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Abstract
This project presents a probabilistic framework in the
non-dedicated software VBA/Excel for strengthening
the Danish industry standard in the modelling of
offshore hydrocarbon risks in Quantitative Risk
Assessments. The study utilizes Monte Carlo
simulation and computational crowd simulation to
accommodate the future trends within risk analysis in
an industry, where quantification of risk is legally
required.
A generic and representative offshore installation
setup is developed as a test environment, including
complete 3D drawings, process streams, process
sections and a representative manning setup. A
primary muster scenario is created in the
computational crowd simulation software Pathfinder
in order to calculate the time step resolution for the
probabilistic hydrocarbon model.

The inverse transform method is used to pick samples
from selected continuous distribution functions in the
Monte Carlo algorithm and a special user-friendly
Monte Carlo interface is developed. Additionally,
quantitative verification and validation methods
document the model behavior by testing the algorithm
using a one step analysis, extreme condition tests and
a statistical goodness of fit test.
Case studies test the model capabilities and are
discussed in relation to the selected software platform,
hydrocarbon consequence modelling, post processing
techniques, computational crowd simulation,
decision-making, conservatism and uncertainty.
The results support the potential of this project’s
model at this stage of development and presents, how
the use of Monte Carlo simulation and computational
crowd simulation is able to increase the experts’
confidence in the results by improved post processing
compared to the Danish industry standard.
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Nomenclature
ALARP

As Low As Reasonable Practicable

BDV

Blowdown Valve

BIM

Building Information Modelling

CDF

Cumulative Distribution Function

CFD

Computational Fluid Dynamics

CSV

Comma Separated Values

DES

Discrete Event Simulation

DRA

Dynamic Risk Assessment

EER

Evacuation, Escape and Rescue

EERA

Evacuation, Escape and Rescue Analysis

ESD

Emergency Shutdown

ESDV

Emergency Shutdown Valve

LSHIR

Local Specific Hydrocarbon Individual Risk

MC

Monte Carlo

MMA

Main Muster Area

OGP

International Associations of Oil and Gas Producers

PLL

Potential Loss of Life

PSV

Pressure Safety Valve

QRA

Quantitative Risk Analysis

SIMOP

Simultaneous Operations

VBA

Visual Basic for Applications
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1
Introduction
Exploration and extraction of hydrocarbons offshore represents significant engineering challenges.
In the Danish part of the North Sea, almost 50 offshore installations are operating 24 hours a day
(OCD, July - 2010). Operating offshore with oil and gas exploration and production does
unambiguously require personnel located offshore doing maintenance, process surveillance, catering
and cleaning. The presence of personnel offshore creates a personnel risk, which is unavoidable.
Historical events such as the Piper Alpha and the Mumbai High north disaster sustain the fact that
severe unforeseen and rare events do occur (Vinnem, 2014, pp. 95-180). However, to accommodate
the personnel risk offshore, legal authorities demand that sophisticated risk analyses are performed
by the operators to demonstrate that the risk offshore is As Low As Reasonably Possible (ALARP)
(OCD, July - 2010, p. 11). Lowering a risk offshore is nonetheless costly and is directly affected by
the risk criterion limit stated by the operator, to which the risk analysis must comply.
Quantified or Quantitative Risk Assessments (QRAs) in the risk analyses have been used for decades
in the Offshore Oil and Gas Industry to quantify risks and have become increasingly popular and
complex along with the development of the computer technology (Vinnem, 2014, p. 3). Computer
technology allows complex models to include several parameters including large amounts of data.
However, the most significant concern in the computer models is the uncertainty from sparse and
imprecise data and insufficient knowledge. The lack of data, parameters and knowledge can be
accommodated by balancing the input to the conservative side. Nevertheless, an increasing
conservatism and thereby an increase in the output risk can be costly in design projects, where
additional risk-reducing barriers must be installed to cope with the highly conservative QRA results.
Additionally, a conservative weighting may result in a wrong risk management focus, which could
lead to wrong conclusions. Therefore, it is in everyone’s interest to have a model, which calculates a
precise result with only a small amount of uncertainty.
Quantifying uncertainty can be uncertain in itself but is a prerequisite in sensitivity analyses and when
the impact from different uncertain sources in the model are tested. Engineering judgements are
commonly used by risk analysts to describe beliefs and uncertainty but are often only applied as
deterministic input, i.e. single value estimates. Instead, a probabilistic approach provides the
opportunity to define uncertainty as continuous distribution functions, i.e. weighted intervals as a
better belief in contrast to a deterministic value (Duijm, Kozin, & Markert, 2014, p. 8). Defining
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several uncertain parameters by using a probabilistic approach gives the opportunity to assess all
potential combinations of the input parameters to identify, how these influence the risk. One way to
generate the combinations is to use a Monte Carlo (MC) Simulation technique, which has previously
been applied by (Blanc, Carpignano, Dulla, & Marolo, 2016) and (Duijm, Kozin, & Markert, 2014).
Knowing the potential combinations and thereby the potential risk from a wide range of uncertain
input values supports the decision maker and gives more confidence in the result due to the new
detailed knowledge about the influence of the known uncertainty.
In addition to the uncertainty perspective in hydrocarbon QRA studies, methods for estimating muster
patterns are becoming increasingly advanced due to an improved modelling potential from
commercial software. Computational crowd simulations (TH-ENG, 2017), Discrete Event Simulation
(DES) (Duijm, Kozin, & Markert, 2014) and Cellular Automaton (Blanc, Carpignano, Dulla, &
Marolo, 2016) are three examples of approaches for estimating movement time on a microscopic
level.
This new trend for estimating movement time and incorporation of the experts in probabilistic models
for improved confidence in the results makes it relevant to ask the following initial question for this
study:
“How is it possible to strengthen the Danish industry hydrocarbon QRAs to accommodate future
trends in risk analysis by adopting a probabilistic approach utilizing MC Simulation and by using
computational crowd simulation?”
Before a proper definite solution strategy to the initial question can be formed in the problem
formulation, an outline of the thesis content and an analysis of the main elements in the initiating
question is worked out in the problem analysis.
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1.1 Outline
Chapter 1:
Through the first chapter of the report, a problem analysis defines the fundamentals of the offshore
production process, structures, safety barriers and the risk picture offshore. An analysis of the
Danish industry standard within QRA and the current state of the art are elaborated. Also, the
problem formulation and delimitation forms the fundamental objectives and boundaries of this
project.
Chapter 2:
Layout and design of the generic offshore installation model are developed within this chapter along
with the distribution of areas and process stream sections and a manning setup. The chapter works
as the test scenario for the QRA models developed in Chapters 3 and 5.
Chapter 3:
A deterministic hydrocarbon QRA model is developed and presented. This model follows the
principles of the Danish industry standard within QRA modelling.
Chapter 4:
Computational crowd simulation is used to set up the mustering matrix as the function of time. The
chapter demonstrates a method similar to the state of the art methods presented in the literature
review in section 1.2.7.
Chapter 5:
Further development of the deterministic QRA model presented in chapter 3 is developed. This
chapter’s MC QRA model is a framework for an improvement of the Danish industry standard
approach and is a parallel solution to the state of the art findings within the literature review.
Chapter 6:
A quantitative verification and validation of the MC QRA model are carried out in this chapter.
Chapter 7:
This chapter presents a case study including a set of scenarios, which demonstrate the operational
tests of the model's capabilities.
Chapter 8:
This chapter contains a discussion of the main findings and the different aspects presented in this
study.
Chapter 9:
In this chapter, the conclusion and potential further research are presented.
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1.2 Problem analysis
Throughout this chapter, an analysis of the main elements of the initiating question presented in the
introduction is elaborated. The main principles of the production process, installation layout,
fundamentals of the QRA process, Danish industry standard and state of the art within QRA
modelling is analysed and discussed and serve as the input to the solution strategy, i.e. problem
formulation.

1.2.1 Offshore oil and gas production
1.2.1.1 Production processes
Offshore exploration of oil and gas involves a chain of complex processes, before a useful product is
obtained. The chain is both costly, complicated and involves unique engineering skills to develop,
control and maintain a safe and efficient process. It all starts with a well-stream consisting of a mixture
of gas, crude oil, water and solids depending on the well, and ends up with a large number of refined
products, e.g. aviation fuel, diesel, gasoline, asphalt, natural gas etc. Geological and seismic tests of
the subsurface are carried out, to locate the best possible location for drilling. A successful drilling
operation allows the extraction of crude oil to start.
The production process consists of an upstream and a downstream process. In a simplified
perspective, the upstream process includes exploration and drilling operations, and the offshore
production process. The downstream process contains transportation, refining and distribution. The
important stage for this project is the upstream process, which starts at the wells and ends after the
offshore production process. When the oil and gas leave the offshore installations, it is no longer
relevant in an offshore risk assessment, which automatically defines the system boundary for this
project.
Figure 1 represents a simplified generic process diagram of the upstream production process, which
is commonly found in the Danish offshore oil and gas production. The offshore location is a
challenging factor but is necessary to make the oil and gas production possible for later downstream
processing. The first section of the upstream process is the risers followed by a wellhead (Christmas
tree). These are located on the topside structure (if it is not a subsea production well). A number of
manifold sections combine the wellheads into a set of production process trains. Each train has its
own process line, starting with a separation process. Sometimes the separation is a two-step separation
and in other cases a three-step separation. For each step, the pressure is decreased to secure a
controlled separation process. Besides the production separators, a test separator is typically installed
for testing and inspecting the individual wells. The output from the tests are fed directly back into the
production train.
Before the gas part from the low-pressure separator is fed into the main gas string, heating, liquid
removal and compression are necessary. The gas then follows a couple of steps containing
compression and liquid removal, before it is ready to be exported, used as gas reinjection, used for
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gas lift or burned in the flare. Before the gas enters a compressor, a liquid removal step is necessary
to ensure that no liquid is entering the compressor. If liquid particles enter the compressor, the
sensitive rotor blades are destroyed immediately.

Figure 1 Process diagram

A metering process measures essential parameters, before the upstream process section ends. Pumps
take care of the flow, before the compressed gas and crude oil is ready to reach onshore territory.
Additional process steps such as electrical coalescing, desalting etc. are often used in the upstream
process depending on the well type. All wells are different, and every field is unique. Different
components and characteristics influence the design of the upstream process section. However,
separation, water treatment, gas treatment and compression are to some degree common for all
offshore upstream process facilities, in the Danish part of the North Sea. Therefore, the possibility of
highly compressed gas releases, unstable crude releases, stabilized crude releases, multiphase releases
and sometimes H2S releases all pose a hazard to personnel, the environment and asset.

1.2.1.2 Offshore oil and gas structures
The structural configuration of offshore installations varies and depends on several factors like water
depth, construction cost, oil price, safety aspects etc. A common factor for all platforms within the
Danish part of the North Sea is the shallow water depth, which results in similar physical challenges,
when a new installation is to be built. An oil and gas installation consists of one or more platforms,
which are linked physically by a bridge. Each platform within an installation consists of a set of
fundamental components. The two main components are the topside and its supporting structure
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(jacket). The topside determines the platforms primary function and characteristics within the
installation and the jacket, which primarily protects the topside from incoming forces such as high
waves. Constructing an offshore installation serves different essential purposes such as (Devold,
2013, p. 39):





Exploitation of oil and gas (W)
Production processing (PU)
Accommodation (A)
Transport facilities (H)

Each of the main elements refers to a set of physical requirements, e.g. a certain amount of space
needed for that specific element to work properly. They are often combined in different ways and
must be present for a whole installation to work properly. Placing two or more of these elements on
the same platform is a common way to save money but often also entails a reduction in safety. From
a platform perspective, each of the elements represents a specific area such as:





Riser and wellhead (W)
Process (P)
Utility (U)
Accommodation, offices, control room and helideck (AH)

Sometimes, an installation contains more than one of each area, e.g. several wellhead platforms (W).
For large permanently manned installations in Denmark, the platforms are often bridge-linked, but
wellhead platforms may also be normally unmanned installations located some distance away from
the processing platform it is tied into. Some fundamental examples of different configurations for an
offshore installation are presented in Table 1 below.
Configuration number
1
2
3
4

Platform A
W
W
W-PU
W-PU-AH

Platform B
P
P-U
AH

Platform C
U
AH

Platform D
AH

Table 1 Installation configuration

Building offshore platforms is costly, which normally gives the higher configuration numbers in
Table 1 a better score when evaluating the overall cost. The water depth has a high influence, since
the jacket solutions for deeper water are much more complex and expensive compared to shallow
water solutions.
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1.2.2 Safety design of offshore installations
Safety is a top priority at offshore installations. Therefore, efforts to cope with risks within all stages
of the installations’ life are necessary to protect the personnel, the environment and the asset. A
hierarchy of protection layers starting in the design phase of an installation is presented in Figure 2.

Figure 2 Hierarchy of protection layers (IEC I. E., 2003)

1.2.2.1 Process design
The process design is the first layer of protection, which utilizes the idea of inherently safer design.
Instead of controlling hazards by installing protective equipment, the hazard should be managed by
either minimization, substitution or moderation, e.g. minimize the use of the hazardous material,
using a less hazardous material or using the hazardous material in a less risky form, e.g. lower
pressure, lower temperature etc. (Kletz, 2003, p. 2). Managing could also be by moving, excluding
or strengthening some materials to eliminate the consequence or the frequency of a given hazard.
This way of thinking is the best way to remove hazards in advance instead of being reactive and a
“slave” to the potential hazards.

1.2.2.2 Control and monitoring
The second layer admits that not all hazards can be eliminated in the design phase by an inherently
safer design strategy. Controlling and monitoring deals with process fluctuations, before they turn
into a hazard by continually measuring key parameters, e.g. temperature, pressure, fluid levels etc.
Control systems bring back the system into normal conditions and are a proactive way to reduce the
risk in the operational phase of the installations’ life.
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1.2.2.3 Prevention
If the system fails to stay within normal conditions, different prevention measures prevent incidents
from occurring. The preventive measures could be additional process alarms reacting to sensor errors,
malfunctions etc. that require operator corrective actions. If these actions are insufficient, the
emergency shutdown (ESD) system can be activated to stop the hazardous situation from escalating
and thereby reducing the potential consequences. The emergency shutdown system isolates process
stream sections with Emergency ShutDown Valves (ESDV), which is followed by a blowdown
process through BlowDown Valves (BDV).

1.2.2.4 Mitigation
While the preventive part of the protection layer prevents the incident from occurring, the mitigation
layer focuses on actions, which minimize the consequences (Devold, 2013, p. 104). Pressure Safety
Valves (PSV), rupture discs and fire and gas systems are some of the systems installed to minimize
the consequences of an event. The fire and gas systems cover e.g. (Devold, 2013, p. 105):
 Fire detection, i.e.
o Gas, flame and fire detection
o Manual pushbuttons
 Firefighting and protection
 Firewalls
 Deluge
 Water mist

1.2.2.5 Plant and community emergency response
If an incident occurs, a response from the personnel located offshore and onshore support is a
significant factor, which should not be underestimated. A response is how the personnel respond to a
hazard after it occurs. The purpose of this protective layer is to develop procedures describing, how
this response must be carried out to reduce the consequence of the hazard. If no procedures are
developed, the response could to some extent be random, unpredictable and counteract the goal of
carrying out a safe and fast response. The emergency response layers’ primary goal is to streamline
the response at the installation and to assess, whether the emergency must be passed on to external
sources.

1.2.3 Risk picture of offshore oil and gas installations
The earlier sections laying out the main principles of oil and gas production, offshore structures and
safety design provide a clear picture of an industry facing many different decision issues related to
safety and risk. Maintaining a proper safety level is difficult, when many interdisciplinary businesses
are working together within a very limited space. By making a decomposition of the primary
disciplines represented offshore, the result may seem almost too compressed. Figure 3 shows some
of the leading disciplines present on an offshore installation and provides a clear picture of the safety
issues that must relate to the exploitation and processing of hydrocarbons offshore.
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Figure 3 Offshore risk picture

If the installation was located onshore with the same process equipment, geometry/dimensions and
facilities, it would never be allowed. More space and better separation of the facilities are some of
the factors, which are not possible offshore as it would make hydrocarbon production economically
infeasible. When something goes wrong, people cannot easily escape, and their safety is highly
dependent on the safety protection layers described in the previous section. Several hazard types are
present offshore and are challenging the safety design of the offshore installation on a daily basis.
Some of the main hazard categories are (Spouge, 1999, pp. 50-51):











Blowouts (large hydrocarbon release from the well)
Process, riser and pipeline leaks
Non-process fires
Non-process spills
Toxic substances
Marine collisions
Structural events
Transport accidents
Occupational accidents
Dropped object accidents

Blowout, process, riser and pipeline leaks are all related to the hydrocarbon hazards and can be
considered as location-specific loss of containment, i.e. releases from wells, sub-sea pipes, topside
pipelines, flanges, process vessels, equipment etc.
The non-process fires are electrical fires, workshop fires, fires from cooking activities etc., and the
non-process spills are all spills, which does not contain hydrocarbons, e.g. chemical spills and fuel
spills.
The risk to asset or structural events includes extreme weather, e.g. excessive wind, high current etc.
and structural collapses due to a design error, fatigue, ship collision, dropped objects etc.
Transport accidents include helicopter crashes, capsizing of vessels, occupational accidents during
transfer etc.
Occupational accidents are personnel accidents due to dropped objects or tools, electric shock, trips,
slips and falls, ladders and falling into the sea etc.
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These hazards contribute to an even more complex risk picture, where preservation of a safe work
environment is a significant task. Through extensive assessments, continuous risk-reducing measures
and by utilizing the safety barriers, the risk level can be lowered to an acceptable level.

1.2.4 Quantitative Risk Assessment (QRA)
1.2.4.1 Purpose of offshore QRA
The purpose of an offshore QRA is to provide knowledge of a system’s risk level to determine, how
dangerous or safe it is. The system assessed in a QRA can be an entire installation consisting of
several platforms or just a single platform. Both of these types can be normally manned or normally
unmanned (i.e. intermittently manned). Offshore QRAs contribute to risk assessments in multiple
phases of the installations’ life cycle but are mostly relevant in (NORSOK S-001, 2008, p. 11):
 Design processes
 Modification projects
The design process covers new installations, while modification projects comprise of existing
installations, module upgrades and SIMOPS etc. The QRA is used for different purposes such as:
1. Evaluating a risk level against a specific acceptance criteria
2. Calculating major hazards’ risk contribution
3. Evaluating alternative design or operation options
Some QRAs are used to evaluate a risk level against a specific risk acceptance criterion stated by the
operator. A high degree of conservatism can be accepted in these situations, since the primary purpose
is to demonstrate a risk, which is below the criterion. In situations, where the QRAs are used in a
decision-making issue, comparing different design options or situations, where the QRA is used to
evaluate different realistic risk contributions from hazards, a low degree of conservatism is essential.
A high degree of conservatism could potentially lead to incorrect decisions due to a wrong risk focus,
which ends up with inappropriate risk management efforts. The topic of conservatism will be
discussed continuously throughout the thesis but is introduced at this point due to its importance,
when the results from a QRA are evaluated. However, QRA’s are strongest and most interesting when
applied for analyzing alternative design options and used for decision making in the design phase of
projects

1.2.4.2 QRA process
A risk assessment is, in general, a systematical way of assessing risk levels of a particular installation,
but whether the installation is safe enough is determined in the context of risk management.
Therefore, a QRA is an integrated part of a risk management process, which can be iterative, if the
assessed risk level is greater than the acceptable level of risk (Figure 4).
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Figure 4 QRA process (Spouge, 1999, p. 7)

In the context of oil and gas activities, the risk assessment can be either qualitative, semi-qualitative
or fully quantified. The setup and degree of quantification typically depend on the hazards being
analyzed and the person/organization who is in charge of the risk assessment (Vinnem, 2014, p. 72).
Some are in favour of a qualitative approach, and some are more in favour of a quantitative approach,
but from the author of this projects’ own industry experience, it is clear that both approaches are well
used depending on the task. Nevertheless, a quantified approach can be necessary in cases, where the
complexity of the task is high to demonstrate a reliable and transparent ALARP level.
The general QRA process contains a number of steps that must be followed carefully starting by
defining the objectives and boundaries in the system definition (Figure 4).
Step 1 - System definition: A system definition defines the objectives and boundaries of the process,
installation or activity that is being processed in the assessment.
Step 2 - Hazard Identification (HAZID): Based on the objectives and boundaries in the system
definition, potential hazards related to the scheduled actions can be identified. The identification
process is typically a qualitative assessment of the hazards based on multidisciplinary workshops or
known checklists, of which the outcome is a comprehensive list of hazards. It is only the hazards
identified that will be included in the assessment. Thus, any missed hazards will undermine the quality
and trustworthiness of the subsequent assessment.
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Step 3 - Modelling and analysis phase: This step contains two main components, namely the
frequency analysis and the consequence modelling. The purpose is to calculate the risk from the
likelihood of each identified hazard from the HAZID and its consequence component. Previous
experience from the industry constitute of the empirical database applied for estimating the
frequencies. Directly derived effects from the identified hazards and hereby the impact on the
environment, the asset and the personnel are modelled based on experience/empirical databases,
computer models, engineering judgements etc. Stakeholder organizations like the International
Association of Oil and Gas Producers (OGP) collect and utilize data from failures and accidents
within the industry. They develop technical knowledge databases and valuable guidelines for the
probability of failure and impact probability for both frequency analysis and consequence modelling.
Step 4 - Risk presentation: Risk levels for each risk element are calculated and presented to illustrate
the overall risk level for the platform. However, the overall risk has several contributors and can be
expressed in numerous different ways. Thus, the goal is to find a structured and transparent way with
many details and informative illustrations for the risk presentation.
Step 5 - Assessment: Once the risk presentation is in place a risk criterion determines whether the
presented risk level is acceptable or needs to be reevaluated. A reevaluation implies risk reduction
and another iteration through the QRA process to assess, whether the risk-reducing barriers change
the hazards identified, the foundation for calculating of the risk in the frequency analysis and the
consequence modelling. It should be noted that demonstrating that the risk level is acceptable, does
not necessarily mean that the risk levels are ALARP as well.

1.2.4.3 QRA sub-studies
A complete QRA for an offshore installation contains several sub-studies, each covering a specific
element of the total platform risk. The level of risk, which each sub-study adds, will differ from
installation to installation, but some do have a more extensive contribution than others do.
Additionally, some of the sub-studies can be linked and thereby depend on each other, which makes
it possible to assess the risk contribution from more than one sub-study in a single model. Especially
when analyzing the hydrocarbon risks from Table 2, the opportunity to assess parts of the Evacuation
Escape and Rescue Analysis (EERA) risk study and parts from the fire and explosion risk study can
be calculated in a single QRA model. The risk from environmental accidents is typically not included
in the same model, as environmental accidents do not cause fatalities. It should, however, be noticed
that a hydrocarbon release event, which poses a risk to the environment may also pose a risk to
personnel. It would be more appropriate to treat the impact of spills and recovery separated from the
fire, explosion and EERA risks. Nevertheless, the fire, explosion and the EERA risks are installation
specific, time-consuming and resource demanding to assess, which makes it the most complex study
in a QRA and highly relevant to focus on within this thesis.
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 Fire and Explosion
 EERA
 Environmental accidents
 Toxic release (H2S)
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Other Risks
 Ship collision
 Transport of personnel
 Occupational accidents
 Dropped Objects
 Non-process fire
Table 2 QRA sub-studies

As the QRA studies concerning fire, explosion and EERA are the main focus of this thesis, the next
section will discuss the different risk elements and the statistical risk calculation, which is the
foundation of the QRA.

1.2.5 Hydrocarbon risk and risk elements
Hydrocarbons belong to the simplest part of organic chemistry and consist of a combination of carbon
and hydrogen. When extracting hydrocarbons in an oil and gas context, the main types of
hydrocarbons present offshore are condensate, gas, oil and well fluid, respectively (Spouge, 1999, p.
83), as explained in the section of the main fundamentals of oil and gas exploration. Loss of
containment the process gives the possibility to have a hydrocarbon release, which may lead to a
hazard such as a fire or explosion. The term “hazard” from a hydrocarbon release is typically
considered from a two-dimensional perspective, namely a consequence dimension and a probability
(frequency) dimension, which can also be an expression of risk as presented in Equation (1) (Vinnem,
2014, p. 25):
𝑅 = ∑(𝑃𝑖 · 𝐶𝑖 )

(1)

𝑖

Where:
R = Risk [fatalities per year]
P = Probability of release [per year]
C =Consequence of release [fatalities]
The combination of probability and consequence forms the basic concept of statistical risk in its
simplest form and is used in numerous different ways, when the hydrocarbon risk is to be calculated.
With the acknowledgement of facing risk when extracting and processing hydrocarbons, it is
necessary to have a strategy for calculating, evaluating and reducing the risk. The strategy is important
to ensure a safe work environment for the personnel and an acceptable pollution level to the
environment. The main risk elements can be categorized as follows:
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 Personnel risk
 Risk to environment
 Risk to asset
The risk element that will be focused on in this thesis is the personnel risk element, since this risk
element is the most complex one and has the highest priority due to the fact that people are
unpredictable both in respect to the human error uncertainty and in forecasting of human behaviour
in case of an emergency (OGP(3), 2010). Personnel risk in fire, explosion and EERA studies within
offshore QRA analyses is chosen because of its complexity and risk contribution. Further on, this
study will only refer to the fire, explosion and EERA perspective of QRA studies.
The last part of the problem analysis focuses on, how QRA techniques and theories are applied by
analyzing the current state of the art and the Danish industry standard within QRAs for personal risk
within fire, explosion and EERA studies.

1.2.6 Danish Offshore QRA industry standard
Today, QRA modelling within the Danish offshore industry standard is primarily based on “static”
models, i.e. deterministic event and fault trees. These are widely accepted in Denmark and are
intuitive and understandable. Figure 5 presents a generic event tree for a process hydrocarbon release,
which illustrates how the different consequence scenarios could be categorized.

Figure 5 Danish industry standard event tree example

There are different approaches and no single correct answer to how a process release will elapse.
Therefore, the frequency of loss of containment is based on historical accident statistics. More or less
complex models, capturing the physics of flammable gas meeting ignition sources, calculates the
ignition probability. These models range from simple look-up tables or correlations to detailed
Computational Fluid Dynamics (CFD) analysis of flammable gas reaching potential ignition sources.
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The consequence part can be calculated from different approaches ranging from empirical
approximations to semi-empirical approaches, e.g. PHAST and mathematical approximations and
complex CFD analysis. Using semi-empirical approaches for the consequence calculations is a costeffective approach compared to the sophisticated state of the art CFD, which not extensively are used
within Danish QRA studies. CFD simulations are primarily used for testing consequence scenarios,
e.g. specific explosion loads, gas dispersion etc. within specific design scenarios with high complexity
and high uncertainty.
The current industry standard for Danish offshore installations covers accident statistics for
calculating frequency probability, look-up correlations for calculating ignition probability and
mathematical approximations for consequence.
In the EERA analysis, escape time analyses for each area are typically calculated by estimating
distance, making assumptions about the human walking speed and calculating the time, it takes to
reach the Main Muster Area (MMA). Alternative muster routes through different scenarios are
calculated and can be included in the QRA as parallel studies. The counterargument of using static
event trees and semi-empirical approaches for consequence modelling within hydrocarbon QRA’s is
their limitation when the effect of personnel moving around are modelled.
Additionally, deterministic sensitivity analyses are used to test the influence of parameters to
strengthen the result. Anyhow, there is a significant uncertainty in some of the data used and a lack
in generally accepted approaches to QRAs among the Consultants, therefore, significant differences
in the results are a fact within the industry, which is supported by Vinnem, who states that the results
may differ up to a factor of 3 (Vinnem, 2014, p. 438). A difference in results can complicate a design
process, where a comparison of different options contributes to a decision-making process.

1.2.7 Quantitative Risk Assessment - State of the art
1.2.7.1 Literature review
The main purpose of the literature review is to gather knowledge of the present peer-reviewed state
of the art research within offshore hydrocarbon QRA modelling, which utilizes a MC simulation
method.

1.2.7.2 Search protocol
Review objectives and inclusion criteria
The following objectives state the incentive to carry out this literature review. Thus, all objectives are
question-based and are sought to be answered throughout this review.
Objective 1: Is there existing research on this topic?
Objective 2: If that is the case, what is state of the art?
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As far as possible, all findings from the literature review and the initiating question will be used to
form a proper and relevant problem formulation that must be based on state of the art within the topic.
A set of relevant search parameters create the inclusion criteria for the literature search and will be
explained further:





Search technique
Search string
Database selection
Search notes

Different search techniques are available when preparing a structured search. The main sources of
relevant literature will be electronic databases, experts and ordinary internet searching. The latter,
only to search for grey literature and to get knowledge about the industry terms for the search string.
Developing a good working search string is a sensitive process and is a balance between being too
narrow and too wide. The best method for generating a good search string is by using a block search
technique and thus create the search string from the blocks (Buus, Tingleff, & Kristiansen, 2017).
Table 3 represents the search string used for this literature review.
The context
Offshore
OR
Oil and gas
OR
Hydrocarbon*
OR
OPHRA

AND

A detailed context
QRA
OR
Quantitative risk assessment*
OR
Probabilistic risk assessment
*
OR
Probabilistic safety analysis*
OR
Quantified risk assessment*

AND

The phenomena
Monte Carlo simulation*
OR
MC simulation*
OR
Random number
simulation*
OR
Monte Carlo method*
OR
Monte Carlo experiment *
OR
random sampling

Table 3 Search string

Each column has a guideword to help and to separate the words from their context. The search utilizes
the Boolean operators “AND” and “OR” to control the combinations of the search string and the
asterisk symbol for truncating specific words. Three different databases/suppliers have been chosen
among Aalborg University’s available collection.
The search notes are used as a limiting tool to narrow the search, opposite the search string, which is
used to expand the search. Table 4 presents the search notes for each database/supplier selected.
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Search Notes
Time span
Literature type

Science Direct
2012 - present time
All

Category

Decision science,
Energy, engineering

Language

Danish/English

ProQuest
2012 - present time
Books, reports,
scholarly journals
All

Danish/English

Aalborg University - Esbjerg

Web of science
2012 - present time
Reports, articles,
reviews
Statistics, probability,
multidisciplinary,
engineering
Danish/English

Table 4 Search note

1.2.7.3 Literature search findings
The total search yielded no less than 1031 potential publications. To keep track of the selection and
exclusion, a flowchart presented in Figure 6 illustrates the process. The first step of the process is to
screen the publications by title. 1015 publications were excluded due to wrong context, e.g. onshore
focus, economic risk aspect etc. 15 publications were found and were screened by their abstracts.

Figure 6 Literature search flow chart
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The main reason for excluding publications from the abstract screening was missing search criteria,
i.e. a context, a detailed context or phenomena from Table 3. However, the screening of abstracts
excluded another 11 publications, which left three for a full-text analysis plus additionally one
publication recommended by Ramboll. The full-text review excluded one publication, which leaves
the author with three publications to include in the review. Two of the included articles were
discovered from the electronic database search and the last stems from the experts at Ramboll.

1.2.7.4 Literature presentation
1. DTU - OPHRA Feasibility study
The first study to be included is a feasibility study from the DTU Management Engineering
department. It is a framework study demonstrating a method for using discrete event simulation as a
risk assessment method. Discrete event simulation is a probabilistic method, which is running a set
of events repeated by an MC process. The study is focusing on the personal risk from hydrocarbon
releases and parts of the EERA analysis. It utilize the software ARENA (ARENA, 2017) and Visual
Basic for Application (VBA) to build, code and simulate their logic models. Each iteration is
calculating an ASET vs. RSET relationship to consider the consequence but does not calculate a
specific risk. However, the study describes a preliminary model, which needs further development
but argue that it is possible to use discrete event simulation for industrial risk assessments (Duijm,
Kozin, & Markert, 2014).
2. A Cellular Automaton Model for Offshore Evacuation Risk Assessment
The second study is adopting another method but with the same goal of improving the personnel risk
assessment from hydrocarbon releases and the evacuation risk assessment. It is an Italian study that
utilizes a cellular automaton based algorithm to keep track of the egress routes of the personnel in a
Mathlab environment. MC simulation is used to generate random scenarios based on input
distributions for personal risk, release frequencies etc. and uses a life index for each person controlling
the impact of hazards. The article presents a case study to show the performance of their model with
respect to conservatism and a percentagewise standard deviation from all simulations. They conclude
that the model preserves all relevant aspects from what they call a traditional approach (Blanc,
Carpignano, Dulla, & Marolo, 2016).
3. Methods and models in process safety and risk management: Past, present, and future
The last study included is a literature review from 2015 covering the development of process safety
and risk management from the early 1960s, present time and the future trends. The article starts by
explaining the development in the 1970s, which led to the implementation of HAZOP, FMEA, FTA,
and ETA before the 1990s as a result of the major accidents between the 1960s and 1990s (Khan,
Rathnayaka, & Ahmed, 2015, p. 140). It continues and describes the increasing development of
quantified models in the first decade of the 20th century and explains, how future work is supposed to
utilize the prospects of QRA and Dynamic Risk Assessments (DRA).
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1.2.7.5 Review themes
State of the art methods and models for calculating Hydrocarbon and EERA Risks
Based on this literature search, three articles contribute to the definition of the present state of the art
within hydrocarbon and EERA risk calculations. Article one and two each present a model for
calculating the personal risk from a hydrocarbon release by applying a quantified consequence
modelling approach. The third article presents the best estimate of the future trends from a 2015
perspective for process safety and risk management. Some of the relevant topics mentioned are
advanced consequence modelling, DRA, Uncertainty, and inherently safer design etc., which also
match the approach applied in article one and two, respectively (Khan, Rathnayaka, & Ahmed, 2015,
p. 137).
Model performance
The performance of a model tells something about, how well it performs concerning a specific set of
parameters. An increasing number of MC iterations will affect the simulation time and tells something
about the:
 Code structure
 Amount of code
 Waiting time for the user
A good model performance eases the use of the model in a business mindset, where time is costly,
and optimization is a keyword. Only the first article presents information about their model’s
performance and only considers the time aspect. A model simulation with 10,000 MC iterations on
an ordinary laptop took 13 minutes in ARENA and VBA. In chapter 5, this project’s model
performance parameters will be compared with the one obtained from the article.
Degree of conservatism
One of the most controversial parameters discussed in the articles is the “degree of conservatism”.
Being conservative or pessimistic is a way of being risk averse or overestimate the risk in a decisionmaking context and a way to make decisions while taking into account uncertainties. The more
uncertainty, the more conservative a decision has to be in order to avoid a decision, which is too
optimistic (underestimation of risk). If the conservative risk result is lower than the risk criterion, it
can be accepted; however, less uncertainty may also lead to a less conservative result. The first article
presents a framework, which they present as being less conservative than ordinary static event trees.
They do not discuss the degree of conservatism in their result section or conclusion but strive to make
a framework that could serve as an alternative to the event tree calculation. Opposite the first article,
the second uses a case study to show, how their model calculates a lower risk than a traditional
method. The lower risk comes from less conservative input parameters and calculations in the model,
which they claim to be more realistic and less conservative. Measuring the performance on the degree
of conservatism could be one way of measuring the performance of the model.
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Further work
Article one and two present several improvements for their models, before implementation is
possible. Instead of rewriting each of their “further work” bullet points, the most important bullet
points are rephrased to relevant questions for this project:
Validity and risk presentation:
 How many iterations are needed to obtain sufficient accuracy when making an MC
simulation?
 How can adequate post-processing look, and which presentation techniques should be used?
 How is it possible to demonstrate the validity of the modelling framework? Could it be by
comparing results with results from traditional risk assessments?
 How can the model be transferred to a non-dedicated software platform?
 How can practical experiences be tested and provide useful feedback?
Consequence and escape






How can vertical wind directions influence jet fire scenarios?
How will smoke plumes and toxic releases influence the evacuation process?
Is it possible to calculate the local risk within each area?
Is it possible to develop crowd flow maps when evacuating?
Is it possible to use CFD instead of empirical or semi-empirical models for physical effect
calculations?
 How to add flash fire and explosion modelling in the consequence modelling?
The questions indicate, how far they are in the development phase, and are a good indicator of
common questions that model developers need an answer to in the model development process. The
validation and risk presentation questions are very general and not offshore QRA specific, i.e. the
question is relevant for many models applying an MC simulation, whereas the consequence and
escape questions may be very topic specific. Additionally, every model may have different questions
depending on each developer’s focus area.

1.2.8 Challenges
A comparison of the literature review and the current Danish industry standard within QRAs reveals
a gap between the industry and academia. The literature review discovers a trend, where commercial
software tools are becoming increasingly more popular to cope with the continuously more complex
calculations. The objective of the increasing complexity is to lower the degree of conservatism by
reducing the uncertainties through better data input reproduction in the models and better data
modelling. On the other hand, using sophisticated software tools can be very time-consuming which
is why the overall success rate by adopting a software tool depends on the cost-effectiveness, which
is depending on the time invested and the improvement of data gained.

20 | P a g e

RISK4-13-E17

January 9th 2018

Aalborg University - Esbjerg

While the Danish industry standard deals with a deterministic approach, state of the art within QRAs
proposes a probabilistic approach. The incitement of developing probabilistic models is to lower the
epistemic uncertainty and to improve the model's representation of the aleatory uncertainty. However,
the stage of development of the state of the art findings is only at a “proof of concept” level, which
means that further development of their models is needed, before they can be represented as a new
industry standard approach.
Lowering the uncertainty in model output is highly dependent on the uncertainty present in the input.
The state of the art findings have a high focus on the consequence part of the QRA modelling, even
though the highest amount of uncertainty is present in the frequency input estimate of releases and
ignition probability. However, as presented in section 1.2.5, the risk is dependent on both frequency
and consequence; therefore, the part with the highest input uncertainty makes up the limiting
uncertainty factor.
The challenge of improving QRA models is to increase the amount of valuable information gained
and still keep the model flexible, cost-effective and transparent. The literature review reveals two
models based on specialized commercial software. Making a model in a non-dedicated environment
gives the developer free access to suit the model to whatever the purpose should be. Additionally, a
non-dedicated platform could prevent the possibility of having a model acting like a “black box,” i.e.
1. Type in some input, 2. Something unknown happens, 3. The output is provided. The question for
the output may then be, “how reliable is the output data”?
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1.3 Problem formulation
The gap between the industry’s deterministic approach relying on discrete event tree calculations,
conservative engineering judgements etc. and the academic approach using probabilistic models in
dedicated software tools reveals several challenges concerning uncertainty. As an alternative,
development of a hydrocarbon QRA model in a de facto non-dedicated software program and
applying a probabilistic approach could possibly contribute to less epistemic uncertainty and less
conservatism. These thoughts make it relevant to state the following main question for this thesis:
How is it possible to strengthen the current industry QRA modelling by combining the current
approach with a probabilistic approach utilizing MC simulation and by applying computational
crowd simulation as an alternative decision and visualization tool compared to conventional EER
calculations?
The problem analysis and the initial part of the project also resulted in objectives that will be
elaborated throughout the project
 Develop a generic 3D model of the offshore installation
 Develop a generic Hydrocarbon QRA model in Excel/VBA, which utilizes MC simulation
 Use a state of the art computational crowd simulation software as an alternative to ordinary
muster time calculations
As a part of the solution, the objectives above must strive to fulfil the requirements stated below:
 The hydrocarbon QRA model shall be based on realistic assumptions about installation
geometry, process and manning
 The QRA frequency and consequence modelling shall provide realistic results
 Verify and validate the model
 Investigate whether the findings provide new knowledge compared to current Danish industry
standard
 Identify whether a crowd simulation software program can be applied and provide value as a
reliable alternative to ordinary EER calculations when evaluating key escape routes
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1.4 Problem delimitation
The scope of the thesis is limited only to cover parts of the hydrocarbon risk associated with and
production of hydrocarbons offshore. Risk to the asset, risk to the environment, hydrogen sulfide
related risks, escalation and explosion risk are outside the scope and will not be covered. The same
applies to all non-hydrocarbon related risks, e.g. ship collision, transport of personnel, occupational
accidents, dropped objects and non-process fires. Nevertheless, this project is a feasibility study with
the main purpose of testing a methodology - not to develop a full operational QRA Model. The project
does only utilize simple consequence modelling to reveal the potential of the models developed within
the project and make use of an empirical approach and approximations for calculating release
frequency and ignition probability.
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2
Offshore installation model
This chapter describes the generic offshore installation model, which defines physical boundary
conditions, area distributions, process data and manning distribution. The offshore installation model
characteristics are based on realistic assumptions and approximations from a typical Danish offshore
installation and function as the test environment for the hydrocarbon QRA model developed in the
present thesis.

2.1 Layout
The physical layout and design have a high influence on the results of the QRA model. Therefore, a
transparent and realistic test environment for the QRA model is developed. The model is a full-scale
3D model of a typical offshore installation located in the Danish part of the North Sea. It is developed
uniquely for this thesis in collaborations with experts at Ramboll Oil and Gas to ensure a realistic
generic layout.
A selection of the most appropriate configuration is a compromise between safety and cost. The
generic model used in the current study is based on the configuration number two from Table 1
presented in section 1.2.1.2. This configuration is selected, since it has a high representative
complexity for a QRA study and is considered to be an inherently safer design compared to the higher
configuration numbers, where all disciplines are located on the same platform. A schematic drawing
of the chosen generic installation is presented in Figure 7.

Figure 7 Project specific installation configuration
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2.1.1 Geometry modelling
The full-scale model is created in Autodesk Revit, which is a Building Information Modelling (BIM)
software program used for architectural design, structural engineering and construction. Revit is a
robust 3D modelling tool with many features, e.g. import/export of DWG files, major building
elements and import of custom families. Figure 8 illustrates the generic model with the wellhead
platform to the left, the process and utility platform in the middle and the accommodation platform
to the right. Further detailed illustrations are provided in Figures 9, 10 and 11 for each individual
platform. Furthermore, Appendix A contains detailed illustrations of the installation.
It should, however, be noted that the author of this thesis has no prior experience with 3D modelling
in Autodesk Revit.

Figure 8 Revit 3D drawing - whole installation

Figure 9 Revit 3D drawing - wellhead platform
Figure 10 Revit 3D drawing - accommodation platform
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Figure 11 Revit 3 drawing - process platform

2.1.2 Area distribution
Considering the entire installation as one single area as an input for a QRA model would be
impropriate for such a large and complex installation. Therefore, an analysis of the installation with
the purpose of breaking down the entire installation into smaller areas is a necessary process when
making a QRA. The area distribution is a subjective qualitative judgement, which uses a set of
interfaces, e.g. deck levels, walls, bridges and risk levels as a guide to determine the boundaries of
the different areas. The height of the roof levels and the helideck is determined to 10 meters
(indicating a maximum height at which any personnel will be likely to be located). Figures 12, 13 and
14 show the area distribution for each platform and the bridges, respectively.

Figure 12 Area distribution wellhead platform
Figure 13 Area distribution accommodation platform
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Figure 14 Area distribution process platform

The new areas need a tag name and an index system to keep track of each areas’ platform and purpose.
Therefore, the tag name contains letters and start with a platform index number followed by a
descriptive letter or two. All areas are compiled and sorted by their platform index in Table 5. One
area to keep in mind is the MMA. That area is critical in the QRA and is located at the accommodation
platform (A) presented in Figure 13. The primary EER efforts will be referring to this and are covered
later in the study, when the EER perspective is elaborated.
Tag name
AA
MMA
AH
BPM
BPU
BR
BUC
BUM
BUU
CC
CW
CR
AB
BC

Platform index
A
A
A
B
B
B
B
B
B
C
C
C
Bridge
Bridge

Description
Accommodation
Main Muster Area
Helideck
Process main deck
Process upper deck
Roof deck
Utility cellar deck
Utility Main deck
Utility upper deck
Cellar deck
Wellhead deck
Roof deck
Connecting platform a and b
Connecting platform b and c
Table 5 Area distribution installation
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2.2 Process data
2.2.1 Process streams
Each isolateable volume is separated by ESDVs and actuated valves designed to isolate flows in the
process, which will be closed in an emergency shutdown. The isolated volume is defined as the
amount of content, which can be drained through a leak (hole) at a given location in the process. If a
leak occurs in the process, it is essential to know the property of that specific separate process stream.
Some of the necessary information needed is pressure, temperature, compressibility factor, the ratio
of specific heat capacities, molar weight etc. and the type of content, i.e. gas, multi-phase or liquid
fluid. Within each isolatable volume, process streams are based on significant changes in some of the
physical parameters, e.g. pressure and fluid phase. Figure 15 illustrates the principal flowchart of the
upstream production process presented in section 1.2.1.1 (Figure 1) including the process streams
(S1-S12). Appendix C contains information of each process stream and their different physical
properties. The process stream data is used to define the physical properties given a loss of
containment at a given location within the process and are used to calculate the different consequences
for each process section.

Figure 15 Process stream distribution
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2.2.2 Process sections
For each process stream, several process sections can be defined. Therefore, a process stream
containing a gas and a liquid part will be defined as two process sections, one for the gas part and
another for the liquid part. Figure 16 shows an example of how a separator is divided into different
process sections. Normally, the typical inlet of a separator will be considered as a multi-phase stream,
but due to limitations of the consequence modelling within this project, a multi-phase stream, is
considered as a liquid and a gas section. Therefore, the inlet of the separator is divided into two
process sections, one for the gas part, and one for the liquid part. The gas part of the separator is
assumed to be part of the same process section as the gas outlet part. Similarily, the liquid part of the
separator is considered a part of the same process section as the liquid outlet part.

Figure 16 Process section separator example

This methodology is used for the whole process diagram in Figure 15 and is presented in Appendix
C for this installation model where a total of 31 process sections are defined. The process section
setup is considered as being representative for testing the model in the case studies in chapter 7.

2.3 Manning
Operating an offshore oil and gas installation requires a large amount of work to keep the system up
running. Maintenance and process control is a vital part of keeping the downtime at a minimum.
However, having personnel located offshore is undoubtedly dangerous and is a substantial risk
contributor. On large installations, people are present 24 hours a day, all year round, therefore, not
only operators and technicians are present, disciplines such as catering and medics are needed as well.
Every installation has its own manning distribution, which may differ and change depending on work
tasks, rotations etc. Table 6 represents a realistic representative distribution of the present job types
offshore and is created in collaboration with the experts at Ramboll Energy.
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OIM
Operation supervisor
Lead technicians
Technicians
Engineers
HSE supervisor
Service supervisor
Worker (Rigger/Crane/deck)
Medic
Catering
Total

Total amount of
employees on
platform
1
1
5
16
3
1
1
6
1
5
40

Aalborg University - Esbjerg
(Working)
Day
distribution
1
1
4
10
3
1
1
5
1
3
30

(Working)
Night
distribution
1
6
1
2
10

Table 6 Manning per discipline

The total amount of 40 persons is a representative number for an installation like the one developed
for this study. An assessment of how the persons are distributed throughout the areas at the installation
is a subjective best estimate, since people continuously move around and change location depending
on specific work tasks. The best estimate made in collaboration with Ramboll is presented in Table
7. It should be noted that the manning in each area may not represent the number of individuals
spending their entire workday in a given area i.e. a manning of 1 may also indicate that 2 persons
spend half their working day in the specific area.
Area Tag name
AA
AA
MMA
AH
BPM
BPU
BR
BUC
BUM
BUU
CC
CW
CR
AB
BC

Area name
Platform A - Accommodation "working"
Platform A - Accommodation "Resting"
Platform A - Main Muster Area
Platform A - Helideck
Platform B - Process main deck
Platform B - Process upper deck
Platform B - Roof deck
Platform B - Utility cellar deck
Platform B - Utility Main deck
Platform B - Utility upper deck
Platform C cellar deck
Platform C wellhead deck
Platform C roof deck
Bridge - Connecting platform a and b
Bridge - Connecting platform b and c

Average manning per 24 hours
8
20
0
0.5
3
1
0.5
1
2
1
1
1
0.5
0.25
0.25

Table 7 Average manning per area
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In addition to the daily distribution of manning, the rotation factor must be established for the generic
installation determining the cycle, in which people are offshore and onshore. This study determines
the cycle to be two weeks offshore and three weeks onshore resulting in a rotation factor of 0.4.
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3
Deterministic QRA model
The first stage of the QRA model development is to create a deterministic QRA model based on the
Danish industry standard approach. This chapter presents a model, which includes the main
hydrocarbon risk contributors and serves as a foundation for developing the probabilistic QRA model
presented in chapter 5.
The deterministic QRA model calculates the consequences of a predefined main scenario starting
with a loss of containment. Given a hydrocarbon release and a probability of ignition, the model
calculates the risk of performing an evacuation of the installation by using a primary muster route.
This includes the influence of consequence events, e.g. jet fire, flash fire and pool fire for each area
at any given time in the mustering process. The mustering process is completed, when all persons
allocated on the installation offshore have reached the mustering area. From this main scenario,
secondary and tertiary scenarios can be developed to test, how alternative muster routes and
alternative manning distributions influence the risk, but these will not be elaborated upon within this
project.
Figure 17 shows a simplified event tree covering the different risk events in the deterministic QRA
model. The event tree is a simplified version of the event tree presented in the problem analysis in
figure 5, but does, however, contain the most important personnel risk contributions and is sufficient
to demonstrate a proof of concept. The event tree considers a leak as the top event and starts by
differentiating the event tree into the different fluid types, i.e. gas or liquid. The last part of the event
tree depends on the time of ignition, since the time of ignition results in different event distribution
shares between the jet fire, flash fire and pool fire for each branch. However, the simplifications that
are present in the deterministic QRA model cover different consequence calculations and are:
 The impact on adjacent areas has been left out of the model, because this dimension requires
significant programming and does generally not have a major impact on the risk.
 Wind directions and wind speed are left out, since they are normally left out in Danish QRA
studies.
 Liquid release scenarios have been simplified by assuming that none of the liquid will flash
off as gas.
 Multi-phase release scenarios have been modelled as a gas and a liquid release.
 Explosion has been excluded but is included as a flash fire consequence.
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 Escalation is a secondary consequence aspect and is therefore left out.
 BDV and ESDV failure is excluded due to simplification of the release rate calculation, i.e.
the modelled release rate is constant.
Initial
event

Is it a liquid
release

Immediate
ignition

Medium
ignition

Late ignition

Yes

Loss of
Containment

Consequence
Jet fire

Flash fire

Pool fire

CLIJ_1

CLIF_1

CLIP_1

CLIJ_2

CLIF_2

CLIP_2

CLIJ_3

CLIF_3

CLIP_3

CL_1

CL_2

CL_3

CGIJ_1

CGIF_1

CGIP_1

CGIJ_2

CGIF_2

CGIP_2

CGIJ_3

CGIF_3

CGIP_3

CG_1

CG_2

CG_3

Figure 17 Loss of containment event tree

The model is programmed in VBA and Excel and allows the user to set up the deterministic QRA
model to represent any given installation and model-specific scenarios depending on the case. The
model can provide detailed risk calculations for all areas and process sections defined within the
model and thereby provide in-depth information of the risk contributors. Appendix C contains
detailed pictures of the model/user interface to illustrate, how the different input can be configured.
Before an in-depth presentation of the Deterministic QRA model algorithm is carried out, the
theoretical methods behind the main content of the model are introduced to provide full insight into
the most crucial model content. The content covers fundamental risk, frequency and consequence
calculations and is starting with the risk presentation calculations, since that part is the incitement to
make the frequency and consequence sections.

3.1 Risk presentation
The model calculates two types of risk as the output. The platform Potential Loss of Life (PLL) is the
first output and is presented in Equation (2). PLL expresses the number of fatalities per installation
per time unit, e.g. fatalities per 100 years and is computed for a vast number of parameters, e.g. hole
size, time step process section and consequence type. It follows the same principles as the ordinary
risk calculation in Equation (1) but is expanded and includes a large number of consequence
scenarios. A generic calculation of the platform PLL is presented by (Vinnem, 2014, p. 27).
𝑃𝐿𝐿 = ∑ ∑ ∑ ∑[𝜆(𝑝, ℎ) · 𝑖(𝑡, 𝑝, ℎ) · 𝐸(𝑡, 𝑝, 𝑒) · 𝐹(𝑝, ℎ) · 𝑀(𝑡, 𝑝)]
𝑡

𝑝

ℎ

(2)

𝑒
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Where:
PLL = Potential Loss of Life [fatalities per year]
𝜆(𝑝, ℎ) = Release frequency [per year]
𝑖(𝑡, 𝑝, ℎ)= Ignition probability [-]
𝐸(𝑡, 𝑝, 𝑒)= Event distribution probability i.e. Jet fire, flash fire and pool fire [-]
𝐹(𝑝, ℎ)= Fatality factor [-]
𝑀(𝑡, 𝑝)= Manning in specific area [persons]
t = Timestep
p = Process section
h = Representative hole size
e = Consequence type
The second risk calculation in the model is the Local Specific Hydrocarbon Individual Risk (LSHIR).
It presents the risk for an individual worker, working continuously in a specific area for a specific
time, i.e. 1000 years and is presented in Equation (3) (Vinnem, 2014, p. 29).
𝐿𝑆𝐻𝐼𝑅 =

𝑃𝐿𝐿 · 𝑅𝑓
𝑃𝑂𝐵

(3)

Where:
LSHIR = Location specific hydrocarbon individual risk [per year]
POB= manning level in the specific area [persons]
Rf = Fraction of time spent offshore for an individual person [-]
PLL = Potential Loss of Life [fatalities per year]
The upcoming sections of this chapter will continuously refer back to the PLL and LSHIR
calculations to demonstrate, how the different parts of the risk are calculated in the deterministic QRA
model.
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3.2 Frequency quantification
The purpose of the frequency quantification section is to document, how the model calculates the
release frequency 𝜆(𝑝, ℎ) and the ignition probability 𝑖(𝑡, 𝑝, ℎ) in the deterministic QRA model.

3.2.1 Release frequency
Quantification of release frequencies, i.e. 𝜆(𝑝, ℎ) is difficult and uncertain (OGP(2), March 2010, p.
29). The Danish industry standard is to use historical data to get the best estimate. One of the reports
used to estimate the release frequency is developed by the stakeholder organization OGP. OGP
collects release frequency data from the industry and develops a process release report used for release
frequency component counting. High uncertainty in the release frequency data is a challenge and
makes up a large part of the epistemic uncertainty in QRAs. The uncertainty is dependent on the hole
sizes and is a factor of three (higher or lower) for one mm holes and is increasing to a factor of ten
(higher or lower) for 100 mm holes (OGP(2), March 2010, p. 20). Additionally, small hole sizes leaks
have higher frequencies than the large hole size leaks which should be taken into consideration when
evaluating the uncertainty factor.
For each process section, a release frequency must be determined by counting the number of different
equipment/items, e.g. valves, vessels, flanges, pipes, pumps and compressors etc. and add up each
release frequency contribution. The counting is categorized by different hole size intervals. There are
different approaches to determine, which hole size interval to use. The OGP report includes five
different hole size intervals (1-3mm, 3-10mm, 10-50 mm, 50-150 mm, >150mm), John Spouge
defines a typical set of hole sizes as 5mm, 25mm, 100mm, Rupture (Spouge, 1999, p. 52) and Vinnem
presents an interval as small, medium and large leak when setting up scenarios in event trees for
process leaks (Vinnem, 2014, p. 579). Nevertheless, the OGP data is presented in the NORSOK
standard Z-013 as a representative data source, but how the data is structured in the QRA model may
differ. However, the release frequencies used for this projects generic installation and process setup
is created to illustrate a similar Danish offshore installations component count and serve as a
representative setup for the testing of this model later in the case studies in chapter 7.Additionally,
the data from OGP is based on leak data from UK HSE (Executive, 2017) ranging from 1992 - 2006.
The total UK HSE leak data is presented in Figure 18 and shows a decrease in the number of leaks
after 2006. This decrease makes the OGP data more conservative when used, since they are based on
a higher number of leaks compared to the actual picture in the past years. This is interesting when the
total degree of conservatism is to be evaluated later in chapter 8.
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Figure 18 UK HSE leak distribution (Executive, 2017)

3.2.2 Ignition probability
The model calculates the probability of ignition, i.e. 𝑖(𝑡, 𝑝, ℎ) from look-up correlation
characteristics. Equation (4) calculates the ignition probability based on a set of gradients, y-axis
offsets, scenario selection and a mass release rate. The scenario selection is determining the gradients
and y-axis offsets and can be found in Appendix B. The look up correlations are developed by
UKOOA and are derived from the IP research report (UKOOA, 2006, p. 91).
𝑦𝑖𝑔𝑛 = 10[𝑚·𝑙𝑜𝑔10 (𝑥)+𝑐]

(4)

Where:
𝑦𝑖𝑔𝑛 = Ignition probability [-]
𝑥 = Mass release rate [kg/s]
m = Gradient of correlation [-]
c = Y-axis offset of correlation [-]
Figure 19 shows the ignition probability as a function of the mass release rate for three selected
scenarios. The figure gives a clear picture of the mass release rates impact on the probability of
ignition and the difference between three selected scenarios.
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Figure 19 Ignition probability example

3.2.1.1 Time dependency
The methodology given above dos not consider the ignition probability as a function of time. Adding
the time aspect would thus reflect the fact that people have time to take action and escape during a
release, and that not all leaks ignite immediately. Therefore, UKOOA considers the time dimension
by multiplying a time depending fraction to the ignition probability (UKOOA, 2006, p. 103). Table
8 shows the fraction for a set of cumulative time steps used in the model to compensate for the time.

Time, t [s]
Fraction

Relative cumulative probability of ignition within time
1
10
30
100
1000
0.22
0.29
0.36
0.63
0.94

>1000
1.0

Table 8 Ignition probability - time dependency

3.3 Consequence modelling
The consequence part of the risk calculations contains discharge and dispersion calculations of the
different types of releases and outcomes from a hydrocarbon event. The primary purpose is to
calculate the fatality factor 𝐹(𝑝, ℎ) of the event determined by the radiation volume of the event and
the size of the area. The fatality factor is calculated for all process sections p and all representative
hole sizes h. Additionally, given a leak and an ignition, the resulting events are depending on many
different factors, e.g. weather, direction, hole size, pressure inside equipment etc. To determine the
resulting event, this study uses an empirical approach based on historical events. The event
distribution is determined from the media released and is obtained from UKOOA’s IP Research
Report (UKOOA, 2006, p. 102) and is denoted with 𝐸(𝑡, 𝑝, 𝑒) in the PLL Equation (2). The event
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distribution is determined for all process sections and representative hole sizes and event types, i.e.
jet fire, pool fire and flash fire in Table 9.
Process ignition
Gas release
Oil release

Jet fires (%)

Pool fire (%)

29
18

27

Flash fire (and explosion)
(%)
71
55

Table 9 Event distribution

Calculations of explosion events are excluded from this study and are instead treated as a flash fire
consequence. Therefore, the fire risk modelling covers jet fire, pool fire and flash fire consequence
modelling for both gas and liquid releases. The characteristics of the different types of hydrocarbon
event outcomes are described as (Spouge, 1999, p. 86):
 Jet fire - a burning jet of gas or liquid pointing in a single direction. At high pressures, the jet
fire has a high momentum and can be lethal to personnel due to thermal radiation or physical
contact. The jet fire is worst at the beginning of a release but will decrease in length and
Thermal radiation level as the pressure drops.
 Pool fire - a burning pool of liquid, which may be lethal for personnel at physical contact.
The pool fire is opposite a jet fire building up over time, even when the mass rate is decreasing.
 Flash fire - a fire that propagates through a cloud of gas. The flash fires produce no
overpressure (opposite an explosion), and the duration is short. Standing in a flash fire may
be lethal but is considered as lethal in the model.

3.3.1 Initial gas release rate
Gas release rates through holes mainly depend on the size of the hole and the pressure inside the
equipment (Spouge, 1999, p. 85). The approach for the calculation of the gas release rate is adopted
from (CPD, 1997, p. 2.68). However, the initial gas release rate is dependent on, whether the outflow
is critical (choked) or sub-critical. The outflow is considered as critical, when:
𝜆

(𝜆 + 1) (𝜆−1)
𝑃0
≥ ((
)
)
𝑃𝑎
2

(5)

The outflow coefficient for critical outflow is:
Ψ = √1

(6)
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The outflow coefficient for Sub-critical outflow:
(𝜆+1)
(𝜆−1)

(𝜆 + 1)
2
·(
)
(𝜆 − 1)
2

Ψ=√

(7)
2
𝑃𝑎 𝜆

(𝜆−1)
𝑃𝑎 ( 𝜆 )

· ( ) · (1 − ( )
𝑃0
𝑃0

(

)
)

As the outflow coefficient is calculated, the initial gas release rate is calculated from equation (8).
(𝜆+1)

𝑄𝑔𝑎𝑠

2 (𝜆−1)
= 𝐶𝑑 · 𝐴ℎ · Ψ · √(𝜌0𝑔 · 𝑃0 · 𝜆 · (
)
)
𝜆+1

(8)

Where:
Qgas = Initial mass flow rate [kg/s]
Cd = Discharge coefficient [-]
Ah = Cross sectional area hole [m2]
𝛹 = Outflow coefficient [-]
𝜌0𝑔 = Initial gas density [kg/m3]
P0 = Initial gas pressure [Pa]
Pa = Atmospheric pressure [Pa]
𝜆 = Heat capacity ratio [-]

3.3.2 Initial liquid release rate
As well as the gas release rate, the liquid release rate is also mainly dependent on the size of the hole
and the pressure inside the equipment (Spouge, 1999, p. 85). The approach to calculating the liquid
release rate is adopted from John Spouge (Spouge, 1999, p. (Appendix IV.8)) and is presented in
Equation (9).
𝑄𝐿𝑖𝑞 = 𝐶𝐷 · 𝐴 · √2 · 𝜌𝐿 · [(𝑃0 − 𝑃𝑎 ) + 𝜌𝐿 · 𝑔 · ℎ]

(9)

Where:
QLiq = Initial mass flow [kg/s]
CD = Discharge coefficient [-]
𝜌𝐿 = Initial liquid density [kg/m3]
P0 = Initial pressure of liquid [Pa]
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Pa = Atmospheric pressure [Pa]
g = Gravitational acceleration factor [m/s2]
h= height of liquid surface above hole [m]

3.3.3 Jet flame length
The length of the jet flame is calculated from a correlation presented by (OGP, 2010, p. 14). The
correlation is depending on the mass release rate and is presented in Equation (10) but is only
calculated as information and is not included in the risk calculation.
𝐿𝐽𝑒𝑡 = 18.5 · 𝑄 0.41

(10)

Where:
LJet =Jet flame length [m]
Q = Mass release rate [kg/s]

3.3.4 Heat radiation length
The thermal radiation impact on humans mainly depend on the intensity and exposure time. It is
measured in kW/m2 and is separated into three different impact zones (Spouge, 1999, p. V.10). The
intensity zones are categorized as 5/12.5/37.5 kW/m2 with matching pain thresholds for the exposed
skin as 15/4/0 seconds, respectively. At heat radiation below 37.5 kW/m2, people have time to get
away from the source unlike thermal radiation levels above 37.5 kW/m2, which are defined as an
immediate fatality. Therefore, the 37.5 kW/m2 zone is the dimensioning zone for fatalities due to jet
fire consequences. The lethal length of a jet fire is calculated in Equation (11) presented by (OGP,
2010, p. 14).

𝐿𝐽𝑒𝑡 37.5 = 13.37 · 𝑄 0.447

(11)

Where:
LJet 37.5 = Jet 37.5 kW/m2 heat radiation length [m]
Q = Mass release rate [kg/s]
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3.3.5 Jet 37.5 kW radiation volume
The total radiation volume of a jet fire is calculated in Equation (12) and is used to compute the
fatality factor of a jet fire in a given area (Spouge, 1999, p. (Appendix IV.27)).
∇𝑉37.5 = 379 · 𝑄1.34

(12)

Where:
𝛻𝑉37.5 = Lethal volume [m3]
Q = Mass release rate at time of ignition [kg/s]

3.3.6 Pool fire area
Equation (13) calculates the diameter of an ignited liquid pool from a liquid release. The diameter is
used to calculate the fatality factor of a pool fire in the model and assumes 100% fatality, if a person
has physical contact with the burning pool. The calculation is derived from (Spouge, 1999, p.
(Appendix IV.31)).
4·𝑄
𝐷=√
𝜋·𝑏

(13)

Where:
D = Pool diameter [m]
Q = Release rate [kg/s]
b = Burning rate [kg/m2s]

3.3.7 Flash fire volume
Equation (14) describes the approximation for calculating the volume of a flash fire. The equation is
derived from (Spouge, 1999, p. (Appendix IV.47)).
∇𝑐 = 2.0 · 𝑄1.53

(14)

Where:
𝛻𝑐 = Flammable cloud volume [m3]
Q = Mass release rate [kg/s]

41 | P a g e

January 9th 2018

RISK4-13-E17

Aalborg University - Esbjerg

3.4 Evacuation and escape modelling
The human response to a hydrocarbon release is a complex and uncertain process to model
quantitatively without simplification. Human behaviour, prediction of hydrocarbon event location
and escalation of hydrocarbon events make every scenario unique. The different fatality risks
associated with the EER modelling are separated into different parts in time and space and are defined
by Vinnem as (Vinnem, 2014, p. 28):
 Immediate fatalities
 Escape fatalities
 Evacuation and rescue fatalities
Only the immediate and escape fatalities are covered within this project, since they relate directly to
the hydrocarbon events. The immediate fatalities are covered by the interval denoted by T1 and refer
to fatalities, which happen immediately after a hydrocarbon event and up to a given point in time, i.e.
0-120 seconds. The escape fatalities are covered by the interval T2 and refer to fatalities, which
happen, when personnel move from the workplaces to the MMA. T2 starts, when a person leaves his
or her initial area and ends, when all personnel have entered the MMA or temporary refuge areas on
the installation. The last interval considered within this project is the T3, which starts when all
personnel have entered the MMA and ends when all personnel have successfully abandoned the
installation.
Manning information within each time step is also a part of the PLL calculation in Equation (2)
as 𝑀(𝑡, 𝑝) and is calculated for each process section and each time step after the initial event occurs.
The deterministic QRA model needs information about T1 and T2 for each area and time step, when
a person enters a new area on their way to the MMA. A matrix stores the information of the manning
in each time step and is used in the risk calculation (2) and (3). The full manning matrix is presented
in the model on the sheet “Manning”, but a generic example of the structure of the matrix is presented
in Table 10 below.
Time interval
Duration [s]
Cumulative time from
initiating event [s]
Area
Initial
manning
Tag
Name
AA
Area1
1
AB
Area 2
3
AC
Area 3
2
MMA
Muster
0
Area

T1
120

30

30

30

T2
30

30

30

T3
30

120

150

180

210

240

270

300

330

AA
AB
AC

MMA
AA
AB

MMA
AA
AB

MMA
AA
AB

MMA
AA
AA

MMA
MMA
AA

MMA
MMA
AA

MMA
MMA
MMA

MMA

MMA

MMA

MMA

MMA

MMA

MMA

MMA

Table 10 Time matrix example

The italic words contain the variable cells and depend on the offshore installation and the approach
used to assess the evacuation and will be discussed in chapter 4. The red cells contain the name and
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tag for each area at the installation. Blue cells are the initial manning in each area. Yellow cells define
the time within each time step in T1, T2, and T3, respectively, and the cumulative time elapsed from
the start of the release. The green cells are the route mapping for each area per time step, as the
personnel are moving from their initial location towards the MMA.
When the model is started, the code converts the green area into numbers counting the number of
personnel in each area within each time step. The different methods for assessing the manning
distribution in the matrix are covered in chapter 4, where computational crowd simulations and
ordinary methods for assessing the manning distribution over time, i.e. (green and yellow cells), are
elaborated.

3.5 Model characteristics
Now that all the main parts of the model are explained theoretically, the last part of this chapter
elaborates on, how the model is constructed by describing interfaces, input and output and the
algorithm that is the central part of the model.
The development of the hydrocarbon QRA model is performed in the programming language VBA
from Microsoft and utilizes Excel as a host program. The model uses Excel as the interface for input
and output communication with the user. The modelling is carried out in VBA code and will not be
necessary for the user to access when using the model. Appendix C contains pictures of the
deterministic QRA model for a better understanding of the layout in excel. Figure 20 shows the
connection between the user input, VBA and output.

Figure 20 QRA model interfaces

The input data is a wide range of data about liquid and gas properties, geometry, manning etc. and is
necessary for the model to provide a realistic result. A full list of the required input data is presented
in Table 11.
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User input
 Process streams
 Representative hole sizes
 Pressure
 Release frequency information per hole
size
 Temperature
 Manning rotation
 Compressibility factor
 Manning distribution
 Molar weight
 T1
 Liquid density
 T2
 Areas
 T3
 Geometry
 Process sections
 Max pool fire area
 Process stream ID
 Ignition probability lookup
correlations
 Area ID
Table 11 QRA model input parameters

The output data contains information about the risk contribution of individual areas and process
sections in respect to PLL and LSHIR along with fatality factors and consequence dimensions. Table
12 presents all output data for a better overview of the model capabilities.
User output
 Area information
 Process section information (per hole
size)
 LSHIR
 LSHIR in T1, T2, T3,
 LSHIR in T1, T2, T3, total
total
 PLL in T1, T2, T3, total
 PLL
 Consequence specific LSHIR
 PLL in T1, T2, T3, total
 Ignition probability in T1, T2,
 Global parameters
T3, total
 Pressure, temperature etc.
 Jet fire, pool fire and flash fire
consequences
 Size (m, m2, m3)
 Fatality factor
Table 12 QRA model output parameters
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3.6 Computational model algorithm
The VBA algorithm is the central part of the model and is the part that calculates the output by treating
the input in a certain way. Figure 21 is a flowchart representation of the algorithm, which is triggered
by a custom-made button in Excel. The algorithm has three main steps starting by loading the user
input from the excel spreadsheet. When all data is loaded, all calculations are handled in “Run
deterministic QRA model” flowchart connector. The last step of the algorithm is to write all relevant
output back into the output sheets in excel.

Figure 21 Deterministic QRA model algorithm - General overview

A detailed flowchart of the “Run deterministic QRA model” part of the algorithm in Figure 21 is
presented in Figure 22 and starts by loading the initial conditions. After the initial conditions are
loaded, the algorithm enters three nested loops. The loops are a time (t) loop, a hole size (h) loop and
a process section (p) loop, respectively. Inside the loops, several steps calculate and determine:
1.
2.
3.
4.
5.
6.

Whether the fluid is gas or liquid
Consequence calculations, i.e. jet fire, pool fire and flash sizes (m, m2, m3) and fatality factor
Ignition probability
The event distribution
The PLL
The LSHIR

The time (t) loop is the inner loop iterating the steps 1-6 from above for each time step. The time step
resolution is depending on the time, it takes for the persons on the installation to enter a new area.
Every time a person enters another area, the risk picture is changing. Therefore, the time (t) loop
repeats itself, until all persons have reached the MMA in T3. A manning matrix is developed to store
the manning information in the time steps and will be further discussed in chapter 4.
The next loop is the hole size (h) loop, which iterates the time (t) loop for every representative hole
size. A change in hole size causes the mass outflow of the leaks to change, which influences the risk.
When all risk contributions from the different hole sizes are calculated, the process section (p) loop
iterates the hole size (h) loop (which includes the time (t) loop) for each process section at the
installation. When the risk contribution from all process sections are calculated, the algorithm
continues to calculate the PLL and LSHIR from the area specific perspective and the overall platform
PLL.
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Figure 22 “Run deterministic QRA model algorithm”
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4
Computational crowd
Simulation
Conventional methods for estimating and calculating the time in T2 are based on the relation between
distance and speed in a simplified manner. Deterministic assumptions about speed for horizontal
movement, movement on stairs and distance estimations from drawings are used to estimate the
desired time resolution in each time step, and how many time steps it takes to pass each area (for
generic reference drawing, see Table 10). This thesis proposes an alternative approach for a better
and more precise estimation of the mustering time in T2. Using 3D computer models in the state of
the art computational evacuation simulation software for less conservative and more realistic
mustering times could be an alternative to the traditional approach, DES and cellular automaton. The
computational evacuation simulation software program used for this project is Pathfinder from
Thunderhead Engineering (TH-ENG, 2017).

4.1 Model characteristics
Pathfinder is an agent-based crowd simulation software with two simulation modes (Steering and
SFPE). It uses a 2D triangular navigation mesh to create a waypoint path and utilizes an A* search
algorithm to model distance and heuristics. The software program is capable of making “partial
behaviour”, i.e. calculate movement, individual goals and tasks, incorporating effects from smoke,
advanced disability modelling etc. and using 2D and 3D drawings, which can be imported from Revit,
AutoCAD a.o. The output data is a detailed dataset providing information on speed, density and flow
rates for doors, rooms, and stairs per agent.
As a part of Pathfinders development, Thunderhead Engineering has developed a sophisticated
validation and verification report to analyze the software’s performance. Their validation and
verification report covers; validation against other models, the literature on past experiments, fire
drills and other trials and codes (Hurley M. J., 2016, p. 2160). Additionally, several scientific articles
have tested the performance of different crowd simulation models, e.g. (Ronchi & Nilsson, 2013),
(Spearpoint, 2012) and (Colonna, Berloco, & Ronchi, 2012). In fact, (Colonna, Berloco, & Ronchi,
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2012, p. 2) states that Pathfinder is among the most used software tools within evacuation modelling,
which supports the choice of Pathfinder as an accurate and reliable crowd simulator for quantitative
estimation of mustering times.

4.2 Primary muster scenario
A primary mustering scenario functions as the foundation for testing the deterministic QRA model
and serves the purpose of generating the best estimate for the T2 time step matrix. The scenario
follows the timeline presented in Figure 23 and is starting with a loss of containment, i.e. hydrocarbon
release. ∆𝑡𝑑𝑒𝑡 is the first part of T1 and is the time it takes before the release is detected. When the
release is detected, an investigation must determine, whether the muster alarm should be activated or
not. If the muster alarm is activated, the next time step ∆𝑡𝑤𝑎𝑟𝑛 is depending on, what each person is
doing. Some may be resting, while others are working (maybe even performing hot work, i.e.
welding), which results in different ∆𝑡𝑤𝑎𝑟𝑛 . Personnel, who are working, must make their workplace
safe before the mustering can start, and people who are resting need time to wake up and get properly
suited. A T1 time (∆𝑡𝑑𝑒𝑡 + ∆𝑡𝑤𝑎𝑟𝑛 ) based on typically modelled muster times is proposed by (Spouge,
1999, p. Appendix VI.10) as being 120 seconds. Of course, this is a theoretical assumption, since
each person on the offshore installation will deviate depending on his or her initial condition.

Figure 23 Muster time definition

∆𝑡𝑚𝑢𝑠𝑡𝑒𝑟 is the time it takes to muster and makes up the T2. The T2 is a conservative simulation
testing the longest mustering time as possible for each area. The generic 3D platform presented in
chapter 3 is imported as a DWG file in Pathfinder. A 2D navigation mesh is created in Pathfinder,
and the occupants are placed on the 2D surface. Figure 24 shows the navigation mesh in pathfinder
for the entire installation, and Figures 25, 26 and 27 are close-up illustrations of the navigation mesh
and the occupants loaded on the 2D surface. The input values for the scenario are deterministic with
a maximum walking speed of 1.3 m/s assuming that all persons offshore are adults with a good health
(Swee & Yaping, 2008, p. 189). The simulation model used for this scenario is Steering.
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Figure 24 Pathfinder 3D drawing - Full installation view

Figure 25 Pathfinder 3D drawing - accommodation platform

Figure 26 Pathfinder 3D drawing Wellhead platform

Figure 27 Pathfinder 3D drawing - Process platform
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4.3 Muster simulation output
The most important Pathfinder data has been gathered and simplified in Appendix E and further
simplified and presented in Tables 13 and 14 to give an idea of the distance and time when mustering
on a bridge-linked offshore installation. The muster time in Appendix E, Table 13 and 14 includes
the time from a loss of containment, the time in T1 (120 s) and the time in T2.
Platform index
Area tag name
Muster time [s]
Total T2 distance [m]

Platform A
MMA
0
0

AA
165
44

Bridge
AH
187
65

AB
229
136

BC
348
288

Table 13 Muster simulation output 1

Platform index
Area tag name
Muster time [s]
Total T2 distance [m]

BPM
262
178

BPU
289
201

Platform B
BR
BUC
308
245
218
155

BUM
264
175

BUU
291
203

Platform C
CC
CW
CR
360
373
398
304
316
342

Table 14 Muster simulation output 2

Table 15 is the output matrix generated from the simulated data in Appendix C. The first step is to
determine the duration of each time step. When the time step interval is determined, a reproduction
of the road mapping for each area in T2 is carried out. The matrix is located in the manning sheet of
the QRA model and has a corresponding sheet called “Manning_output”, where the input matrix is
converted to numbers, which are showing the distribution of persons in each time step. The matrix
from the “Manning_output” sheet in the QRA model is presented in Appendix C.
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Table 15 QRA model manning matrix
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4.4 Scenario Evaluation
Further development of alternative muster scenarios, alternative personnel distribution scenarios etc.
could be made to investigate, how different hydrocarbon scenarios could influence the mustering
process. Given a release and ignition, the primary walkways could be blocked and forcing the
personnel to find alternative routes. This chapter presents a transparent way of calculating muster
times compared to subjective engineering judgement estimates. The use of computational crowd
simulation makes it easy to develop a wide range of scenarios and gives a visual benefit, when the
area risk is calculated. Additionally, the T2 risk contribution is small compared to T1, which is
important when evaluating the time spent on developing sophisticated 3D models and acquiring the
knowledge to use commercial software, e.g. Pathfinder. Nevertheless, the technological development
and the prevalence of 3D models, when new installations and buildings are developed, do justify the
use of computational crowd simulations, since the time-consuming part of this was to develop a
representative 3D model. The time steps in the matrix are set to 15 seconds but could be upgraded to
consider a time resolution of 1, 2 or 5 seconds to provide a more detailed result. Pathfinder can print
Comma Separated Values (CSV) as output files in excel at time frames smaller than 1 second, if a
higher time resolution is desired.
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5
Monte Carlo QRA model design
This chapter presents a model, which is a further development of the deterministic QRA model
presented in chapter 3. The model is developed in the same environment as the deterministic QRA
model, i.e. Excel and VBA. While the deterministic QRA model represents a simplified version of
the Danish industry standard approach, this MC QRA model provides a probabilistic alternative that
explores the opportunities, when sophisticated statistical tools are applied.
The MC QRA model uses interval probabilities as an uncertainty measure to cope with some of the
epistemic uncertainty in traditional QRA models. The motivation for using intervals is based on the
hypothesis that better utilization of expert’s belief and knowledge through intervals result in a better
realization of the input parameters’ influence and thus improves the basis for decision-making.
As an alternative to the single value approach, an interval approach is available, which requires more
than one iteration to test all results within the declared interval. It can be applied in a discrete and a
continuous fashion. If the interval is defined as a set of discrete numbers, i.e. 1, 2 or 3 for one single
parameter, the model will need three iterations to test all three output scenarios. If the number of
parameters is increased to, e.g. three parameters, each with five discrete numbers (1, 2, 3, 4, 5), the
amount of manual model iterations needed is 125 (5*5*5). This is a time-consuming and slow
process, which is impossible to carry out manually, if the interval was represented by a continuous
distribution function instead of a set of predefined discrete numbers. However, tools for making
multiple iterations are available and can be applied to relieve this process. One of the most popular
techniques is the MC simulation method.
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5.1 Monte Carlo Simulation methodology
An MC simulation method is a procedure containing a set of steps that are repeated multiple times,
i.e. a loop and include randomness to generate results (Thomopoulos, 2013, p. 1). The procedure used
for developing the algorithm within this project follows the basic idea from the four steps below
(Aven, Baraldi, Flage, & Zio, 2014):
1. Set n = 1
2. Generate random variates from distribution functions (x1,…,xn) for input parameter
(X1,….,Xn)
3. Calculate corresponding output values (z1,…,zn) for output parameter (Z1,….,Zn)
4. Check whether n = the desired number of iterations. If not, n= n + 1 and repeat the procedure,
else stop.
The random variates in the second step of the MCS procedure above depend on the chosen continuous
distribution function and the random number generator used to pick the sample from the distribution.
For this model, VBA’s own pseudo-random number generator function (Rnd (or RAND() in Excel))
is used to generate the random numbers. The Rnd function follows the standard uniform distribution
in the interval U(0, 1). Using the Rnd is sufficient for generating pseudo-random numbers for this
model, since the cycle of the Rnd and RAND contain more than 1013 numbers (Microsoft, 2017).

5.2 Continuous distribution functions
A description of specific input parameters in the model by continuous intervals, i.e. a probabilistic
approach, relies on a set of continuous distribution functions, which reproduce each input variable as
good as possible. To test the model's capabilities, five different continuous distribution functions with
different characteristics have been implemented in the MC QRA model. They serve as a
representative selection for reproduction of uncertainty and sensitivity testing. The implemented
continuous distribution functions are:






Normal distribution (Unbounded)
Weibull distribution (Left bounded)
Uniform distribution (Both bounded)
Triangle distribution (Both bounded)
Pert distribution (Both bounded)

Graphical illustrations of the distributions are compiled in Appendix F for a better understanding of
their characteristics and shapes.
Whether a distribution is unbounded, left bounded, right bounded or both bounded is very important,
when the expert using the model tries to reproduce his or her belief or seeks to describe uncertainty
in the MC QRA model.
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5.3 Random sampling from continuous
distribution functions
The method used to sample from a continuous distribution is the inverse transform method. The
method uses the Cumulative Distribution Function (CDF) of the desired continuous distribution
function and the random number generated from the Rnd function in VBA to pick random samples
from the CDF. Figure 28 shows the principle behind the inverse transform method (Enrico, 2013, p.
23).

Figure 28 Inverse transform method

The sampling starts by generating a random number (R) from the Rnd function in VBA. Due to the
characteristics of the Rnd function (i.e. value between 0 and 1), the random number is equal to the
cumulative probability of the uniform CDF (U(r)). The y-axis value from the uniform CDF represents
the corresponding y-axis value for the desired CDF as explained in Equation (15).
𝑈(𝑅) = 𝐹(𝑥)

(15)

The X value calculated from the y-axis value corresponds to a random variate from the desired CDF
for a given parameter. However, since the slope of the standard uniform CDF is 1 and the y-intercept
is 0 in figure 28, the sample generated with Rnd in VBA can be used directly as the y-axis value for
the desired CDF in practice.

5.4 Monte Carlo Simulation input parameters
A selection of critical parameters for the MC QRA model is essential to show the capabilities of the
model and to test for sensitivity. The critical parameters are selected from the deterministic QRA
model and are based on parameters with high epistemic uncertainty and high influence on the output
results, i.e. PLL and LSHIR. The parameters chosen are:
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 Pressure in process streams
 Representative hole sizes
 Event distribution for gas and liquid
Treating the pressure in process streams as a static number is a simplification, since the pressure will
deviate within a certain interval. How much or how often is unknown, however, the MC QRA model
can test this deviation and the impact on the risk.
The representative hole size parameter contains a significant amount of epistemic uncertainty. The
uncertainty is generated from an idealization of the shape of the hole, an increasing uncertainty, as
the hole size increases (factor 3 to 10), and the fact that the deterministic QRA model uses
representative hole sizes (from intervals).
The event distribution is a two-sided parameter, which is determining the probability distribution of
the resulting event for gas and liquid releases, respectively. This distribution is based on historical
events and is highly dependent on time, space and the manning.

5.5 Excel input interface
Table 16 shows the Excel interface, where the parameter in/exclusion, distribution selection and
distribution parameters are declared for the pressure and hole size parameters. The in/exclusion
column can either be set to “Yes” or “No” and determined from a list when selecting the cell.
Likewise, the in/exclusion column and the “distribution selections” column provide a list, when the
cell is selected with the different distributions presented in section 5.2. When a distribution is selected
for a parameter, the characteristics can be typed in for that specific distribution.
This way of defining in/exclusion and distribution selection gives the user total control over the
scenario, he or she wishes to test. The setup can be almost entirely probabilistic or narrowed to only
test one single parameter’s influence on the output by intervals. Chapter 7 goes into detail with the
modelling of scenarios and gives detailed examples of the modelling opportunities.
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Table 16 MC QRA model input interface
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5.6 Monte Carlo QRA model algorithm
After filling in the Excel MC input interface, the algorithm can be triggered by pressing the “Calculate
- MC” button. The button starts the algorithm located in figure 29 in VBA by loading the input from
the deterministic QRA model in section 3.6 and by loading the input from the MC input interface.

Figure 29 MC QRA algorithm - General overview

The main part of the algorithm is the connector (Run MC QRA model), which runs the MC QRA
model, i.e. all calculations. When the calculations are finished, the VBA code prints the results from
the output arrays back into Excel in the “MC Output” sheet. The “Run MC QRA model” part from
figure 29 is presented in detail in figure 30. Additionally, the important part of the “Run MC QRA
model” algorithm from figure 30 is provided in Appendix G to give additional insight in the code.

Figure 30 "Run MC QRA model” algorithm

The algorithm in figure 30 starts by loading initial conditions followed by the sample generation
process. When all relevant samples are generated from the user-defined continuous distribution
functions, the calculation part of the deterministic QRA model algorithm, which is presented earlier
in the project in figure 22, starts. The only change in the deterministic QRA model algorithm is that
the sample generation process has overwritten and defined new values for some variables depending
on the in/exclusion criteria from the “MC input” Excel sheet (layout example in Table 16 ). When the
“Run Deterministic QRA model” step is calculated, the essential output values, e.g. PLL, LSHIR,
Pressure, Hole Sizes, etc. are stored in a dedicated output array, all other variables except the output
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array are then reset. The last step of the algorithm is to check, whether the iteration number is equal
to the user-defined iteration number. If not, the n is increased by one, and the next MC iteration is
started.
Figure 31 contains the sample generation process for simplification of the flowcharts. The flowchart
is a generic drawing and is programmed for all parameters (pressure, hole sizes, event distribution)
The j loop is the number of variables within each parameter, i.e. three variables for the hole size
parameter (compare with Table 16). The in/exclusion parameter check determines, whether a new
sample is generated, or whether the initial loaded value from the deterministic QRA model algorithm
is used. If the in/exclusions parameter is “Yes” for the jth variable in the parameter, the algorithm
selects the user-defined continuous distribution function and generates a sample from the inverse
transform method. The generated sample is stored in the original variable in the deterministic QRA
model algorithm and thereby overwrites the initial value with the random sample.

Figure 31 MC QRA model "sample generation" algorithm
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6
Model verification and
validation
In this chapter, validation and verification techniques are applied to assess the applicability,
robustness and performance of the QRA models presented in chapters 3 and 5. The purpose of the
verification part is to assess, whether the model is doing, as it is supposed to do, i.e. is the algorithm
calculating as intended. The validation part does on the other hand consider the degree of
isomorphism between the model and the reference/real system, i.e. how good the model represents
the reference/real system.
Validation and verification is an essential part of the model development process but is difficult to
standardize in that each model is different (Sargent, 2011, p. 194). Which techniques to use, what
scenarios to develop, and how accurate the results should be, before the model passes the validation
and verification process is somehow subjective and difficult to decide on. However, this project
exploits the concept presented by Sargent (Sargent, 2011, p. 186) to describe the relationship between
the conceptual model, the computerized model, and the reference system (figure 32). The conceptual
model validation will not be described further, since this part has already been elaborated as a part of
the problem analysis (chapter 1). At this point, an analysis of the computerized model validation, and
the operational validation needs to be carried out for both the deterministic QRA model as well as the
probabilistic QRA model.

Figure 32 Validation and verification method (Sargent, 2011, p. 186)
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6.1 Deterministic QRA model
6.1.1 Static one-step analysis
The first part deals with the computerized model verification to ensure that the algorithm is
calculating correctly. The best way to check the algorithm is to use a static test called “a structured
walkthrough”. The test is carried out by making calculations by hand and comparing the results
against the model results. This kind of verification is a powerful tool to avoid a “black box”.
Additionally, making the static walkthrough calculations before the dynamic tests automatically
avoids a situation, where fundamental calculation syntax errors are discovered late in the process.
Since the model considers two different fluids, i.e. gas and liquid, the analysis needs to be carried out
for both a gas example and a liquid example. To do so, a selection of two process sections (P9 and
P10) with different fluid makes up the foundation for the analysis (the two process sections are located
in Appendix H). The result from the static one-step analysis reveals that the manual calculation is in
accordance with the algorithm.
However, a single test cannot make it a sufficient verification of the model; therefore, additional
dynamic tests are carried out for the deterministic QRA model.

6.1.2 Operational validation
Now that the algorithm is tested for mistakes in the equations, it can be compared to the reference
system. The reference system used for the operation validation tests is Ramboll's own Hydrocarbon
QRA model, which is considered as a representative reference program. Since this project’s model is
developed as a proof of concepts, several assumptions may influence the result, when it is compared
with a fully developed hydrocarbon QRA program. Additionally, the comparison is only made for
one area part on the offshore installation to keep the selected offshore installation for the test
untraceable. It is expected that the reference system produces a higher PLL risk due to this project’s
model assumptions. The methodology for the operational validation test follows the steps below:
1. Select a representative offshore installation in the reference system (Ramboll model)
2. Copy input parameters from the reference program into the deterministic QRA model (To give
both programs the same initial conditions)
3. Run both programs
4. Compare results
The results identify a deviation in the calculated PLLs between the model and the reference system
(Table 17).
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2.22E-01
7.66E-03

Deterministic QRA
model
1.64E-01
1.15E-03
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Deviation
5.79E-02
6.51E-03

Deviating
ratio
1.35
6.64

Table 17 Operational validation test

The results agree with the hypothesis that the reference system should calculate a higher PLL than
the deterministic QRA model. The deviation is most significant in T2, which is due to the assumptions
in the deterministic QRA model about secondary area risk contribution, escalation etc. Additional
assumptions that influence the results can be found in chapter 3.

6.1.3 Parameter variability
The next part of the verification and validation is to make dynamic tests (Sargent, 2011, p. 189).
These tests consist of a parameter manipulation to investigate, how the algorithm reacts, when
extreme and unexpected combinations of input variables are simulated. The dynamic tests are
developed as a two-sided test, i.e. they do both verify and validate. The verification part is testing,
how the algorithm is handling the change in parameters, likewise the static walkthrough and the
validation part is added by making the same parameter variability test on the reference system. If
there is a correlation between, how the deterministic QRA model and the reference system react on
the parameter manipulation, the behaviour of the deterministic model is considered as validated. The
methodology for the parameter variability test is as follows:
1. Select a representative offshore installation in the reference system (Ramboll model)
2. Copy input parameters from the reference program into the deterministic QRA model (to give
both programs the same initial conditions)
3. Determine a set of upscale parameters for the test
4. Multiply the desired manipulation parameter with the upscaling parameter
5. Run both programs
6. Write down the PLL output from the simulation
7. Go back to step 4 and take the next upscaling parameter. If all upscaling parameters are
tested, go to step 8.
8. Make proper post-processing (graphical, tables etc.)
The chapter presents only one parameter variability test to show the principles. Additional tests on
both extreme conditions and for continuity are compiled in Appendix H.
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6.1.3.1 Extreme condition test
This test upscales a single parameter to determine, how the target model is behaving. The goal is to
test, whether there are significant deflections in the output parameter (PLL). The results are
presented in Table 18 and Figure 33.
Upscaling parameter
PLL
[per 100 year]

Manning Reference system
Manning QRA Model

1

10

50

100

500

1000

0.222

2.223

11.116

22.233

111.16

222.330

0.164

1.641

8.205

16.410

82.051

164.102

Table 18 Extreme condition output

At first glance, the results agree with the prior results in the operational variability test, where higher
PLL values were identified in the reference system. Additionally, figure 33 shows, how an R2 value
on 1 for the extreme condition concludes that no large deflections occur, when large unexpected
scenarios are simulated. The deterministic QRA model and the reference system do behave equally,
when an upscaling of the manning is presented. However, Appendix H shows other examples, where
the R2 is less than 1, but this is due to the test variable, which in the Appendix has a non-linear
influence on the output risk. Still, there are no significant deflections in the results.
250
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Linear (Manning - RAMFEM)

Manning - QRA Model
Linear (Manning - QRA Model)

Figure 33 Extreme condition results
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6.2 Monte Carlo QRA model
It is essential to test the MC algorithm, and especially how it picks samples from a distribution.
Likewise, the parameter variability in the previous section, both the computerized model verification
and the operational validation, can be tested using a single test. While the deterministic part of the
model is tested by applying more or less subjective approaches, i.e. comparison to other models,
extreme condition test, structured walkthrough etc., the MC part is tested by applying an objective
approach. Sargent recommends statistical tests such as confidence intervals and hypothesis testing
for comparisons between the model and a representative reference system (Sargent, 2011). The
reference system used for comparison is the Excel Add-on ModelRisk5 (Vose, 2017), which is a state
of the art risk analysis tool for statistical analysis. It can make MC simulations inside Excel and is
ideal for testing against this project’s MC algorithm. Also, the Kolmogorov Smirnov Two-sample
test is chosen as the method for testing the algorithm (Corder & Foreman, 2014, p. 80). The method
is very flexible and can be used to test for independence between samples and as a goodness of fit
test.
The methodology for testing the MC algorithm is as following:
1. Pick a distribution among the available distributions in the MC QRA model
2. Run 100,000 simulations with the selected distribution in ModelRisk and with the MC QRA
model
3. Compare the results by listing them in ascending order in a graph
4. If all 5 distributions are simulated, go to 5, else go to step 1
5. Select the distribution that has the largest subjective fit uncertainty
6. Perform Kolmogorov Smirnov Two-sample test on the selected distribution
The result of performing steps one to five shows that the both-bounded distributions, i.e. Triangle,
PERT and Uniform fit very well to the distributions in ModelRisk. A graphical illustration of the
both-bounded distributions (U(0,1), TR(0,1,2), PERT(0,1,2)) is given in Appendix F. However, since
the Weibull distribution used for the test is 𝑊𝑒(1,1) ∈ 𝑥: (0, +∞) (left bounded) and the Normal
distribution used is 𝑁(1,0) ∈ 𝑥: (−∞, +∞) (unbounded), their range for picking samples is infinite,
which results in deviations at the extreme values. Therefore, both distributions are selected for the
Kolmogorov Smirnov Two-sample test.

6.2.1 Kolmogorov Smirnov Two-sample Test
While the Two-sample test for the Normal distribution is performed here in this section, the Twosample test for the Weibull distribution fit is presented in Appendix I to avoid a repetition of the
method.
Figure 34 presents the fit between the ModelRisk algorithm and this project’s own MC algorithm for
the normal distribution. If the Two-sample tests result in a fit for both the Normal distribution and the
Weibull distribution, this project’s MC Algorithm is considered as verified and validated.
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Figure 34 Normal distribution (Modelrisk and Own MC algorithm)

The null and alternative hypothesis for the Two-sample test is based on the two independent samples
X (own algorithm samples) and Y (ModelRisk algorithm samples) and their relationship. The level
of significance related to the null hypothesis is (𝛼 = 0.01)
H0 = The sample sets X and Y come from a common distribution, i.e. 𝐹(𝑥𝑖 ) = 𝐺(𝑦𝑖 )
H1 = The sample sets X and Y do not come from a common distribution, i.e. 𝐹(𝑥𝑖 ) ≠ 𝐺(𝑦𝑖 )
Table 19 contains the first part of the Two-sample test calculations and starts by creating a set of bins
to structure the samples. The bins are subjectively chosen but must cover the whole sample range, i.e.
𝑥: (−∞, +∞). The proportion of each bin is calculated (xi and yi) from the Xi and Yi and is used to
calculate the F(xi) and G(yi), which are the cumulative distributions of the samples for each bin. The
D is the divergence between F(xi) and G(yi) in absolute values and is used to calculate the Kolmogorov
Smirnov test statistic Z presented in Equation (16).
Bins
(i)

Bin
interval

1
2
3
4
5
6
7
8
9
10

]-,-4]
]-4,-3]
]-3,-2]
]-2,-1]
]-1,0]
]0,1]
]1,2]
]2,3]
]3,4]
]4, [
Sum = n

Xi
Own
algorithm
7
130
2265
13563
34190
33961
13678
2074
129
3
105

Yi
Model
risk
0
131
2126
13664
34244
34004
13489
2224
115
3

xi
=
(Xi/n)
0.00007
0.00130
0.02265
0.13563
0.34190
0.33961
0.13678
0.02074
0.00129
0.00003

yi
=
(Yi/n)
0
0.00131
0.02126
0.13664
0.34244
0.34004
0.13489
0.02224
0.00115
0.00003

F(xi)

G(yj)

0.00007
0.00137
0.02402
0.15965
0.50155
0.84116
0.97794
0.99868
0.99997
1

0
0.00131
0.02257
0.15921
0.50165
0.84169
0.97658
0.99882
0.99997
1

D
=
F(xi)-G(yj)
7.00E-05
6.00E-05
1.45E-03
4.40E-04
1.00E-04
5.30E-04
1.36E-03
1.40E-04
0
0

105

Table 19 Kolmogorov Smirnov two-sample test - divergence calculation
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The Kolmogorov Smirnov test statistic Z (Equation 16) is used to determine the interval for which
probability estimate p to use in equation 18. nx and ny is the total number of samples for sample X and
Y, respectively, from Table 19.
𝑍 = 𝑚𝑎𝑥{𝐷} · √

𝑛𝑋 · 𝑛𝑌
𝑛𝑋 + 𝑛𝑌

(16)

Where:
D = Divergence parameter
nx = sample sum of X
ny = sample sum of Y
Depending on the value of Z, the computation of parameter Q (Equation 17) is necessary to compute
the probability estimate p.
𝑄 = 𝑒 −1.233701·𝑍

−2

𝑝 = 1,

(17)
𝑖𝑓 0 ≤ 𝑍 < 0.27

2.056628
𝑝=1−
· (𝑄 + 𝑄 9 + 𝑄 25 ),
𝑝=
𝑍
𝑝 = 2 · (𝑄 − 𝑄 4 + 𝑄 9 − 𝑄16 ),
{ 𝑝 = 0,

𝑖𝑓 0.27 ≤ 𝑍 < 1

(18)

𝑖𝑓 1 ≤ 𝑍 < 3.1
𝑖𝑓 𝑍 ≥ 3.1

The results from Equations 16, 17, and 18 are compiled in Table 20 showing a Z value, which requires
a Q value to compute the p-value.
Z
0.32422986

Q
8.0041E-06

p
0.999938

Table 20 Kolmogorov Smirnov two-sample test results

Since the p-value in Table 20 is higher than the level of significance 𝛼 = 0.01, the Two-sample test
fails to reject the null hypothesis. Therefore, the two sample sets belong to the same distribution
function. Appendix I contains the Kolmogorov-Smirnov Two-sample test for the Weibull
distribution, which also failed to reject the null hypothesis. Therefore, the MC algorithm is considered
as verified and validated.
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7
Case study
The models have now been validated and verified and will now be brought into play for several case
specific performance studies. The main idea of making a case study is to demonstrate the primary
capabilities and limitations of the MC QRA model at the current stage of the development. Ordinary,
extreme and complex combinations of the parameters are modelled to give an illustrative and an indepth view of the output. The parameter combinations are separated into different scenarios to keep
a regular structure of the chapter and thus have precise divisions for later references. Five different
scenarios are scrutinized and each follows the same methodology:
1.
2.
3.
4.

Define variable input parameter
State the expectation and rationale
Make simulation
Present results

An overview of the scenarios is provided in Table 21.
Scenario index
1
2
3
4

Test parameter
Representative hole size
Event probability
Pressure
All parameters

Distribution
PERT
Triangle
Normal
PERT, Triangle, Normal

Table 21 Case study setup

Each result from the MC QRA model is weighted against the deterministic QRA model calculation
to reveal the differences between the two model concepts.
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7.1 Scenario 1
7.1.1 Input parameter and rationale
The first scenario is testing the influence on the PLL by describing the representative hole sizes with
intervals rather than a deterministic value. The PERT distribution is selected as the distributions to
define the intervals for the first scenario. Different approaches towards hole size interval are described
in the section about release frequency (section 3.2.1). However, the approach applied to this scenario
follows the Danish industry standard and is a tripartite interval that is described with PERT
distributions with a mean represented by the geometric mean of the intervals. Each distribution and
its parameters are presented in Table 22.
Index parameter

Distribution selection

Min

Mode

Max

Hole size interval (1-10mm)

PERT Distribution

1

7

10

Hole size interval (10-50mm)

PERT Distribution

10

36

50

Hole size interval (50-150mm)

PERT Distribution

50

110

150

Table 22 Case study scenario 1 setup

The rationale for testing the influence of hole size in a probabilistic manner is arising from its
expected influence on the output risk. Since the hole size influences the calculations of the mass
release rate for both gas and liquid releases (Equations (8) and (9)), it is expected to have a non-linear
influence on the PLL. However, using the geometric mean of an interval as a representative value is,
in fact, a simplification, when information of the interval is present. It can be argued that a mean
value is representative, but still, the uncertainty from calculating only a single value from an interval
leaves the decision maker with a significant amount of epistemic uncertainty about the corresponding
risk from the higher values.

7.1.2 Hole size scenario results
This result section presents four graphs from the simulation. Three are scatter plots plotting the PLL
as a function of the hole size, and one is a histogram showing the discrete output distribution of PLL
(figures 35, 36, 37 and 38). The scatter plots show the correlation between three hole size samples
and the corresponding PLL and are created from 10,000 MC samples. The histogram is created from
100,000 MC samples.
The small hole size interval (Figure 35) indicates that the change in hole sizes has a non-linear
increase in the PLL, which is mainly due to the mass rate calculations as discussed in the rationale.
However, the larger hole size intervals (Figures 36 and 37) do not show the same trend as in the small
interval, which is due to the fatality factor and the simplification in the calculations within the
deterministic QRA model, i.e. no secondary area risk contribution. However, if the model could
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PLL [PER 100 YEARS]

handle the influence of firewalls, the result in Figures 36 and 37 would possibly illustrate an
installation with several firewalls (low secondary area risk contribution).
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Figure 35 Scatter plot scenario 1 interval 1-10mm
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Figure 36 Scatter plot scenario 1 interval 10-50mm
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Figure 37 Scatter plot scenario 1 interval 50-150mm
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The histogram in Figure 38 shows the overall impact of the different hole size interval combinations
and contains markers for the deterministic PLL value, mean of the MC QRA simulation and the 95
% percentile. The mean of the output is lower than the deterministic PLL value, which is due to
limitations such as fatality factor, exclusion of escalation events, secondary area risk contribution etc.
The distribution is right-skewed, i.e., it has a tail to the right, which allows combinations with
relatively high PLL values to occur. However, the deterministic PLL value is considered as being a
conservative result for the QRA, although no information of the potential PLL value span is known.
Just because a combination has a low frequency, the risk from modelling hole sizes does reveal PLL
values that are more than a factor of two higher than the average (Appendix C figure C.8). Neglecting
the higher values of PLL based on a deterministic and conservative approach is the Danish industry
standard, but is, however, not the best foundation for decision-making compared to the information
provided by the MC QRA model.

Figure 38 Histogram result scenario 1
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7.2 Scenario 2
7.2.1 Input parameter and rationale
The second scenario is testing, how the event distribution is influencing the PLL. Section 3.3
describes, how empirical data is used to estimate a distribution of the different ignition events.
However, the data is very uncertain due to a sparse database, which provides the incitement to test
the influence of different distributions in a case study. A triangle distribution is selected for the
different parameters, since the triangle distribution is both-bounded by the possibility to define a
mode. Each mode represents the best estimate, which is the distribution of outcomes from section 3.3
(derived from (UKOOA, 2006, p. 102) ). Alternative distributions could be the PERT or the Uniform.
Nevertheless, the primary purpose of this scenario is to determine, how jet flames, flash fires and pool
fires influence the PLL. All variable input parameters are presented in Table 23.
Index Parameter
Jet flame (Gas release)
Flash fire (Gas release)
Pool fire (Gas release)
Jet fire (liquid release)
Flash fire (liquid release)
Pool fire (liquid release)

Distribution selection
Triangle Distribution
Triangle Distribution
Triangle Distribution
Triangle Distribution
Triangle Distribution
Triangle Distribution

Min
0
0
0
0
0

Mode
0.29
0.71
0.18
0.55
0.27

Max
1
1
1
1
1

Table 23 Case study scenario 2 setup

7.2.2 Event distribution scenario results
Like in the first scenario, this scenario presents a set of scatter plots and a histogram, yet, this scenario
has three scatter plots for each release type, i.e. gas and liquid and a common histogram. Only the
three scatter plots for the liquid releases are presented, the gas part is found in Appendix J since the
two release types are behaving equally with respect to jet fire, flash fire and pool fire. Figures 39, 40,
and 41 show the scatter plots, which are representing the PLL as a function of their percentage share
between the events. Like in the first scenario, the scatter plots are created from 10,000 MC samples,
and the histogram is created from 100,000 MC samples to get a representative result.
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Figure 39 Scatter plot scenario 2 - pool fire
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Figure 40 Scatter plot scenario 2 - flash fire
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Figure 41 Scatter plot scenario 2 - jet flame
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The scatter plots (Figures 39, 40, and 41) are analyzed by assessing the contour of the samples, i.e.
the sample density and the overall tendency, i.e. is the PLL increasing or decreasing, as the percentage
share is increasing. The pool fire share is presented in Figure 39 for liquid and shows a decreasing
trend, as the percentage share increases. Therefore, a high percentage in the liquid pool fire share
lowers the overall PLL for the installation, however, the gas part presented in Appendix J is constant
at zero, since no pool fire can occur from a gas release.
The flash fire influence presented in Figure 40 has a slope steeper than the pool fire share. The gas
part of the flash fire share is presented in Appendix J and has an equal decrease in the slope. Finally
yet important is the jet fire share, which as opposed to the pool and the flash fire event has an
increasing slope, as the percentage share increases. Therefore, the overall result from the event
distribution simulations is that in order to experience the high part of the PLL scale, the jet fire event
should be dominating. The second largest contributor is the pool fire given a liquid release and the
flash fires for gas releases.
With the different PLL contributions in mind, the overall PLL distribution from the scenario is
presented in the histogram in Figure 42 (additional key statistics are to be found in Appendix J). The
modelling of the different events results in a larger average PLL than the deterministic QRA model
due to the large PLL contribution from the jet fire. With a mean percentage share for jet fires of 29%
(liquid release) and 18% (gas release) and their assigned triangle distributions (Triangle (0,0.29,1)
and Triangle (0,0.18,1)), the probability of picking a percentage share sample higher than the mean
value is more likely than picking a sample lower than the mean value. This is the reason for the high
simulation mean in Figure 42 and the low deterministic total PLL.

Figure 42 Histogram result scenario 2
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7.3 Scenario 3
7.3.1 Input parameter and rationale
This third scenario aims to test, how a small uncertainty in the pressure input is affecting the output
PLL. Physical quantities, e.g. pressure, temperature etc. are idealized and change over time within
allowed intervals of the system. If a significant change in the output PLL is discovered from small
input changes, additional measures on physical quantities could be added in the MC QRA model as
a part of the further work.
The input parameter is the operating pressure for each process stream section presented in Appendix
C. A normal distribution is chosen for this test with the mean as the operating pressure and a standard
deviation of one (N(Operation pressure, 1)). Since the normal distribution is unbound, it could
potentially pick a negative sample. To avoid this, the function is limited in the VBA code only to pick
positive samples. Alternatively, a left bound or a both-bound distribution could be selected for the
scenario. Table 24 presents the input variables for the scenario.
Index parameter
Process stream section

Distribution selection

Mean



Normal Distribution

Operation pressure

1

Table 24 Case study scenario 3 setup

7.3.2 Pressure scenario results
100,000 samples are generated and presented in the histogram in Figure 43. The mean and the
deterministic value of the simulation are approximately equal. The equality was expected, as the
normal distribution is symmetrical, and all input parameters have the same standard deviation. There
is no significant change in the PLL value; nevertheless, defining several pieces of input in a
probabilistic manner and testing a higher number of parameters could give a more sophisticated
picture of epistemic uncertainty. The last scenarios are testing several input parameters to test the
model’s capacity and to see the influence of all parameters at the same time.
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Figure 43 Histogram result scenario 3

7.4 Scenario 4
7.4.1 Input parameter and rationale
The last scenario is a combination of scenarios 1, 2 and 3, i.e. all input parameters from the first three
scenarios are tested in a single simulation. It is expected that the output of the simulation has a broader
range of potential PLL values due to the combination of input distributions. However, this scenario
provides a good picture of the capabilities of the model at this stage of the development, and at the
same time give an indication of the possibilities for further development. The input parameters for
this scenario are the same as those given in Table 36, 40 and 41.

7.4.2 Full scenario result
Figure 44 presents the output histogram from the simulation including the deterministic PLL value,
the mean of the current simulation and the 95% percentile. The PLL from the simulation is higher
than the reference PLL from the deterministic model, which is due to the higher simulation PLL in
scenario 2 (event distribution Figure 42). The output in Figure 44 is a right-skewed distribution with
potential PLL values up to a factor of four higher than the deterministic QRA model PLL. However,
it can be challenging to compare single critical values in the Figure such as the most likely PLL
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(mode) and the expected PLL value (mean) with a deterministic QRA model value. Instead, the output
from a simulation with multiple parameters, must be compared to the different input categories, i.e.
scenarios 1, 2 and 3 and can be evaluated as a trend instead of comparing them against a single value.
Also, it should be noticed that this scenario is a theoretical example of the utilization of the model's
capabilities.

Figure 44 Histogram result scenario 4
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7.5 Overall case study results
In Figure 45, the different scenarios are shown together to illustrate each of their ranges. The
parameters are presented with lines to make them transparent and to have the PLL on the x-axis. The
y-axis describes the likelihood regarding samples per scaled bin, i.e. the samples in each bin are scaled
to one on the y-axis to give them an equal height and a better graphical representation. However, the
Figure gives a clear picture of the scenarios’ impact on the PLL and displays the fourth scenario with
the solid black line. The black line is not a summation of the previous scenarios but an independent
simulation; therefore, the individual distribution cannot be summarized directly to represent the fourth
scenario (black line).

Scaled bin

The first scenario, i.e. hole size simulation, has the largest contribution to the higher PLL followed
by the event distribution in scenario 2. Opposite counts for the pressure scenario, which has a very
low influence on the PLL (recall the deterministic PLL value at 2.11 [fatalities per. 10,000 years] for
the reference PLL). All scenarios are sensitive to the input parameters and are entirely depending on
the assigned distribution. Nevertheless, this case study’s way of defining and combining the input
parameters in the selected scenarios is just a single assessment. A vast number of combinations are
available to develop and model the most likely scenarios, which reflect the uncertainty in the best
possible manner for the specific case.
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Figure 45 Scaled histogram as line result - all scenarios
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7.5.1 Model performance
The performance of the model considers the simulation time for different simulations of the MC QRA
model. The properties of the computer used to run the simulations are presented in Table 25.

Processor
Installed memory
Operating system

Intel® Core™ i7 - 5600 CPU @2.6 GHz
8.00 GB
Windows 7 Enterprise - 64 bit
Table 25 Computer information

The duration in seconds for time for running different MC iterations is presented in Table 26.
However, the time per iteration may deviate, starting high at 0.094 seconds per iteration and decrease
to approximately 0.055 on average. The high time per iteration at few iterations is due to the activation
and deactivation of screen updating. The code starts by deactivating the screen update, i.e. the output
writing is kept within the code and is not printed for every iteration during the simulation and ends
with a reactivation of the screen update to allow the code to update the Excel interface.
Iterations
Time [s]
Time per iteration
[s/iteration]

1
0.09

10
1

100
5

1,000
51

10,000
606

100,000
5312

0.094

0.056

0.052

0.051

0.061

0.053

Table 26 MC QRA model performance
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8
Discussion
Developing and testing a model is, in general, a complicated process involving a wide span of
disciplines and processes. It starts with an initial idea and incitement, followed by design stages,
testing, verification and validation. This discussion part presents and discusses some of the most
important findings, experiences and thoughts obtained from this study, starting with a brief overview
of the primary objectives of this project.
This Master Thesis proposes a new framework for an improved basis for decision-making in a wellestablished Oil and Gas Industry, where quantification of risk is regulatorily required. A gap between
the Danish industry standard and the academia when performing QRAs makes this project highly
relevant. Cost-effective decisions and flexibility set high demands on the QRA software applied for
the assessments and do, however, require significant insight in the software models to avoid working
with a “black box”. As a baseline for developing the MC QRA Model, a deterministic QRA model
functions as a representative QRA model, which can model liquid and gas releases, ignition
probability, dispersion and consequence modelling of jet fire, flash fire, pool fire, PLL and LSHIR
for a complete offshore installation. The MC QRA model can model five different continuous
distribution functions to reproduce beliefs and epistemic uncertainties for up to four types of interval
parameters, i.e. hole sizes, pressure and event distribution for liquid and gas. The MC QRA model
utilizes output data from state of the art computational crowd simulations at a microscopic level as
an input to reproduce the muster times and to model the time each person spends in the different areas
while mustering. A generic 3D model for a full-size offshore installation with three platforms
separated by bridges has been developed and functions as the test scenario in the project.

8.1 Model practicability
The use of the MC QRA model is not aimed for lay people and does require significant knowledge
about the Oil and Gas industry, computational crowd simulation, statistics, probability as well as fire
and explosion dispersion modelling. The findings in the literature review presented in section 1.2.7
support the fact that QRA models require specific knowledge by the user. However, the model is very
flexible and can easily be expanded and suited to calculate risks for a vast amount of offshore
installation types, include additional continuous distribution functions for the MC simulation and
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include additional aspects in the consequence modelling, e.g. wind directions, multi-phase releases
etc. Nevertheless, using a de facto software program like Excel as the user-interface, makes the MC
QRA model easy and intuitive, if the basic understanding of the technical aspects are in place.

8.2 Model capability and review
The capability of the model at this stage is relevant to evaluate, whether the concept is feasible or not.
The scope of this study is limited to a proof of concept level, i.e. is the concept able to fill the “gap”
by demonstrating a level of functionality with respect to the Danish industry standard and the current
state of the art. The model is capable of modelling both a single value, i.e. deterministic result
reflecting the Danish industry standard and to utilize MC simulation to challenge the state of the art
findings in the literature review. Sections 8.2.1 to 8.2.5 discuss this model’s capability compared to
the state of the art findings and the Danish industry standard with respect to five future work points
presented in the literature review in section 1.2.7.5.

8.2.1 Software platform
This study uses Excel as the interface and VBA as the software to make all the programming in the
QRA models. VBA is an efficient application to process vast amounts of information, even though it
runs the MC algorithm for hours. The model utilizes the flexible spreadsheet interface in Excel to
customize the program for input and output parameters and runs the programming code in VBA.
The state of the art findings within the literature review using dedicated software as their software
platform. However, the first article (DTU-OPHRA (Duijm, Kozin, & Markert, 2014)) sustains the
idea of using a non-commercial software to increase the flexibility and the potential for customization.
As the trends and needs within QRA modelling change, it is inevitably necessary to have a flexible
platform to meet the demands and continuously be able to improve the models. Additionally, the third
article (Methods and models: Past, present, and future) from the literature review in section 1.2.7.4
forecasts that the further trend within risk assessment is moving towards solutions that are more
dynamic and less deterministic. This does, however, sustain the importunes of working in a flexible
software platform, where limitations from commercial software programs do not influence the
creativity.

8.2.2 Consequence modelling
Consequence modelling is an essential part of the entire hydrocarbon QRA model but is at the same
time subjective, i.e. there are different detail levels to choose from when designing the consequence
part. Best fit curve/correlations, simplifications, idealizations and approximations are some of the
tools used to describe, how the real world behaves in complex situations. While some of the modelling
theories are derived from empirical databases, others are developed from CFD simulations, where
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approximations and idealizations from CFD scenarios are used to derive approximated equations.
However, the use of CFD simulations requires specific software and is an expensive alternative
compared to the use of approximated equations. Nevertheless, the consequence part developed in this
study only considers the most common calculations in their simplest form to test, whether the MC
QRA is feasible as a concept or not.
The DTU-OPHRA study and the Cellular Automaton Model presented in the literature review have
a more complex consequence modelling in their models, i.e. they calculate wind directions, escalation
etc. Therefore, further development of the consequence modelling must be carried out, before this
study’s MC QRA model can be used for operational purposes.

8.2.3 Model validity and results
The overall validity of a model depends on the verification, i.e. is it doing, what it is supposed to do,
and validation, i.e. how well does the model reflect the reference system as described in chapter 6. A
thorough verification and validation analysis of this study’s hydrocarbon QRA models justifies the
behaviour of the model to be trustworthy and robust.
The one-step static analysis compared the algorithm with manual mathematical calculations and
concluded that the model calculates correctly for both liquid and gas releases. Additionally, the onestep static analysis discovered minor mistakes in the code that were corrected along with a
computation of the verification. The author did not expect that the verification process actually helped
to debug the program.
The comparison between the model and Ramboll’s own QRA program identified that the
simplifications in the consequence modelling method had a significant influence on the output risk
caused by the liquid part, which was expected beforehand. An extreme condition test tried to rip the
model apart by upscaling specific input parameters without success. The model behaved exactly as
Ramboll's own QRA program and did not deviate, as the upscaling became more extreme.
For testing the MC algorithm, the nonparametric goodness of fit test Kolmogorov Smirnov’s Twosample test failed to reject the null hypothesis and concluded that the algorithm behaves as expected
for both the Normal and the Weibull distribution. Additional validation and verification tests against
the DTU-OPHRA study and the Cellular Automaton Model study from the literature review could
have provided additional indications of this study’s model performance. However, due to lack of
information within the articles about manning, layout and drawings in their model, it is not possible
to recreate their test environments.
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8.2.4 Post-processing
From the derived results of the QRA model, proper post-processing has a significant influence on,
how the output data is analyzed. It is essential to communicate the result in a way that makes it
understandable. The deterministic QRA model provides single output values, and the MC QRA model
provides large arrays of conditional risk samples and uses scatter plots and histograms as the postprocessing tool to communicate the result of the simulation. However, a comparison of the results
from the deterministic QRA model and the MC QRA model as done in the histograms in the case
studies (chapter 8) may seem a bit confusing, since the deterministic result is difficult to compare in
a histogram based on 100,000 samples. Therefore, the histograms are much better suited to be
compared against other histograms, where the focus is the trend and not a single critical parameter.
A future development with focus on better post-processing, where different histograms are compared
could be worth the effort. Nonetheless, comparing different histograms requires fixed bins and an
equal amount of samples. Pivot tables in Excel could be used to keep a good structure of the different
histogram combinations, but this is left for further investigation. It should, however, be noted that
third-party add-ons are capable of making proper post-processing, i.e. 3D surface plots, cumulative
trends etc., but it would be against the strategy of this study to use commercial plugins for a specific
task, which could potentially be developed in Excel.

8.2.5 Computational crowd simulation
Computational crowd simulation for the best estimates of mustering times in Offshore QRA models
is unambiguously a great tool with several advantages compared to manual estimation/calculation of
mustering times. Substantial visual opportunities, detailed CSV data for precise route and time
knowledge of each area and the possibility to model and design several scenarios for evaluation of
critical mustering scenarios are just some of the capabilities behind the method. This study utilizes
the computational crowd simulation software Pathfinder as a proof of concept to simulate a primary
and at the same time a conservative mustering scenario for the different tests of the offshore
hydrocarbon QRAs. The simulation data applied in the offshore hydrocarbon QRA models use a
resolution of 15 seconds per time step but can be modified to include a more detailed time step
resolution.
This thesis only uses a small part of the full potential to demonstrate a method that can be applied to
take care of an uncertain and complex part of an offshore hydrocarbon QRA. Nevertheless, the only
incitement to continue with a manual approach when estimating mustering times from the different
areas at the installation is that the risk contribution in T2 only consists of about 1-2% of the overall
risk at the installation (Appendix C figure C8). However, the literature review presents two alternative
methods for estimating the T2 time, which is DES and a Cellular Automaton algorithm.
The advantage of using DES is its fast way of picking random samples from a continuous distribution
function representing mustering times for different areas. The disadvantages are its idealization and
its way to simplify a very complicated part, namely human behaviour.
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Cellular Automaton is much more complex and works like a game theory, where each individual has
a life index and moves around in a discrete 2D grid. The advantages of this technology are the
possibility to develop many scenarios, which are directly integrated into the QRA model. Still,
Pathfinder can make a more in-depth configuration of the persons and has the visual aspect.
Nevertheless, the literature review and the use of computational crowd simulation reveals a trend,
where alternative software tools can estimate mustering times in offshore QRA connections. The
author of this project agrees that software tools like those presented in this section could be developed
and be de facto tools in the future.

8.3 Decision-making, conservatism and
uncertainty
The final words within this discussion consider the uncertainty and its derivative perspectives, since
this topic has directly or indirectly been touched upon within every chapter of this study. Uncertainty,
knowledge and degree of beliefs are all terms used in the project to balance conservatism, quantify
uncertainty and in decision-making. This study builds on a philosophy described by Terje Aven, who
states (Aven, Baraldi, Flage, & Zio, 2014, p. 41):
“In situations of poor knowledge, representations of uncertainty based on lower and upper
probabilities are more appropriate than precise probabilities.”
This philosophy argues that precise probability, i.e. deterministic values are less appropriate than
describing uncertain quantities with intervals, i.e. statistical distributions. It is a balance of the
knowledge, which the expert or decision maker has about the uncertain quantity and his degree of
belief, which determines the interval describing the evidence about that single quantity. By simulating
the combinations of one or more parameter intervals, the decision maker gains knowledge about all
possible combinations and is left with more knowledge about that combination and its influence on
the risk. The improved knowledge improves the degree of belief, which results in a better basis for
decision-making. An improved basis for decision-making gives the opportunity to take decisions,
which are less conservative.
Figure 46 is a graphical description of how the MC QRA can be used to make more accurate and
potentially less conservative decisions. The state of the knowledge (K) is based on background
knowledge (k) and its related uncertainty (U). Recall that much of the data used in QRA models are
based on historical databases, approximations, simplifications and idealizations, which all contribute
to (U) and where 𝐾 = (𝑘|𝑈). However, in the deterministic QRA model reflecting Danish industry
standard, the degree of belief (B) is described in expected values 𝐸(𝐵), i.e. single values, where best
estimates are moved to the conservative side. The MC QRA describes B as imprecise probability
∆𝑃(𝐵) = 𝑃(𝐵) − 𝑃(𝐵), where some of B is described as intervals and continuous distribution
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functions. B defines the model input (I) processed in the QRA model (M). The output from the model
(O) is both providing a new K and serves as the basis for decision-making (D).

Figure 46 Improved decision-making theory

Sometimes the O gives a new insight of K, which changes the B. The process, where O loops back
and gives a new information in K, can be made an infinite amount of times. However, it should be
noticed that the initial U does not change. Therefore, the new K is not less uncertain. Yet the B may
change due to the new information about the O from a prior combination of I. The process is selfperpetuating and can be used to test combinations to identify, how different I scenarios create
different points of views in respect to D.
The flexibility and the way to run scenarios to test different beliefs based on knowledge and
uncertainty is normally called sensitivity analysis. However, the way to model trends from beliefs
and model uncertainty propagation is crucial to present a proper risk picture. The less conservatism
added in the model input, the better guidance could be derived. Better distinction between the
significant risk contributors provides an improved foundation to assess, where safety efforts should
be placed. The safety efforts have an impact on all safety barrier layers starting with inherently safer
design and followed by control and monitoring, prevention, mitigation etc. A better guidance on the
types of safety barriers, and where to place them, has unambiguously a direct impact on the costs and
safety.
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9
Conclusion
This study presents a feasible concept within offshore hydrocarbon QRA modelling, which utilizes
MC simulation to improve the basis for decision-making based on conditional interval probability.
The study exploits the non-dedicated multipurpose software Excel/VBA for the development of a
flexible software program with a user-friendly interface and utilizes the dedicated software Pathfinder
for state of the art computational crowd simulation. A strengthening of the current Danish industry
standard within QRA modelling is obtained in the study, by introducing a probabilistic framework
for improved modelling of expert beliefs and epistemic uncertainty based on the decision-makers
state of knowledge. New knowledge about the influence of known epistemic uncertainty inevitably
increases the decision-makers confidence in the results, in an industry where quantification is legally
required. The study has successfully increased the amount of valuable information from a QRA model
and kept the model flexible by selecting a non-dedicated software platform. Nevertheless, a potential
reduction in the degree of conservatism and the improved modelling capabilities of input parameters
within QRA studies gives the opportunity to improve the guidance, when risk-reducing barriers in
design or modification projects are evaluated.
The verification and validation process supports the potential of the model and its capabilities from a
set of quantitative tests - ranging from one-step static analysis, i.e. structured walkthrough,
operational validation, extreme condition tests and a goodness of fit test. The process scrutinized the
algorithm to test the robustness and performance to avoid a “black box” scenario. However, the
algorithm proved to be trustworthy and robust in the tests and performed as expected.
As a part of the study, a full-scale 3D model including a realistic manning and process stream setup
functions as a realistic test environment for the computational crowd simulation and the case studies.
Pathfinder, a microscopic agent-based crowd simulator, runs the primary muster scenario to generate
muster times for each area on the installation. The study proposes dedicated crowd simulation
software due to its detailed simulation methods and the prevalence of 3D models, which is a
prerequisite for applying computational crowd simulation.
The case studies demonstrate that the MC QRA model can calculate realistic risk results in proportion
to the model’s stage of development, i.e. the calculated deviation from the liquid process section is
expected due to simplifications in the consequence calculations compared to the reference model.
Additionally, the case study shows, how basic post-processing of output data from the MC
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simulations can be used to assess the influence of individual parameters on the risk and does, however,
establish a much broader and detailed risk picture for the decision-maker.

9.1 Further research
To make this proof of concept study operational, additional content needs to be implemented and
developed. The further work assessment is presented in bullet points below:
 The complexity of the consequence modelling needs to be improved and should include
aspects such as: impact on adjacent areas, wind directions, multi-phase releases, explosions,
BDV and ESDV failure, escalation of events, bunded areas, module types etc.
 Additional muster scenarios could be developed to investigate, how alternative muster routes
due to fire or toxic releases influence the muster time
 Improved post-processing for a better understanding of the output trends from the MC
simulations.
 Include additional distribution functions to increase the decision-makers opportunity to
describe epistemic uncertainty aspects and beliefs.
 Make additional input parameters available for MC simulation to increase the flexibility
It should be clear to the reader, that further efforts within this topic can be justified, as this project
only demonstrates the technique as a proof of concept. However, no contradictions towards future
research within this topic have been discovered throughout the study.
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Appendix
Appendix A - Detailed 3D pictures
Detailed pictures of the generic offshore installation is presented with a total of 9 pictures from
different location and additional one picture to give an overview of the camera setup. Figure A.1
below is a map over the different pictures position. All figure texts provide information of the area
which can be combined with the area division pictures and tables from chapter 2 for a fully overview
of the camera position.

Figure A.1 - Graphical overview

Figure A.2 - The entire installation (Left: Wellhead platform. Middle: Process and utility. Right: Accommodation)
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Figure A.3 - Process platform at the production level (Area: BPM).

Figure A.4 - Process platform (Area: BPM).
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Figure A.5 - Accommodation platform (Area: MMA)

Figure A.6 - Bridge AB facing towards the accommodation platform
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Figure A.7 - Bridge BC facing towards the wellhead platform

Figure A.8 Wellhead platform (Area: CW) facing towards the BC bridge and the Process and utility platform (B).
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Figure A.9 - Bridge BC facing towards the wellhead platform

Figure A.10 - Process platform to the left, utility section in the middle and the accommodation platform to the right
far away.
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Appendix B - Ignition probability sheet

Table B.1 - Look up correlations (UKOOA, 2006, p. 93)
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Appendix C - Deterministic model interface
The deterministic QRA model Excel interface consist of several spreadsheets. The different sheets
are as followed:











Global
Process Section
Process Stream
Manning
Manning_output
Area
Release Frequencies
Output_Risk
MP
Px (where x is the number of process sections defined in the model)

The upcoming pictures shows the different spreadsheets within the deterministic QRA model:
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Figure C.1 - Global interface sheet
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Figure C.2 - Process section interface sheet
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Figure C.3 - Process Stream interface sheet
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Figure C.4 - Manning interface sheet
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Figure C.5 - Manning_output interface sheet
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Figure C.6 - Area interface sheet

102 | P a g e

RISK4-13-E17

January 9th 2018

Aalborg University - Esbjerg

Figure C.7 - Release Frequencies interface sheet
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Figure C.8 - Output_risk interface sheet
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Figure C.8 - MP interface sheet
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Figure C.9 - P1 interface sheet
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Appendix D - Monte Carlo model interface
The QRA models Excel interface spreadsheets holding the Monte Carlo input, output and
presentation sheets is presented in this appendix.

Figure D.1 - Monte Carlo input interface sheet
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Figure D.2 - Monte Carlo output interface sheet
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Figure D.3 - Monte Carlo output presentation sheet
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Appendix E - Pathfinder output data
AA

AH

Time

v

distance

[s]

[m/s]

[m]

location

Time

v

distance

[s]

[m/s]

[m]

location

0

0.00

0

AA

0

0.00

0

AH

120

0.00

0

AA

120

0.00

0

AH

165

0.71

44

MMA

157

0.71

38

AH

158

1.22

39

AA

186

0.71

65

AA

187

0.71

65

MMA

Table E.1 - Area: AA

Table E.2 - Area: AH

AB
Time

v

distance

[s]

[m/s]

[m]

0

0.00

0

AB

120

0.00

0

AB

197

1.30

99

AB

198

0.92

130

AA

location

BC

228

0.71

135

AA

Time

229

0.71

136

MMA

[s]

[m/s]

[m]

Table E.3 - Area: AB

BPM

v

distance

location

0

0.00

0

BC

120

0.00

0

BC

197

1.30

99

BC

198

1.02

100

BPM

219

1.29

127

BPM

220

1.30

129

BUC

238

1.30

151

BUC

Time

v

distance

[s]

[m/s]

[m]

239

1.30

152

AB

1.30

251

AB
AA

location

0

0.00

0

BPM

315

120

0.00

0

BPM

316

1.24

252

134

1.18

17

BPM

347

0.71

288

AA

348

0.71

288

MMA

135

1.30

19

BUC

152

1.30

41

BUC

153

1.27

42

AB

229

1.30

141

AB

230

1.18

142

AA

261

0.71

178

AA

262

0.71

178

MMA

Table E.4 - Area: BC

Table E.5 - Area: BPM

110 | P a g e

January 9th 2018

RISK4-13-E17

Aalborg University - Esbjerg

BR
Time

v

distance

[s]

[m/s]

[m]

0

0.00

0

BR

120

0.00

0

BR

151

0.99

39

BR

152

0.71

40

BUU

166

1.26

51

BUU

167

0.96

52

BUM

182

1.16

65

BUM

183

0.71

66

BUC

199

1.13

82

BUC

200

1.30

83

AB

276

1.30

182

AB

277

1.25

183

AA

307

0.71

218

AA

308

0.71

218

MMA

location
BPU

Table E.6 - Area: BR

Time

v

distance

[s]

[m/s]

[m]

location

0

0.00

0

BPU

120

0.00

0

BPU

134

1.24

17

BPU

135

1.29

19

BUU

137

1.05

21

BUU

138

0.71

22

BUM

152

0.85

34

BUM

153

0.71

35

BUC

179

1.24

64

BUC

180

1.30

65

AB

256

1.30

163

AB

257

1.07

165

AA

288

0.71

200

AA

289

0.71

201

MMA

Table E.7 - Area: BPU

BUC
Time

v

distance

[s]

[m/s]

[m]

location

0

0.00

0

BUC

120

0.00

0

BUC

135

1.30

18

BUC

136

1.30

19

AB

BUU

212

1.30

118

AB

Time

213

1.07

119

AA

[s]

[m/s]

[m]

244

0.71

155

AA

0

0.00

0

BUU

MMA

120

0.00

0

BUU

149

1.30

36

BUU

150

1.03

37

BUM

165

1.19

50

BUM

166

0.71

51

BUC

182

0.81

67

BUC

183

1.30

68

AB

259

1.30

167

AB

260

1.30

168

AA

290

0.71

203

AA

291

0.71

203

MMA

245

0.71

Table E.8 - Area: BUC

155

v

distance

location

Table E.9 - Area: BUU
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CC

BUM
Time

v

distance

[s]

[m/s]

[m]

0

0.00

0

CC

BUM

120

0.00

0

CC

8

BUM

132

1.30

15

CC

9

BUC

133

1.27

16

BC

1.30

37

BUC

209

1.30

115

BC

1.10

38

AB

210

1.30

116

BPM

232

1.30

139

AB

231

1.30

143

BPM

233

1.30

140

AA

232

1.30

144

BUC

263

0.71

174

AA

250

0.90

168

BUC

264

0.71

175

MMA

251

1.30

169

AB

327

1.30

268

AB

328

1.28

269

AA

359

0.71

304

AA

360

0.71

304

MMA

location

Time

v

distance

[s]

[m/s]

[m]

0

0.00

0

BUM

120

0.00

0

127

1.25

128

0.71

154
155

location

Table E.10 - Area: BUM

location

Table E.11 - Area: CC

CR
Time

v

distance

[s]

[m/s]

[m]

0

0

0

CR

120

0

0

CR

138

1

23

CR

location

CW

139

0.714

24

CW

Time

153

1

35

CW

[s]

[m/s]

[m]

0.00

0

CW

v

distance

154

1

36

CC

0

171

0.773

53

CC

120

0.00

0

CW

172

1.30

54

BC

133

1.30

16

CW

1.30

17

BC

248

1.30

153

BC

134

249

1.14

154

BPM

210

1.30

116

BC

1.03

117

BPM

270

1.30

181

BPM

211

271

1.30

183

BUC

232

1.30

144

BPM

289

1.30

205

BUC

233

1.29

146

BUM

1.18

149

BUM

290

1.30

206

AB

236

366

1.30

305

AB

237

0.71

150

BUC

1.30

179

BUC

367

1.30

306

AA

263

397

0.714

341

AA

264

1.30

180

AB

398

0.714

342

MMA

340

1.30

279

AB

341

0.95

280

AA

372

0.71

316

AA

373

0.71

316

MMA

Table E.12 - Area: CR

Table E.13 - Area: CW
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Appendix F - Distribution functions
This appendix shows graphical illustrations of the five different distributions functions that are
available within the model. Table xx shows the parameters used for each continuous distributions
function in the appendix.
Distribution type
Uniform
Normal
Weibull
Triangle
PERT

Mean

Std

0.5

0.3

Aplha

Beta

1

0.5

Min
0

Mode

Max
1

0
0

0.5
0.5

1
1

Table D.1 Parameters for distribution functions

Figure D.1 Uniform distribution

Figure D.2 Normal distribution
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Figure D.4 Triangle distribution

Figure D.5 PERT distribution
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Appendix G - Monte Carlo Algorithms
This appendix presents 3 algorithms from the MC QRA model do provide some insight in the VBA
code. The first algorithm is the MC Trigger Sub i.e. the algorithm which runs the MC iterations. The
second algorithm is Function (Distribution_Choice) which is the algorithm controlling what
distribution to pick from and at the same time declaring variables with the right distribution
parameters based on the Monte Carlo input sheet.
Public variables and the Monte_carlo_trigger algorithm:
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Distribution_choice algorithm:
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The PERT distribution function algorithm:
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Appendix H - Verification and Validation
The first part of this appendix shows additional results from the validation between reference system
and this projects QRA model. The report do only include the result about the whole areas risk
deviations, which is a simplified picture. This first part show how each process section from the tested
area contributes in the comparison. If the deviation is positive, then this projects model showed a
higher PLL value than the reference system. If the deviation is negative than the reference system has
a higher PLL for that specific process section.
Small hole size
(1-10mm)
Medium hole size
(10-50mm)
Large hole size
(>50mm)

P1

P2

P3

P4

P5

P6

P7

-1.12E-05

6.30E-04

-8.81E-20

-1.08E-19

1.41E-04

-2.66E-03

-7.10E-04

-1.95E-03

5.79E-03

6.37E-05

7.27E-05

1.14E-02

-6.49E-03

4.63E-03

-2.17E-03

1.23E-03

0.00E+00

0.00E+00

1.44E-02

-5.50E-03

1.34E-02

Table H.1 - PLL comparison table 1 of 2
P8
P9
Small hole size 1
(1-10mm)
-3.6E-03 1.10E-05
Medium hole size
(10-50mm)
-6.2E-03 1.38E-03
Large hole size
(>50mm)
-4.8E-03 6.37E-03
Table H.2 - PLL comparison table 2 of 2

P10

P11

P12

P13

P14

P15

-2.5E-05

4.15E-04

1.42E-04

1.89E-04

-9.2E-05

4.73E-05

8.84E-04

5.14E-03

3.84E-03

1.42E-02

-1.2E-02

8.03E-03

1.28E-04

1.37E-03

1.44E-03

1.61E-02

-1.5E-02

7.31E-03

0.01

0.015

Process Section

Small hole size interval
P2
P11
P13
P12
P5
P15
P9
P3
P4
P1
P10
P14
P7
P6
P8

-0.02

-0.015

-0.01

-0.005

0

0.005

0.02

PLL
Figure H.1 - PLL deviation per process section small hole size interval
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Process Section

Medium hole size interval
P13
P5
P15
P2
P11
P7
P12
P9
P10
P4
P3
P8
P6
P14
P1
-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.01

0.015

0.02

PLL (Deviation)
Figure H.2 - PLL deviation per process section medium hole size interval

Process Section

Large hole size interval
P13
P12
P7
P15
P9
P5
P11
P2
P10
P4
P3
P8
P6
P14
P1
-0.02

-0.015

-0.01

-0.005

0

0.005

PLL (Deviation)
Figure H.3 - PLL deviation per process section large hole size interval
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This second part holds the continuity test between the reference system RAMFEM and this projects
QRA model.
Upscaling parameter
PLL

PLL

Pressure - Reference
System
Pressure - QRA Model
Temperature - Reference
System
Temperature - QRA Model

1

1.1

1.2

1.3

1.4

1.5

0.2223

0.2293

0.2351

0.2407

0.2461

0.2514

0.1641
0.2232

0.1683
0.2220

0.1721
0.2218

0.1759
0.2215

0.1796
0.2213

0.1832
0.2210

0.1641

0.1639

0.1638

0.1636

0.1635

0.1634

Table H.3 - Continuity test table

0.3
R² = 0.9976

PLL Installation

0.25
R² = 0.8608
0.2

R² = 0.9994

0.15

R² = 0.9844

0.1
0.05
0
1

1.1

1.2

1.3

1.4

1.5

1.6

Upscaling parameter
Pressure - RAMFEM
Temperature - QRA Model
Linear (Pressure - RAMFEM)
Linear (Temperature - QRA Model)

Pressure - QRA Model
Temperature - RAMFEM
Linear (Pressure - QRA Model)
Linear (Temperature - RAMFEM)

Figure H.4 - Continuity test results
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The third part of this appendix contain information about the process section number 9 and 10
which was used for the static one-step analysis.

Figure H.5 - Process section P10
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Figure H.6 - Process section P9
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Appendix I - Goodness of Fit (Weibull)
The first part of this appendix presents the comparison of this projects MC algorithm and the
algorithm from Modelrisk.

Figure I.1 - Uniform distribution algorithm comparison

Figure I.2 - Triangle distribution algorithm comparison

Figure I.3 - Weibull distribution algorithm comparison

125 | P a g e

January 9th 2018

RISK4-13-E17

Aalborg University - Esbjerg

Figure I.4 - PERT distribution algorithm comparison

This part of the appendix holds the goodness of fit test (Kolmogorov and Smirnov two-sample test)
for the Weibull distribution. The methodology is the same as explained for the Normal goodness of
fit test in the main report.
H0 = The sample sets X and Y come from a common distribution, i.e. 𝐹(𝑥𝑖 ) = 𝐺(𝑦𝑖 )
H1 = The sample sets X and Y do not come from a common distribution, i.e. 𝐹(𝑥𝑖 ) ≠ 𝐺(𝑦𝑖 )
The hypothesis is tested with a 99% confidence interval.
D

Xi

Yi

xi

yi

Own

Model

=

=

F(xi)

G(yj)

=

algorithm
0
63248
23270
8525
3189
1123
417
140
54
19
11
1
3
0
0
100000

risk
0
6.33E+04
2.33E+04
8.52E+03
3.07E+03
1.15E+03
4.27E+02
1.68E+02
5.20E+01
1.80E+01
1.10E+01
3.00E+00
0.00E+00
1.00E+00
1.00E+00
100000

(Xi/n)
0
0.63248
0.2327
0.08525
0.03189
0.01123
0.00417
0.0014
0.00054
0.00019
0.00011
0.00001
0.00003
0
0

(Yi/n)
0
0.63248
0.86518
0.95043
0.98232
0.99355
0.99772
0.99912
0.99966
0.99985
0.99996
0.99997
1
1
1

0
0.63258
2.33E-01
0.08518
0.03065
0.01146
0.00427
0.00168
0.00052
0.00018
0.00011
0.00003
0
0.00001
0.00001

0
0.63258
0.8659
0.95108
0.98173
0.99319
0.99746
0.99914
0.99966
0.99984
0.99995
0.99998
0.99998
0.99999
1

F(xi)-G(yj)
0.00E+00
1.00E-04
7.20E-04
6.50E-04
5.90E-04
3.60E-04
2.60E-04
2.00E-05
0.00
1.00E-05
1.00E-05
1.00E-05
2.00E-05
1.00E-05
1.11E-16

Bins
(i)
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Sum

Table I.1 - Kolmogorov Smirnov test table 1
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D max

Z

Q

p

7.20E-04

0.16099689

2.1336E-21

1.000000

Table I.2 - Kolmogorov Smirnov test table 2

𝛼 = 0.01
𝑝>𝑎
Since P > a the test failed to reject the null hypothesis.

127 | P a g e

January 9th 2018

RISK4-13-E17

Aalborg University - Esbjerg

Appendix J - Event distribution Gas
Additional results from the gas part of the case study is presented in this appendix.

PLL[PER 100 YEARS]

EVENT DISTRIBUTION GAS
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0
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10%
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30%

40%

50%

60%

70%

80%

90%

Flash fire

Figure J.1 - Flash fire, event distribution

EVENT DISTRIBUTION GAS

PLL [PER 100 YEARS]
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Figure J.2 - Flash fire, event distribution

PLL [PER 100 YEARS]
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Figure J.1 - Flash fire, event distribution
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