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ABSTRACT: Qualitative risk analysis is a key part of the risk management process for projects, including energy, 

oil & gas and chemical final products projects. The problems addressed during the research work aim to discuss 

the qualitative and quantitative risk analysis of a typical process plant, with an emphasis on the strengths and 

weaknesses of specific methods and the differences between them. Petrochemical plants and other electricity 

power production plants are important facilities for the utilization of petroleum products around the world. In the 

present research a typical process plant is analyzed based on postulated initiating event. HAZOP study identified 

the roles of the different components of the system, their expected malfunctions and expected consequences based 

on these malfunctions. The interaction of the engineering safety feature systems and components are tabulated 

according to an event tree scenario. The analysis is complemented using fault tree technique to quantify the 

probability of a nominated system malfunction. The results showed that the percentage effectiveness of each 

minimum cut set with regard to the probability of total failure of the system depends upon both number of 

components within each set and the failure probability of each component within each set during quantitative 

approach. Another conclusion showed that the most critical systems in the event tree analysis is those that are 

leading the sequences of the event trees and which have big portion of failure probability in each sequence path. 

KEYWORDS: Qualitative, Quantitative, HAZOP, FMEA, Minimum cut set, Effectiveness 

INTRODUCTION 

The major evidence-based accidents during the past three decades in oil refineries and chemical plants around the 

world indicate financial losses affecting the economy, and their multiplicity and recurrence turned them into 

disasters that disrupted the operation of these factories. These accidents resulted in production losses, possessions 

damage, environmental damage, injuries and deaths. Despite the fact that the issue of analysis of major accidents 

that was dealt with in most studies of these factories, it lacks effective evaluation and prudent methods in 

management to identify and evaluate those risks, in order to prevent or mitigate them, so that it does not develop 

into an accident.  

Uncertainty within the QRA framework of process system is addressed in quantitative Risk Analysis (QRA). A 

coefficient of dependency method is utilized to express the mutual dependencies of (or base events) events in ETA 

and FTA. A case study was used to clarify the approach [1]. Analysis approach in this study relies on a systematic 

approach to assess the likelihood, consequences and risks of hazardous events. QRA based on Event Tree Analysis 

(ETA) and Fault Tree Analysis (FTA) uses two fundamental assumptions. First assumption relates to the 

probability values of input events. The second one relates on the interdependence of events for ETA or base events 

for FTA. Besides, both FTA and ETA postulate that the events / or basic events are independent. In practice, these 

two assumptions are frequently unrealistic.  

Taking into account the assessment of accident scenarios, a new mechanism was followed in the implementation 

of the work devoted to analyzing and assessing risks in petrochemical plants, based on a combination of two 

methods of analysis: Hazard and Operability (HAZOP) and Failure Mode and Effect Analysis (FMEA). The 

possible causes of these faults, their consequences, and preventive procedures have been identified. The result is 

reduced risk and enhanced dependability of the measured system [2]. The main feature of the two methods of 

analysis for these incidents is the speedy identification and assessment of risks and the prediction of the nature of 

their impact. Plant constituents are analyzed under a graphical interface to facilitate exploitation of the developed 
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approach. This analysis highlights the various faults of the operating constituents of any system in the plant.  

Another research investigated the risks faced in operating a typical power plant of combined cycle using risk 

identification method. The work concentrated on the expected risks governed by the normal operation of three 

main systems: boilers, gas, steam, generator systems and the gas storage system of the same power plant [3]. The 

assessment is performed based on the ETA with the involvement of the characteristics of engineering safety 

systems during the abnormal operation of the major systems in the plant. The risks identified are classified 

according to their consequences and threats. The hazards and risks are determined qualitatively during transient 

conditions. Risk identification is assessed based on the likelihood and severity of risks. 

Reliability engineering techniques is implemented to find the overall reliability of machinery and equipment in an 

oil refinery model production system and to identify the machine in the subsystem that affects overall reliability 

[4]. The criterion used in selecting machines and tools to be maintained is one of central problems in classifying 

preventive maintenance (PM) plans for large industries that include many sub-units in their production system. 

According to the approved manual, the most commonly used criteria are: The frequency of failure for each machine 

and equipment and the time of the maintenance cycle, especially preventive maintenance, which mainly depends 

on time. In some cases, the FMEA is applied in the selection of machinery and equipment by considering individual 

and autonomous machines in the subsystems. This, in turn, leads to better planning for the preventive maintenance 

of machinery and equipment to achieve a high degree of efficiency in the oil refining process. Initially, procedures 

for oil refinery models are studied, and then a reliability block diagram for subsystems is created to find the 

reliability of machinery and equipment within each subsystem. Next, the comprehensive reliability of the 

production system is determined, ranking reliability of machines and equipment in the subsystems in ascending 

order.  

Another research dealt with identifying and analyzing the factors affecting the behavior of old manually operated 

steam boiler, for instance failure of operational elements, human errors that comprise operators, workers, 

maintenance and testing, and influence of these factors on the steam production sustainability and its influence on 

other components [5]. Method of engineering safety analysis “Front and Back analysis” was utilized to identify 

those aspects and to determine failure topics, and explain the association between categories of failure and potential 

events; such facilitates the reliability analysis procedure. A proper program was designed as a tool to achieve 

periodical assessment of boiler reliability and its operational systems, draw boiler reliability as a function of time, 

and the variation of boiler failure rate with time. It is found that the maximum failure rate of the boiler under study 

happens when the operation time reaches about seven months. After that the boiler failure rate will be constant. 

Fifteen interviews were conducted to determine the methods and tools currently used to support risk assessment 

in the industry. The interviews covered the general assessment of risks, but also looked specifically at the human 

factor tools and methods used, both in terms of the representation of the system under analysis or in terms of 

human reliability analysis or other tools for identifying and analyzing human error [6]. The consequences indicate 

there is a gap in risk assessment, so the failure to include human factors when assessing risks clearly contrasts with 

the increase in the percentage of main accidents to human error. The potential causes of this gap are sought with 

the necessity to include guidance on better assessing human factors when criteria are applying. The aim of the 

present research is to suggest a proactive risk assessment framework that includes an advanced risk modeling 

methodology for a typical process plant [7-10]. This leads to a comprehensive approach to identifying and 

analyzing the most significant downstream risks of the plant process operations. The framework also leads to 

enhance decision-making, by putting an end to this risk mitigation strategy. 

METHODOLOGY OF ANALYSIS 

Probability Risk Assessment (PRA) is becoming an increasingly general tool across many industries such as 

nuclear power and human spaceflight to systematically comprehensively assess the risks associated with complex 

engineering facilities. The ability of PRA to assist in assessing and reporting risks in the oil and gas industry was 

discovered by the Bureau of Safety and Environmental Enforcement (BSEE), in participation with the National 

Aeronautics and Space Administration (NASA). With the development and exploration in the field of energy 
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production, understanding the risks becomes more important than ever in facing the most severe environmental 

challenges to ensure continued high levels of safety and environmental protection. 

Qualitative versus Quantitative Risk Assessment 

Qualitative Risk Assessment (QLRA) is generally based on experience and findings in categorical risk 

assessments. Empirical data can be used to define and assign numerical values to risk in a Quantitative Risk 

Assessment (QNRA). Risk assessment activities are used to determine the sources, causes and consequences of 

risks. The choice of Qualitative and Quantitative Risk Assessment (QQRA) techniques is intended to help decision 

makers to better understand risks and to make clear choices to prioritize actions and distinguish between alternative 

courses of action [11]. The decision-making mechanism depends on modifying the existing risk controls or adding 

other controls that work to provide more prevention or mitigate those risks. Choosing an appropriate risk 

assessment approach is an essential step in supporting the decision-making process, as options are evaluated 

against the risks associated with each choice. QQRA provide decision-makers with the knowledge required to 

correctly control and report risk. The choice of an appropriate risk assessment approach should reflect the 

assessment of technical and operational challenges. QLRA that incorporate expert decisions may be sufficient for 

many processes, such as simple ones where the level of risk depends on fewer variables and where the uncertainties 

are relatively low.  However, QNRA can provide additional insight when the process is more complex [12]. 

Therefore, decisions about the effectiveness of risk controls and the potential consequences depend on many 

variables including the presence of multiple pathways to failure, the magnitude of the risk is greater, or the 

uncertainty is higher. 

Qualitative risk assessment 

QLRAs are generally used in managing oil and gas risks and are valuable first stages in the risk analysis process, 

as they give strength and structure to the general risk assessment method of brainstorming. Examples of QLRAs 

can include: Hazard Identification (HAZID), (HAZOP), Bowtie Analysis, FMEA and Job Hazard Analysis (JHA). 

Quantitative risk assessment 

QNRA includes assigning numerical values supported by data in assessing probability and consequences. An 

initial qualitative assessment usually follows, focusing on the identified highest priority risks. In a QNRA, an 

accumulation of impacts can be taken into account between multiple scenarios or events [13]. The potential 

consequences and the probability of their event are determined through computation method of composite effects, 

which allows risk-related decisions to be made in the presence of uncertainty. There are several methods of 

quantifying risks, some of which are used regularly in the industry field of oil and gas. Some common quantitative 

procedures include: Protection Analysis Layers, Failure Mode and Effect Criticality Analysis (FMECA). 

TYPICAL CASE STUDY 

Figure 1 show the piping and instrumentation diagram of typical process plant in which two materials are used to 

produce the final product. Frequency analysis of the plant subjected to postulated initiating event is studied to 

analyze the expected outcomes of the anticipated risks using hazardous identification technique complemented by 

event tree that describes the interaction of the events following the initiating event. One of the systems listed in 

the event tree is analyzed to highlight the main critical components which lead to the failure of the selected system. 

The main outcomes of this analysis are described in conclusion paragraph. 

 

 

 

 

 

 

 

 

 

 



468 

Probabilistic Risk Assessment of Typical Process Plant Using Event Tree & Fault Tree Analysis 

 

 

 

Figure 1. Typical process plant used in the case study 

Process Description 

The following describes the main outlines of the studied process: 

1. After defining the physical properties of chemical compounds involved in the reaction i.e. density, specific 

heat, volume and flow rate. The heat source is estimated using the heat generated by the reaction of one kilogram 

of NH3 reactant.  

2. The mass of the product material is estimated depending on the molar ratios of the reactants and the reaction 

time for the purpose of defining the rate of the pressure increased versus time when the valve (VM1) remains 

closed or when it opens during the addition of the first substance (CH2O), and before the start of the reaction. 

3. Find thermal variables of both reactants and the cooling water during steady state condition. These variables 

depend on the temperature of the material entering the reactor during the reaction (CH2 O), materials generation 

rate, the flow rate of the cooling water, its temperature, the length of the cooling coil, the diameter of the coil, and 

thermal conductivity of the metal ... etc. 

Depending on the following equation: 

ms .Cps 
𝑑𝑇𝑠

𝑑𝑡
 = 

∆𝐻

𝑀𝑁𝐻3
 . �̇�𝑁𝐻3 – UAh (Ts – Tca) –�̇�𝑁𝐻4𝑂𝐻. Cp (Ts – Ti) =0 -----For steady state 

Hazardous and Operability & Failure Mode Effect Analysis 

Table 1 shows the Hazardous and operability analysis of the cooling system, while Table 2 shows the Failure 

mode and effect analysis of the same system [14]. The first technique depends on listing the main deviations in 

the systems, the causes of these deviations and the expected results from these deviations, while the second 

technique lists the main failures of each component in the system, failures reasons and the method of detection 

in addition to the consequence of these failure. Both techniques could be used as data base for the analyzed 

system using fault tree analysis. 

Table 1. Hazardous and Operability (HAZOP) for cooling system 

Sub-system Name: Reactor T3 Cooling System Operation: Cooling Objective: Cooling Reactor T3 

State Variable Etiology Expected Results Notes 

Non no run-off 

1. A break in the water pipelines carrying the cooling 

outside the reactor after the P2 pump and the T2 tank 

water had run out. 

 

2. Valve (VM10) closed (if pump P2 is working). 

3. Cut off the power supply to the pumps P2 and P3. 

1. Stoppage of cooling system 

as the temperature of the 

reactor T3 increased. 

 

2. Damaged pump P2. 

 

The proposal is to add 

an additional water 

tank to be poured into 

the reactor to reduce 

the concentration and 

reduce the reaction 
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4. Stoppage of pump P2 has and pump P3 is not 

working. 

5. Stoppage of pump P2 due to breakage of the tube 

before the pump and the air entering the system. 

6. Stoppage of pump P2 due to a false signal from the 

controller (PSL). 

7. Pump P2 or P3 does not work after temperature 

exceeding (95 °C) in the tank due to a malfunction of 

the switch TS. 

8. Blockage of valve VN2, if P2 is working. 

9. Valve (VM12) closed (if pump P2 is working). 

10. Valve (VM11) is closed if P2 stops and P3 is 

requested. 

11. P3 does not operate after P2 stops due to 

malfunction of PSL. 

12. Blockage of valve VN3 if P2 stops and P3 is 

requested. 

3. Cooling system is not 

working. 

4. Stoppage of the system. 

 

5. Damaged pump P2 

 

 

6. Stoppage of the system. 

 

7. Temperature rise in the 

reactor T3. 

 

8. Damaged pump P2. 

9. Damaged pump P2. 

 

10. Damaged pump P2. 

 

11. Stoppage of cooling system. 

12. Damaged pump P2. 

speed to reduce the 

temperature.  

In addition, presence 

of an equipped extra 

capacity. 

It is also suggested 

that an audible and 

visual alarm should be 

placed at the point of 

entry of the cooling 

water into the reactor 

to spy the flow of 

water inside the tube 

(this case is after the 

reaction takes place) 

Low Lower flow 

13. Valve (VM15) or (VM16) closed. 

14. Valve (VC2) completely closed due to wrong signal 

from (TIC) 

15. Absence of water in the cooling system in addition 

to the inattentiveness of the operator to the gauge 

(LI2) when there is no water in tank (T2) 

1. Deposits in pipelines carrying the cooling water and 

not compensating the difference from the valve 

(VC2) 

2. The failure of valve (VC2) or the controller (TIC) to 

compensate for the shortage of reactor flowing water 

(T3) due to the following faults: 

a. One of the mechanical valves is partially closed 

VM13, VM11, VM12, VM 10, VM15, and VM16. 

b. Partial blockage in one of the following valves: 

VN4, VN3, VN. 

c. A decrease in pressure in  pump (P2) and the 

controller (PSL) failure to stop (P2) and turn on (P3) 

d. LOW EFFIENSY of   pump (P3) after working 

instead of (P2). 

e. A leak in the pipes carrying the cooling water 

13. Cooling system is not working 

14. Cooling system is stopped 

 

14. Cooling system is not 

working 

 

1. Reducing the heat exchange 

process in the cooling coil 

inside the reactor (T3) as well 

as in the heat exchanger in 

addition to reducing the 

efficiency of the cooling 

system.  

2. Decreasing in the cooling 

system's efficiency 

Use of a substance that 

prevents deposition in 

the tubes 

Table 2. Failure Mode and Effect Analysis (FMEA) for cooling system 

Sub-System: Supplying NH4 OH Solution 

No. Component Type of  failure Failure reason  
Type of 

inspection 
Effect of failure on the system 

1 L11 Job failure Mechanical  + 

Human 

Visual  Loss of level measurement in tank T1 

2 LSL • Completely closed 

 

• Completely open  

• Mechanical + 

Electrical  

 

• Mechanical + 

Electrical 

• LI1 

 

 

• L11 

• Loss of capability to shutdown (P1) when tank (T3) is empty 

from solution and damage may be occur in (P1) 

• False alarm + Inability to operate (P1) 

3 Pump P1 Job failure • Mechanical + 

Electrical 

FIC Interruption of pumping NH4OH to the reactor and the 

possibility of shutting down the reactor 

4 FIC • High failure  

 

• Low failure 

• Mechanical + 

Electrical 

• Mechanical + 

Electrical 

• None  

 

• None 

• Opening VC1which leads to loss of control of the NH4OH 

quantity entering the reactor  

• Shutting VC1which leads to loss of control of the NH4OH 

in the case VM6 not opening this leads to the damaging of 

the pipe  and increasing of pressure (P1)  
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5 VM7 • Completely closed 

• Completely open 

• Mechanical  

 

• Mechanical  

• Operator 

 

• None 

Failure to pass the NH4OH solution into the reactor which 

causes the isolation loss of the control valve for 

maintenance purpose. 

6 FIQ • Completely closed 

• Completely open 

• Electrical 

 

• Mechanical 

• Mechanical + 

Electrical 

• None  

 

• None 

• None 

• Stopping of the reactor due to the turns off P1. 

• Lead to non-passage of NH4OH solution. 

• Does not affect the system 

Event Tree Analysis 

Two categories of event trees can be developed in PRA, functional and systemic. Functional event tree main 

purpose is to better understand the scenario of events on an abstract level, after the occurrence of the starting event 

it is used for operating, loss, or mitigation functions as their events. Moreover, functional tree guides PRA in 

developing a more complete systematic event tree [15]. Scenarios of detailed events such as human tasks, 

preventive or mitigating subsystems, processes or failures, reflected in the system of events that lead to exposure 

to risk. This means, the functional event tree can be additional degraded to demonstrate the failure of definite 

hardware, software, or human activities that perform the functions defined in the functional event tree. Thus, the 

systemic event tree fully defines the complete system response to the initiation event and serves as the central tool 

for more analyzes in PRA. Table 3 shows the failure probabilities of the different systems interacted according to 

their postulated tasks following the anticipated initiating event [16]. Figure 2 shows the success and failure 

interaction of the selected systems and outcomes of these interactions nominated according to their paths of 

sequenced events (P1, P2…P12). 

Table 3. Failure probabilities of engineering safety feature systems 

System Failure probability/ year 

Ms 0.20 

Es 0.15 

Fs 0.30 

Cv 0.20 

Sv 0.10 
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Figure 2.  Event tree analysis of the expected interactions followed the selected initiating event 

Fault Tree Analysis 

Fault Tree development is an inferential process whereby an undesirable event is assumed, called a higher event, 

after which the possible ways that this event occur are definitively deduced. For example, a typical top event could 

be "Control circuit A fails to transmit a signal when required". The deduction process is carried out so that the 

fault tree takes into account all component failures that take a part to the occurrence of top event [17]. It is 

conceivable to comprise separate failure patterns for each component of the system (or subsystem) besides human 

and programs faults (and the relations between the two) through system operation. The fault tree is a graphical 

symbol of the different sets of failures that lead to the top event occurring. The fault tree does not necessarily 

comprise all possible failure modes for system components (or more basics). Therefore, modeling failure situations 

contributes to the existence of the top event as in a fail-safe control circuit. Table 4 shows the typical symbols used 

in the fault tree. Figure 3 shows the logical diagram of the cooling system failure. 

Table 4. Primary event, gate, and transfer symbols used in fault trees logical representation 

Symbols of Primary Event  

 
Basic Event A basic event that does not require further development 

 Conditioning Event 
 Definite conditions or limitations that apply to any logic gate (used primarily with 

PRIORITY AND and INHIBIT gate) 

 Undeveloped Event 
An event that has not been further developed either because it does not have an adequate 

outcome or because the information is not available 

 
External Event An event that is usually expected to occur 

Symbols of Intermediate Event  

 
Intermediate Event An event is caused by one or more of the previous causes operating through logic gates 

Gate Symbols 

 
AND Output occurs if entirely of the input events occur 

 

OR Output occurs if at minimum one of the input events occurs 

 

Exclusive OR Output occurs if precisely one of the input events occurs. 

 

Priority AND 
output occurs if all input events occur in a specified sequence (the sequence is 

represented by a CONDITIONING EVENT plotted to the right of the gate) 

 
INHIBIT 

The output occurs if the (solo) input fault occurs in the presence of an enabling condition 

(the enabling condition is represented by a CONDITIONING EVENT plotted to the right 

of the gate) 

 
Not-OR Output occurs if at least one of the input events do not occur 

 
Not-AND Output occurs if all of the input events do not occur 

Transfer Symbols 

 
TRANSFER IN 

Indicates that the tree is further developed when the corresponding TRANSFER OUT 

occurs (for example, on another page) 

 

TRANSFER OUT 
Indicates that this segment of the tree must be attached to the corresponding TRANSFER 

IN. 
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Figure 3. Fault tree analysis of the cooling system 

RESULTS AND DISCUSSION 

The integration approach depends to some extent on the way the system dependencies have been handled. Fault 

and event trees are combined and quantified to determine the frequency of scenarios and associated uncertainties 

in the computation of final risk values [18]. Quantification is usually used in minimization to attain at a logical 

exemplification of each scenario, ranging with fault tree models for different systems or event addresses in event 

trees, and by using the probability valuations of each of the events modeled in the event trees and fault trees. 

Boolean terms are reduced to reach the smallest set of basic failure events termed (minimal cut sets) that lead 

directly to system failure. Primarily, these minimal cut sets are obtained for any of the major subsystems. The lower 

cut sets for event tree headers are then conventionally combined to define cut sets for event tree scenarios [19]. All 

minimal cut sets necessity to produce and retain during this process; wrongly in complex systems and facilities this 

caused an unmanageably large collecting of terms and a combinatorial outbreak [20].  

The Minimum Cut Sets (MCS) of cooling system failure probability could be expressed by the equation (1): 

Cs = A + B + (PB + LH + T2). (OP1 + LAL + PI1 + PI2)                                                                                              (1)  

A = SB + SL + SS                                                                                                                                                            (2) 

B = P2S. P3S + LH + (OP2 + D + OP3 + OP4) + CB + (TIC + VC2 + OP5) + C                                                     (3) 

C = TS + P2D + P3D                                                                                                                                                       (4)                           

D = (OP6 + OP7).(OP8 + OP9)                                                                                                                                         (5) 

Substitute for C & D in B 

B = P2S . P3S + LH + (OP2 + (OP6 + OP7) . (OP8 + OP9) + OP3 + OP4) + CB + (TIC + VC2 + OP5) + TS + P2D 

+ P3D                                                                                                                                                                                (6) 



474 

Probabilistic Risk Assessment of Typical Process Plant Using Event Tree & Fault Tree Analysis 

 

 

Now substitute for A & B in CS 

Cs = SB + SL + SS + P2S . P3S + LH + OP2 + OP6 OP8 + OP6 OP9 + OP7 OP8 + OP7 OP9 + OP3 + OP4 + CB 

+ TIC + VC2 + OP5 + TS + P2D + P3D + PB OP1 + PB . LAL + PB . PI1 + PB . PI2 + LH . OP1 + LH . LAL + 

LH . PI1 + LH . PI2 + T2 . OP1 + T2 . LAL + T2 . PI1 + T2 . PI2                                                                                 (7) 

Re-arranging equation (7) by combining similar terms cooling system failure probability equation could be 

summarized by equation (8) 

Cs = SB + SL + SS + 0.15 * P2S + LH + OP + 0.15 * 4 * OP + OP + OP + CB + TIC + VC2 + OP + TS + P2D + 

P3D + PB . OP + PB . LAL + PB . PI1 + PB . PI2 + T2 . OP + T2 . LAL + T2 . PI1 + T2 . PI2                               (8) 

Now using Boolean Algebra truncation criteria equation (8) is simplified to equation (9) 

Cs = SB + SL + SS + 0.15 * P2S + LH + CB + TIC + VC2 + OP + TS + P2D + P3D + PB . LAL + PB . PI1 + PB 

. PI2 + T2 . LAL + T2 . PI1 + T2 . PI2 PI2                                                                                                                 (9) 

Table 5 illustrates the failure probabilities of cooling system per year. 

Table 5. Failure probabilities of cooling system components 

Compone

nt 
PB LH T2 OP1 LAL PI1 PI2 SB SL SS P2S P3S OP2 

Failure 

probabili

ty/y 

2.1×10
-3 

0.02

0 

0.02

0 
0.5 

0.18

8 

0.18

8 

0.18

8 

0.02

0 

0.18

8 
0.5 

0.18

8 

0.18

8 
0.5 

1 –Cs  0.997 
0.98

0 

0.98

0 
0.5 

0.81

2 

0.81

2 

0.81

2 

0.98

0 

0.81

2 
0.5 

0.81

2 

0.81

2 
0.5 

Compone

nt 
OP3 OP4 CB TIC VC2 OP5 TS P2D P3D OP6 OP7 OP8 OP9 

Failure 

probabili

ty/y 

0.5 0.5 
0.02

0 

0.18

8 

0.18

8 
0.5 

0.18

8 

0.18

8 

0.18

8 
0.5 0.5 0.5 0.5 

1 –Cs 0.5 0.5 
0.98

0 

0.81

2 

0.81

2 
0.5 

0.81

2 

0.81

2 

0.81

2 
0.5 0.5 0.5 0.5 

 

 

Calculation simplicity failure probabilities of cooling system are estimated based on components success 

probabilities to avoid probability saturation. The following expressions show these estimations. 

(SB) s = 1 – SB = 1 – 0.02 

(SL) s = 1 – SL = 1 – 0.188 

(SS) s = 1 – SS = 1 – 0.875 

(LH) s = 1 – LH = 1 – 0.02 

Equation (10) formulates cooling system success probability.  

(Cs) s = (SB)s * (SL)s * (SS)s * 0.85 * P2S * (LH)s * (OP)s * (CB)s * (TIC)s * (VC2)s * (TS)s * (P2D)s * (P3D)s 

* (1 – (PB) * (LAL)) * (1 – (PB) * (PI1)) * (1 – (PB) * (PI2))* (1 – (T2) * (LAL) )* (1 – (T2) *(PI1)) * (1 – (T2) 

* (PI2))                                                                                                                                                                    (10) 

(Cs) s = 0.98 * 0.812 * 0.5 * 0.85 * 0.812 * 0.98 * 0.5 * 0.98 * 0.812 * 0.812* 0.812 * 0.812 * 0.812 * (1 – 

(2.1×10-3) * (0.188)) * (1 – (2.1×10-3) * 0.188)) * (1 – (2.1×10-3) * 0.188)) * (1 – (0.02) * 0.188)) * (1 – (0.02) * 

(0.188)) * (1 – (0.02) * (0.188))                                                                                                                               (11) 

(Cs) s = 0.046 
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Then failure probability is calculated using the complementary equation (11). 

Cs= 1 – (Cs) s 

Total failure probability of the system = 1 – 0.046 = 0.954 

Sensitivity analysis is a technique for determining the significance of severity of each cut set on the top event 

probability, which is used to quantify value of the final risk. The procedure of sensitivity analysis in which the 

effectiveness of the variables on the final results could be summarized according to the following steps:  

1. Identification and quantifying of FT sets comprising assumptions, probabilities of failure, parameters and 

models that are believed to be sensitive to the finish risk outcome.  

2. Calculate the effectiveness of each cut set with respect to the total failure probability of the system according 

to equation (11). 

3. Classify the cut sets according to their effectiveness to show highlight which contribute to more than 50% of 

the total failure probability of the system and those which are ranged between 10% and 50% of the total failure 

probability and those which are less than 10%.  

Regarding results in step 3, suggest added data, any variations in assumptions, use alternative models and modify 

the system design. Table 7 shows the effectiveness and the class of each failure probability represented by a single 

cut set with respect to the entire system failure probability. 

Effectiveness % =  
𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑐𝑢𝑡 𝑠𝑒𝑡

𝑇𝑜𝑡𝑎𝑙 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚
 × 100                                                                      (12) 

Table 7. Effectiveness of the minimum cut sets with respect to the total failure probability of cooling system 

Minimum cut set/ Cs Failure probability Effectiveness % 

SB 0.020 2.1 

SL 0.188 19.7 

SS 0.500 52.4 

0.15 * P2S 0.028 2.9 

LH 0.020 2.1 

CB 0.020 2.1 

TIC 0.188 19.7 

VC2 0.188 19.7 

OP 0.500 52.4 

TS 0.188 19.7 

P2D 0.188 19.7 

P3D 0.188 19.7 

PB . LAL 3.9 × 10-4 4.1 × 10-4 

PB . PI1 3.9 × 10-4 4.1 × 10-4 

PB . PI2 3.9 × 10-4 4.1 × 10-4 

T2 . LAL 3.8 × 10-3 4 × 10-3 

T2 . PI1 3.8 × 10-3 4 × 10-3 

T2 . PI2 3.8 × 10-3 4 × 10-3 

The following procedures should be followed as part of the PRA quantification and Integration step related to 

accident frequency analysis part: 

1. Estimate the outcomes of the fault trees contributed in the accident event tree based on the failure probabilities 

of their components. 

2. Use the outcomes of each system from its related fault tree in the event tree of the accident.  

3. Compute total occurrence of each accident scenario, by means of the initiation events frequency, the probability 

of barrier failure comprising contributions from test and maintenance repeatability, and the probability of human 
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error. 

4. Compute the whole frequency of entirely scenarios for all event trees. 

The case study in the present research concentrated on evaluation the event tree outcomes related to increase of 

NH3 concentration. Event tree paths in Figure 2 are classified to safe highlighted by blue color and unsafe 

highlighted by red color which leads to reactor explosion caused by the overpressure inside it. 

The mathematical expressions of the event tree paths are given as follows: 

P1 = IE*(1-Ms)*(1-Cs) = 0.0787  

P2 = IE*(1-Ms)*Cs*(1-Fs) = 0.0026 

P3 = IE*(1-Ms)*Cs*Fs*(1-Cy) = 0.0009 

P4 = IE*(1-Ms)*Cs*Fs*Cy*(1-Sy) = 0.0002 

P5 = IE*(1-Ms)*Cs*Fs*Cy*Sy = 2x10-5 

P6 = IE*Ms*(1-Es)*(1-Cs) = 0.0162 

P7 = IE*Ms*(1-Es)*Cs*(1-Fs) = 0.0002 

P8 = IE*Ms*(1-Es)*Cs*Fs*(1-Cy) = 0.0002 

P9 = IE*Ms*(1-Es)*Cs*Fs*Cy*(1-Sy) = 4.2x10-5 

P10 = IE*Ms*(1-Es)*Cs*Fs*Cy*Sy = 5x10-6 

P11 = P10 = IE*Ms*Es*(1-Sv) = 0.0027 

P12 = P10 = IE*Ms*Es*Sv = 0.0003 

Then the probability of the explosion inside the reactor caused by the overpressure inside it is calculated by 

summing the outcomes of paths P5, P10 and P12. 

Explosion probability per year = 3.25x10-4 

CONCLUSIONS 

Qualitative approach of the cooling system fault tree represented by equation 9 showed that part of the minimum 

cut sets that are classified according to single failure criteria provision, highlighted by red color, represent the most 

critical cut sets. While those cut sets consisted of two components, highlighted by yellow color, have lower effect 

on the top event probability. The items highlighted by red color in equation 9 require firm inspection, monitoring 

and maintenance procedures. Sometimes these items could be duplicated in the system as redundant items to 

increase its reliability. As much as, the failure probabilities of the single items are, the more homogenous, the 

importance of the qualitative approach and its effect on decision making be more confidential and reliable. 

Quantitative approach of the cooling system fault tree is summarized by the figures listed in table 7. The cut set 

highlighted by red color is the most critical set according to the effectiveness of its failure probability with respect 

to the total system failure probability. The red highlighted item is related to human error factor which is normally 

contributed in most cut sets. However, human activities are risk-ranked to classify those that have the higher likely 

to cause a main accident. The risk-ranking classifies those actions that necessitate error of human assessment. The 

actions classified as "Integrity Critical" are subject to analysis of human errors in identifying errors, causes and 

likely controls that the necessary actions must take into account. It is clear that human error in cooling system fault 

tree contributes up 50% of the total system failure probability. The yellow highlighted cut sets contributes up to 

20% of the total system failure probability which are single item cut sets, while those highlighted by blue color 

have less than 3% contribution, knowing that most of them are double items cut sets. The frequency analysis part 

of QLRA showed that explosion probability due to the increase of NH3 feed rate is 3.25x10-4 per year, which is 

acceptable according to certain level of process plants safety regulations. To complete the frequency analysis it is 

necessary to take under consideration all the expected accidents during plant operation according to their event tree 

scenarios. 
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