of the general approach to a real problem, incorporating 
detailed treatment of ignition sources and a wide variety of weather conditions, results in an extremely 
large number of incident outcome cases. A large number of individual calculations are required and 
computer tools are essential. 
Fatal Accident Rate (FAR) 
The Fatal Accident Rate or FAR is also used as a measure of individual risk, particularly of risk to 
employees within an industry. FAR is defined as the number of fatalities per 108 exposure hours. The FAR 
is related to Average Individual Risk, which is defined as the individual risk averaged over the exposed 
population. As individual risk is expressed in terms of fatalities per year, FAR is Average Individual Risk 
multiplied by 108/(24 x 365) = 1.1 x 104.  

Fig 1 Risk Analysis Process

Identification of 
Accident Scenarios

Calculation of Physical 
Effects

Calculation of Damage

Frequency of Accident 
Scenarios

Probability of Physical 
Effects

Probability of Damage

Calculation of Overall 
Frequency

Risk Quantification

Risk Evaluation

Risk Reduction

Neeru Anand 



RJCES Vol 3 [4] August 2015                     38 | P a g e      © 2015 AELS, INDIA 

Societal Risk (SR) 
Societal Risk is the probability of a certain number of victims per year. From the standpoint of what 
constitutes tolerable risk levels from a complex, both the Individual as well as Group risk should be 
within the acceptance criteria. The unit of Societal Risk is fatality likelihood of a certain number of people 
per year. 
All of the information required for individual risk calculation is also required for SR. Additionally 
information on the population surrounding the facility, and its distribution, is also required. 
The number of people affected by each incident outcome case is given by  

Ni = Px,y. Pf,i 

Societal Risk may be represented through F-N curves i.e. a plot of cumulative frequency versus the 
number of fatalities. It may also be expressed in terms of potential loss of life per year (PLL), which gives 
a measure of the average number of fatalities per year. The PLL or Expectation Value (EV) as it is also 
known is the sum of Frequency x N over all possible values of number of victims i.e. 
EV = FN 
The need for the Group risk computation arises due to the fact that society views multiple fatalities from 
the same accident far more seriously than single fatalities from numerous accidents. It may well happen 
that for a given complex the individual risk criteria is met but the group risk criteria is not, due to a high 
population density around the complex. It also follows that if the population growth around the complex 
cannot be arrested, further risk reduction becomes necessary to meet the group risk criteria. 
Financial Risk 
Financial Risk is evaluated in terms of the cost of damages caused by an incident (the unwanted 
consequences), where: 
Cost = (Business Interruption + Property damage for total loss) x Fractional Damage. 
By analogy with fatality risk it may be represented as a plot of cumulative frequency versus cost, the so-
called “F-cost curve”. Financial risk can also be expressed as an Expected Loss (EL), representing the 
average cost per year from an event, where: 
EL = Frequency x Cost 
The EL is also called the PLM (Potential Loss of Money). 
Tools for Quantification of Risk 
From Fig. 1, which illustrates the Risk Analysis Process, and the discussion above it is clear that QRA is a 
computation intensive exercise. The successful performance of QRA thus depends on the application of 
appropriate methodologies and tools. The publication of the internationally renowned Yellow, Green, and 
Red Books is testimony, [6,7,8]. 
The Yellow Book is a standard reference for effects modelling. The Green Book is a standard reference for 
consequence analysis. The Red Book gives guidance on Likelihood Estimation, including Event Trees and 
Fault Trees. The use of the standard methods prescribed in the above references requires the use of 
appropriate software. As is clear from the description of the computation of individual risk and group risk 
in the previous sections, manual computations are too involved and cumbersome to be feasible in any 
practical situation.  
 

RESULTS AND DISCUSSION 
A risk analysis provides a measure of the risks resulting from a particular facility or activity. It thus finds 
application as a decision making tool in situations where judgment has to be made about the tolerability 
of the risk posed by an existing/proposed activity. However, risk analysis produces only numbers, which 
themselves provide no inherent use. It is the assessment of those numbers that allows conclusions to be 
drawn and recommendations to be developed. The assessment phase of a study is therefore of prime 
importance in providing value from a QRA study. The normal approach adopted is to relate the risk 
measures obtained to risk acceptance criteria.  
As stated above, the value of a QRA study depends on the quality of the assessment phase of that study 
and, as the quality of a risk assessment depends on the availability of appropriate and well-defined risk 
acceptability criteria, it follows that the value of a QRA study depends on the quality of the criteria used. 
In general one can say that risk from an activity should be judged against the benefits from the activity, 
since no activity can claim to be totally risk-free. The reason for permitting new developments is that the 
benefits, in economic or social terms, justifies the risk induced by the activity. 
Industrial activities involve risk. In particular, an activity may involve risk of fatality to people. These may 
be employees engaged in the activity or members of the public outside. Where an industrial activity 
imposes risk of fatality to people outside by the very nature of the activity undertaken, it becomes the 
concern of regulators to assess the risk and evaluate it in terms of risk criteria. 
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Risk criteria, if they are to be workable, recognize the following: 
 There is a level of risk that is so high that it is considered unacceptable or intolerable regardless of 

the benefits derived from an activity. 
 There is also a level of risk that is low enough as to be considered negligible. 
 Levels of risk in between are to be considered tolerable subject to their being reduced As Low As is 

Reasonably Practicable (ALARP). (The meaning of ALARP is explained in the following sub-section.) 
The above is the formulation of the, now well-established, three tier structure of risk criteria and risk 
control. (Fig 2). 

 
The ALARP Principle 
The ALARP (As Low As is Reasonably Practicable) principle seeks to answer the question “What is an 
acceptable risk?” The definition may be found in the basis for judgement used in British law that one 
should be as safe as is reasonably practicable. Reasonably practicable is defined as implying “that a 
computation must be made in which the quantum of risk is placed on scale and the sacrifice involved in 
the measures necessary for averting the risk (whether in money, time, or trouble) is placed on the other, 
and that, if it be shown that there is a gross disproportion between them – risk being insignificant in 
relation to the sacrifice – the defendants discharge the onus upon them”. 
In other words risks are only tolerable provided that it can be demonstrated that all reasonably 
practicable measures have been implemented to reduce risks. A reasonably practicable risk reduction 
measure is one where the costs of implementation are not grossly disproportionate to the risk reduction 
benefits achieved. 
Separate sets of criteria need to be applied for different purposes. The criteria that a regulatory authority 
would apply for grant of environmental clearance to a project are different from those that need be 
applied for evaluation of employee risks. Again, criteria suitable for assessing transportation risks are 
different. 
Risk Criteria in Use 
Several countries that have adopted the use of risk analysis as an aid to decision making in evaluating the 
environmental impact of industrial projects have evolved criteria suitable to their requirements. For 
India, no such criteria have been developed. There is a need for specifying risk assessment criteria in 
conjunction with the development of standard methodologies for risk analysis so as to permit objective 
decision-making using the results of a risk analysis study. 
The importance of a standard methodology to be applied in conjunction with the risk criteria cannot be 
overemphasized. Risk criteria are analogous to specifications applied to judge the quality of a product, for 
example specification of flash point or density for petroleum products. Like with other specifications, test 
methods to generate the numbers that will be compared with the criteria are required. Quantitative risk 
analysis involves many judgements and assumptions that will impact the resulting risk estimates. Hence, 
risk criteria should be established within the context of the risk analysis methodology to be used. 
A review of official criteria in use in other countries is discussed.  
Individual Risk Criteria 
Individual Risk is defined as the risk of death and is expressed the probability of fatal injury per year to a 
hypothetical individual assumed to be continuously present at a specific location. This kind of result is 
suitable for presentation in the form of iso-risk contours. 
Once a risk has been defined which members of the public are expected to tolerate from hazardous 
activities over which they have no control, it should not matter whether this risk comes from a single 
plant, an industrial complex or a transport accident. 

Neeru Anand 



RJCES Vol 3 [4] August 2015                     40 | P a g e      © 2015 AELS, INDIA 

Workers involved in the hazardous activities benefit from it directly and may be expected to tolerate a 
higher level of risk than workers on neighbouring plants and the public in general. An order of magnitude 
higher risk is proposed as tolerable for workers on the hazardous plant. To be able to suggest Individual 
Risk criteria in this study, given below is a summary of official criteria developed in various countries. 
 

Table 1 Official Individual Risk Criteria Of Select Countries (4,9,10,11) 
AUTHORITY INTOLERABLE RISK 

(per year) 
NEGLIGIBLE RISK 
(per year) 

VROM, The Netherlands (New Plants) ALARA principle 
applies  

10-6 10-8 

VROM, The Netherlands (Existing plants) ALARA 
principle applies 

10-5 10-8 

Environmental Protection Authority, Western 
Australia (New Plants) 

10-5 10-6 

Health and Safety Executive, UK (Nuclear power 
station) 

10-4 10-6 

Health and Safety Executive, UK (New housing near 
existing plants) ALARP applies 

10-5 10-6 

Hong Kong Government (New plants) 10-5 Not used 

Czech Republic (existing installations), risk reduction 
must be carried out 

10-5   

Czech Republic (new installations) 10-6   

 

 
Individual Risk Criteria Applied in the Indian Context 
Broadly acceptable individual risk criterion of 10-6 per year for members of public outside the plant 
boundaries is generally internationally applicable for hazardous industries like oil, gas and petrochemical 
facilities. However, some countries may set more stringent criteria for new designs. 
Individual Risk of death to members of the public outside the plant boundaries which can be applied in 
the Indian context: 
Greater than 10-5 per year is intolerable risk 
Lower than 10-6 per year is negligible risk. 
An example of the application of these criteria is presented in Fig 3. 
Societal Risk Criteria 
Society usually judges accidents that result in multiple fatalities more harshly than multiple accidents that 
cause fewer fatalities per accident. 
Societal risk criteria are after expressed as lines on an F-N curve, showing the cumulative frequency (F) of 
accidents involving N or more fatalities. This results in control over not only the average number of 
fatalities from all sizes of accident, but also the risk of catastrophic accidents killing many people at once. 
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Societal risk evaluation is particularly important for certain situations whose special features are not 
recognized by Individual Risk criteria e.g. 
 Transport activities, which spread their risks over a constantly changing population along the routes 
 Large industrial complexes that expose many people over a wide area 
 Toxic releases that may affect very large number of people 
Societal Risk criteria have not been as widely used as Individual Risk criteria because the concepts and 
calculations involved are much more difficult. However, their value is becoming recognized, especially for 
transport activities, but also as complementary to Individual Risk criteria in general. Table 2 below is a 
summary of official criteria developed in various countries. The Dutch Government’s criteria are 
evidently quite strict. These criteria are illustrated with the aid of Fig 4. 
 

Table 2 Official Societal Risk Criteria of Select Countries  (4,9,10,11) 

AUTHORITY FN 
CURVE 
SLOPE 

INTOLERABLE 
INTERCEPT WITH 
N=10 

LIMIT 
ON N 

The Netherlands (Fixed Facilities) -2 10-5 10- 1000 

The Netherlands (Pipelines) -2 10-4 10- 1000 

Hong Kong Government (New plants) -1 10-3 1000 

Belgium (Flanders) -2 10-4 10- 1000 

Abu Dhabi -1 10-4 2 -  1000 
HSE UK  -1 10-2 1000 

 
The slope of the F-N curve is a measure of "risk aversion" or the aversion with which society views 
accidents with larger numbers of fatalities. A slope less than -1 indicates that society is increasingly 
averse to multiple fatality incidents as the number of fatalities increases. A slope equal to -1 indicates that 
society views multiple fatality accidents neutrally with respect to only the numbers of fatalities. 
(However, this is not so with the frequency of such incidents. Even for slope = -1, the tolerable frequency 
of accidents causing different numbers of fatalities is in the inverse ratio of fatalities caused, which 
indicates the increased repugnance with which larger numbers of fatalities are viewed.) The Dutch 
Government's criteria with slope of –2 indicate extreme risk aversion. 
Societal Risk Criteria Applied in the Indian Context 
Table 3 presents the societal risk criteria judged as suitable for use in Indian studies.  

 
Table 3 Recommendations On Societal Risk Criteria 

 FN CURVE 
SLOPE 

INTOLERABLE 
INTERCEPT WITH 
N=1 

NEGLIGIBLE 
INTERCEPT 
WITH N=1 

LIMIT 
ON N 

Existing and new plants -1 10-3 10-6 - 

It is drawn on the criteria applied by the Hong Kong Government for intolerable risk as suited to our 

conditions. It may be noted that starting point of the intolerable risk criterion line is the same as that used 

in The Netherlands, only the slope of the Dutch criterion is –2, indicating again their extreme risk 

aversion. The criterion for negligible risks was kept low: though not as low for the Dutch case on account 

of their extreme risk aversion, the starting point of the negligible risk F-N criterion line is one order of 

magnitude lower and it is defined two orders of magnitude lower than for UK. This implies that the 

ALARP zone where industries have to take all practicable measures for risk reduction is correspondingly 

larger. Fig 4 presents an example of the application of these criteria. 
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CONCLUSION 
Risk Analysis is being increasingly used in India as an aid to decision making. While examples of criteria, 
which were derived after review of such criteria in other countries and applied in the Indian context, have 
been presented, further work is indicated. There is a need for specifying risk assessment criteria for India, 
in conjunction with the development of standard methodologies for risk analysis so as to permit objective 
decision-making using the results of a risk analysis study. Authorities in government, industry, legal 
experts, NGOs and risk analysis experts need to be involved in the process of specifying suitable criteria 
for India. 
 
ACKNOWLEDGEMENT 
The author has addressed valuable comments made by the reviewers on the acceptance criteria. Their 
comments have been addressed wherever possible. 
 
 IRx,y = the total individual risk of fatality at geographical location x,y (chances of 

fatality per year) 
 IRx,y,i = the individual risk of fatality at geographical location x, y from incident outcome 

case i (chances of fatality per year) 
 n =  the total no. of incident outcome cases considered in the analysis. Now the 

individual risk of fatality at particular geographical location is calculated by the 
following equation: 

 IRx,y,i = Pa.Ps.Pw.fr 

  Pa = accident probability (per year) 
  Ps = Weather stability probability  
  Pw = Wind direction probability  
  fr    = response fraction 

Ni = number of fatalities resulting from incident outcome case i 
Px,y = no. of people at location x,y 
Pf,i = the probability that incident outcome case i will result in a fatality at location 

x,y from the consequence and effects model. 
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