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Abstract

The offshore oil production is a very complex industrial system that includes different areas of
engineering. Its competitiveness can be improved by performing availability analysis, aiming at
maximizing its production, while minimizing the associated costs.
For this purpose, classical reliability tools, such as the Reliability Block Diagram or the Fault Tree
Analysis, are insufficient, since they are only applicable to binary systems. In the case of offshore
production, the behavior of the subsystems is dynamic and multi-state. Petri net models and
simulation-based techniques, such as Monte Carlo simulation, can be adopted to properly
analyse these systems.
The main objective of this thesis is to evaluate the availability of an offshore oil production system
by Petri Nets and Monte Carlo Simulation. The oil processing and the separation equipment, with
reliability and maintenance characteristics are implemented; the policies on the corrective and
preventive maintenances are introduced; and the operational dependencies that lead to the
reconfiguration of the system after the failure are specified. To make the study more realistic, the
variation of the oil and gas flows from the well over the years are estimated.
A case study consisting of a generic offshore production installation that operates in a Brazilian
oilfield is adopted. The oilfield is located 300 km off the shore and has an exploration life about
27 years.
The obtained availability results are validated and a sensitivity analysis is conducted. In particular,
the influence of the maintenance policy on the system availability and on the oil production is
assessed. Besides, the most influential maintenance activities are identified and the respective
consequences on the equipment availability are studied.

Keywords: production availability; offshore installation; oil and gas production; Petri Nets; Monte
Carlo Simulation
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Resumo

A produção de petróleo em offshore é um sistema industrial complexo que engloba diversas
áreas da engenharia. Para garantir a sua competitividade é necessário maximizar a sua
produção, minimizando, ao mesmo tempo, os custos associados. Isto torna-se possível
efetuando a análise de disponibilidade de todas as parcelas do sistema global.
As técnicas clássicas de fiabilidade, tais como diagramas de blocos ou árvore de falhas, são
insuficientes para este efeito, visto que só se aplicam a sistemas binários. No caso de produção
offshore, o comportamento dos subsistemas é dinâmico e multiestado. Modelos de Redes de
Petri e técnicas baseadas em simulação, tais como a simulação de Monte Carlo, podem ser
usadas para analisar adequadamente estes sistemas.
O objetivo principal desta dissertação é avaliar a disponibilidade de um sistema de produção de
petróleo em offshore por Redes de Petri e Simulação de Monte Carlo. São implementados os
equipamentos de processamento e separação do petróleo com as caraterísticas de fiabilidade e
de manutenção, são introduzidas as políticas de manutenção corretiva e preventiva e são
especificadas as dependências operacionais que levam à reconfiguração do sistema após a
avaria. Para tornar o estudo mais realístico, é estimada a variação do caudal de petróleo e de
gás provenientes do poço ao longo dos anos.
Como o caso de estudo é adotada uma instalação de produção offshore genérica situada num
campo petrolífero brasileiro. O campo está a cerca de 300 km de distância da costa e tem uma
vida de exploração de 27 anos.
Os resultados obtidos são validados e é desenvolvida uma análise de sensibilidades a partir dum
cenário base. É analisada a influência da política de manutenção na disponibilidade total do
sistema e, em particular, na capacidade de produção de petróleo e gás. São identificadas as
ações de manutenções mais importantes e as consequências destas na disponibilidade do
equipamento.

Palavras-chave: disponibilidade de produção; instalação offshore; produção de petróleo e gás;
Redes de Petri; Simulação de Monte Carlo
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1 Introduction

1.1 Context
Offshore production is a transportation and pre-processing activity of crude oil and gas from the
platform or wells to the shore, for further storage or refining. This industry begun in the 1940-50s
and, initially, it was represented by very primitive systems, located on shallow waters less than 5
meters deep. Over time, offshore production progressed to deeper and more hostile waters.
Today, the offshore oil and gas production uses complex equipment systems accompanied with
a high risk.
Incidents aboard an offshore production plant are of two categories: either low probability and
high consequence, or high probability and low consequence. The first category refers to the
severe accidents, such as: a collision, an explosion or a leakage, among others. The second
category corresponds to frequent occurrences as, for example, a loss of production due to a
component’s failure.
The first type of incidents is very difficult to predict, in spite of its serious consequence. The severe
accidents are modelled by considering the offshore production as a binary system, which works
perfectly or fails. They are analysed with the classical reliability tools, such as Reliability Block
Diagram or Fault Tree Analysis.
The low consequence incidents (e.g., component failure) occur quite often and influence the
production capacity (i.e., the systems with this type of incident are called multi-state). In a low oil
price period, it is very important to maximise the profitability of an offshore installation and, at the
same time, to minimise the related costs. To do that, the availability analysis of an offshore
production system can be useful. Note, in ISO 20815 (2008), the production availability is defined
as the ratio of production related to a reference level, over a specified period of time.
An offshore installation is a multi-state system with operational loops. It can be modelled with the
reliability parameters of components, the operational dependencies and the policies of corrective
and preventive maintenances. With the resulting availability of each component of the system, it
is possible to assess the effect of each model parameter (e.g., duration of preventive maintenance
or voyage time of repair team) and understand which are the most influential factors in the
production capacity.
Different availability tools have been developed for production availability analysis of complex
multi-state systems. In this dissertation, Generalised Stochastic Petri Nets coupled with Monte
Carlo Simulation are adopted.
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1.2 Main Objectives
The main objective of this thesis is to conduct an availability analysis of an offshore oil and gas
production system by Petri Nets and Monte Carlo Simulation, a goal which consists of various
smaller tasks, which are introduced in this section.
This investigation is supported by a case study of an offshore installation with equipment defined
in terms of their reliability and maintainability characteristics. Both variables are usually described
by exponential distributions, as this is the simplest way to present them, but is not the best choice
to describe realistic degradation processes. So, this study adopts the most appropriate
distributions, so that the model is as close to reality as possible and provides more faithful
availability results.
An offshore equipment plant is a complex system with different operational loops. Therefore, the
second objective of this analysis is to make a clear description of components dependencies and
of equipment reconfiguration in the case of failure. This information is important to understand the
failure consequences on the production availability.
Maintenance activity is a key tool in improving the production availability. Therefore, the next
established objective is the clear definition of maintenance policy and its availability analysis. The
offshore installation equipment has both corrective maintenance and preventive maintenance.
The first is executed by a repair team located at shore. Thus, a special attention will be given to
the voyage time and to the number of repair teams. Another important factor in corrective
maintenance policy is the failure’s level of priority. This classification will be implemented for all
possible critical failures. This allows to identify the most harmful fault on production availability.
The second, the preventive maintenance, will be scheduled accounting for the age of the
equipment.
The case study is a multi-output offshore installation with three different flows: oil, gas and water.
Hence, the fourth objective is to mathematically define each flow as a function of time. These
equations will consider the pressure at wells, the number of wells, gas lift pressure and equipment
reconfiguration. As a result, different production levels will be obtained (e.g., variation of exported
oil and gas). Besides, the ideal production flow will be estimated, which in turn will help in
estimating the production availability.
The Petri Nets model will simulate the production behaviour of the offshore installation. With the
obtained results, different availability evaluations and sensitivity analyse will be conducted. At this
phase of the thesis, the objective is the definition of the availability of the total system and the
identification of principal factors which can improve the performance of the system.

2

1.3 Thesis Structure
This thesis consists of five chapters, each representing one important step in the availability
analysis of the offshore installation.
The chapter “Evolution of availability analysis tools” aims to show the evolution of availability
analysis techniques, from the classical reliability to the simulation techniques and modelling
languages.
The chapter “Methodology” has the main objective of introducing the main concepts of reliability,
of probability, and of offshore and reservoir engineering to be used in the availability analysis.
The topics presented are: some basic reliability concepts; the probability distributions used in the
modelling of the offshore installation; the Petri Nets modelling tools coupled with Monte Carlo
Simulation; a general description of offshore production plant; and the basic principles of reservoir
engineering, which help understand the behaviour of oil flow.
The chapter “Case study description” presents the input data for availability analysis. First, the
time-dependent equations of oil, gas and water flows are developed. Then, the floating production
system plant is described, namely: the components, the components failure state, and the
production configuration in failure cases. By combination of the flow equations with the production
configurations, production levels are obtained. Finally, the maintenance policy is described.
The chapter “Case study modelling by Petri Nets” describes the Petri Nets model of the offshore
production system in four sub-chapters. At the beginning, the initial conditions of simulations are
specified. Then, the successive Petri Nets models are presented: first, the model of equipment,
then, the model of its switch (i.e., switch-on or switch-off the equipment), and finally, the model of
the corrective and preventive maintenances.
The chapter “Numerical results and discussion” is the final chapter of availability analysis. It
includes four calculation procedures, each in its subsection. The first one estimates the optimum
number of simulation histories. The second validates the developed Petri Nets model. The third
provides all obtained availability results. The last subsection deals with the sensitivity analysis of
the system performance with respect to the model parameters.
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2 Evolution of Availability Analysis Tools

In recent decades, the concept of reliability became very important in engineering. The essential
scientific pillar which has supported the evolution of reliability engineering was the probability and
statistics theory (Zio 2009). Thereby, in the 1960s, several textbooks about reliability were
published. In the 1970s, for the first time, risk and safety analysis were applied to a complex
system (i.e., nuclear power plant). Later, other industries, particularly the offshore oil production,
began using reliability engineering. Today, the reliability of subsea systems is so sophisticated as
in spacecrafts industry (Rausand and Høyland 2004).
The classical reliability tools include Reliability Block Diagram (RBD), Fault Tree (FT), Event
Tree (ET), among others. These models are based on Boolean algebra (i.e., the values of the
variables either true or false) (Briš and Kochaníčková 2006; Teixeira and Guedes Soares 2009)
and are designed to illustrate static relationships between logical variables (Siu 1994).
RBD is a graphical analysis technique that expresses the concerned system as connections of a
number of components in accordance with their logical relation of reliability (Kim 2011). FT is used
to identify all combinations of component failures that can lead to system failures. ET is used to
determine the sequences of system failures that can lead to undesired consequences (Siu 1994).
Classical reliability does not account for the order of occurrence of the events (Dutuit et al. 1997;
Siu 1994) (Dutuit et al. 1997; Siu 1994). While it can be applied to the systems with binary
components (i.e., equipment which can be in two states: functioning or faulty) (Zio 2009), it is
unsuitable to analyse industrial systems, since it does not account for the dependencies or the
dynamic interactions (Dutuit et al. 1997).
The classical notions of reliability and availability have been introduced to deal with events
occurring rarely, but with severe sequences. This is the opposite of dependability, which deals
with frequent events with low consequences (e.g., production or financial losses) (Signoret 2010).
There are many manufacturing, production, and power generation systems, whose performance
can settle on different levels, depending on the operating conditions of their constitutive multistate elements. Figure 2.1 presents the availability of a binary and multi-state systems.

Figure 2.1 – Binary and multi-state systems
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Markov modelling is a standard technique for the mathematical representation of dynamic
systems. Since component failure interactions, as well as systems with independent failures, may
be effectively modelled as Markov processes, provided that the failure and repair rates can be
approximated as time-independent (Lewis 1994).
Relying on Markov assumptions, Cowing et al. (2004) present the dynamic modelling of the tradeoff between productivity and safety, in offshore oil platforms. Li and Peng (2014) use the Markov
process to model the dynamics at component and system levels to calculate the availability and
operating costs of maritime oil transportation system.
However, Markov model has two main limitations: the number of states increase with system size
so fast that it can lead to state-explosion, limiting the approach to very complex systems;
moreover, the Markov model only works with exponentially distributed events (Prosvirnova et al.
2013; Santos et al. 2015a). Therefore, to capture the complexity of real systems and to model the
dependencies and interactions between the system components, simulation techniques have
been adopted by several authors (e.g., Santos et al. (2015a) ).
Monte Carlo Simulation (MCS) provides all necessary information to describe the behaviour of
different realistic aspects of a production system. Such as component degradation, corrective and
preventive maintenances, limited number of repair teams and an associated component repair
priorities (Zio et al. 2004).
Borgonovo et al. (2000) used MCS to make an availability analysis of a complex system under
periodic maintenance and within the economic constraint of limited resources. Zio et al. (2007)
used a MCS approach to model complex dynamics of multi-state components with operational
dependencies on the system state. Zio et al. (2004) and Brissaud et al. (2015) presented a MCS
model for the evaluation of the availability of a multi-state and multi-output offshore installation.
The weakness of the MCS is the time of computation, especially in a large complex system
(Matsuoka 2013).
Petri Nets (PN) is a tool that combines graphical to mathematical modelling capabilities in order
to simulate and analyse discrete event systems (Santos et al. 2013). It was first introduced by
Carl Adam Petri in 1962 in his Ph.D. dissertation (Petri 1962), where he discussed the problem
of representing co-operating, concurrent, or competing processes by a graphical modelling
formalism.
A quantitative analysis of the Stochastic Petri Nets (SPN) can be performed by an analytical
method, but it is simpler to use MCS (Rausand 2011). The reason is in the determination of
system stochastic evolution, which is not easily captured by analytical models (Marseguerra and
Zio 2002).
SPN coupled with MCS has many applications in complex system simulations. Santos et al.
(2012) present SPN coupled with MCS as a flexible method for assessing the regularity of the
system’s production, quantified by its throughput capacity distribution. Grunt and Briš (2015) use
6

SPN and MCS for modelling of risk to personnel safety in process industries. Liu et al. (2015)
present an application of SPN with MCS that evaluates the availability of a subsea blowout
preventer system and its mechanical and electrical subsystems. Nývlt et al. (2015) use SPN and
MCS for the modelling and simulation of complex accident scenarios, where events may occur
anywhere in an event chain. Santos et al. (2015b) use SPN and MCS to model and simulate the
operation and maintenance activities of offshore wind turbines, considering logistic resources,
time vs costs, and weather constraints.
Briš (2013), Briš and Kochaníčková (2006) and Teixeira and Guedes Soares (2009) combine
SPN and MCS to model and analyse the production availability of an offshore installation case
study in different scenarios. The above-mentioned studies were developed within the scope of
the European thematic network SAFERELNET – Safety and Reliability of Industrial Products,
Systems and Structures (Guedes Soares 2010). The case study included different processes like
the corrective and preventive maintenance policy, component degradation, production reconfiguration and production level. However, the implemented simulation model has various
limitations. In the proposed test case, only the failures of the Turbo-Compressors, TurboGenerators, Electro-Compressor and Tri-Ethylene Glycol unit are considered. The maximum
capacities of oil, gas and water production are constant throughout simulated time. All transitions
related to component fail/degradation and all maintenance actions are exponentially distributed.
The number of corrective maintenance teams is fixed to one.
Although SPN is a very powerful modelling formalism and is sufficient for the analysis of real
systems, the models of more complex systems become harder to understand. In order to improve
the modelling methodology, Guarded Transition System (GTS) (Rauzy 2008) and AltaRica 3.0
(Boiteau et al. 2006; Lipaczewski et al. 2015; Prosvirnova et al. 2013) can be applied.
GTS is a new states/events formalism, based on block diagrams and Petri nets. GTS is a useful
tool to model looped systems. Meng et al. (2018) used it to analyse the production availability of
Floating Production Storage and Offloading (FPSO).
AltaRica 3.0 is a modelling language devoted to performance evaluation and safety analyses,
based on GTS. It embeds the concept of synchronization of events and accelerates the Monte
Carlo simulation. Meng et al. (2016) use it to measure the production performance of an offshore
system.
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3 Methodology

3.1 Basic Reliability Engineering Concepts
The main goal of any engineering project, which generates revenue, is to increase the productivity
of systems while reducing their investment and operational costs. To achieve this aim, it is
necessary to minimize the probability of failures, regardless of the reason: whether a failure that
increases costs, or a factor which threatening public security. An analysis of the cause of failures
and of ways to prevent them is done by comparing and contrasting the reliability characteristics
of the systems.
The main reliability concept in engineering is the reliability. From a quantitative point of view, the
reliability is probability that a system will perform properly for a specified period of time under a
given set of operating conditions (Lewis 1994).
To define the reliability mathematically, the variable that describes the time-to-system-failure, 𝑻,
needs to be defined. The probability of failure at a time less than or equal to 𝒕 is then given by the
Equation (3.1).
𝐹(𝑡) = 𝑃(𝑇 ≤ 𝑡)

(3.1)

The Equation (3.1) is the Cumulative Distribution Function (CDF) of the time to system failure
defined by:
𝑡

𝐹(𝑡) = ∫ 𝑓(𝑡´) 𝑑𝑡´

(3.2)

0

Where 𝒇(𝒕´) is the probability density failure of 𝑻. Hence, the probability that a system operates
without failure for a length of time 𝒕, 𝑹(𝒕), is:
𝑅(𝑡) = 𝑃(𝑇 > 𝑡) = 1 − 𝑃(𝑇 ≤ 𝑡)

(3.3)

Inserting (3.1) and (3.2) in (3.3) gives:
𝑡

∞

𝑅(𝑡) = 1 − ∫ 𝑓(𝑡´) 𝑑𝑡´ = ∫ 𝑓(𝑡´) 𝑑𝑡´
0

(3.4)

𝑡

The Probability Density Function (PDF), 𝒇(𝒕), is the probability that the failure takes place
between 𝒕 and 𝒕 + ∆𝒕:
𝑓(𝑡) ∙ ∆𝑡 = 𝑃(𝑡 < 𝑇 ≤ 𝑡 + ∆𝑡)

(3.5)
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The principal property of the PDF is:
+∞

𝑃(−∞ < 𝑡 < +∞) = ∫

𝑓(𝑡) 𝑑𝑡 = 1

(3.6)

−∞

From (3.6), it comes that:
𝑅(0) = 1 𝑎𝑛𝑑 𝑅(∞) = 0

(3.7)

The Equation (3.4) may be inverted by differentiation to give the PDF of failure times in terms of
the reliability:
𝑓(𝑡) = −

𝑑
𝑅(𝑡)
𝑑𝑡

(3.8)

The failure mechanism is understood with the behaviour analysis of the failure rate, 𝝀(𝒕). In other
words, the failure rate is a frequency of system/component failure expressed by the number of
failures per unit of time, typically hours. To define this rate mathematically, let 𝝀(𝒕) ∙ ∆𝒕 be the
probability of failure of the system at some instant 𝑻 < 𝒕 + ∆𝒕, knowing that it has not yet failed at
𝑻 = 𝒕. As it is possible to see, this condition corresponds to the conditional probability, hence:
𝜆(𝑡) ∙ ∆𝑡 = 𝑃(𝑇 < 𝑡 + ∆𝑡|𝑇 > 𝑡)

(3.9)

From the definition of a conditional probability, it is obtained:
𝜆(𝑡) ∙ ∆𝑡 =

𝑃((𝑇 > 𝑡) ∩ (𝑇 < 𝑡 + ∆𝑡))
𝑃(𝑇 > 𝑡)

(3.10)

The numerator of the Equation (3.10) is related to the PDF:
𝑃((𝑇 > 𝑡) ∩ (𝑇 < 𝑡 + ∆𝑡)) ⇔ 𝑃(𝑡 < 𝑇 < 𝑡 + ∆𝑡) = 𝑓(𝑡) ∙ ∆𝑡

(3.11)

The denominator is the reliability from the Equation (3.3). Hence, the failure rate is given by:
(3.3) ∧ (3.10) ∧ (3.11) ⇒ 𝜆(𝑡) =

𝑓(𝑡)
𝑅(𝑡)

(3.12)

In reliability engineering, the reliability and the failure density function are represented in terms of
failure rate. Therefore, the reliability is given by:
(3.8) ∧ (3.12) ⇒ 𝜆(𝑡) = −

1
𝑑
∙ 𝑅(𝑡)
𝑅(𝑡) 𝑑𝑡

(3.13)

𝑡

(3.13) ⇔ 𝑅(𝑡) = exp (− ∫ 𝜆(𝑡´) 𝑑𝑡´)

(3.14)

0

And the failure density function is given by:
𝑡

(3.12) ∧ (3.14) ⇒ 𝑓(𝑡) = 𝜆(𝑡) ∙ exp (− ∫ 𝜆(𝑡´) 𝑑𝑡´)
0
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(3.15)

The most used measure to characterize reliability is the Mean Time To Failure (MTTF), which
simply corresponds to mean value of the failure time 𝒕:
∞

𝑀𝑇𝑇𝐹 = ∫ 𝑡 ∙ 𝑓(𝑡) 𝑑𝑡

(3.16)

0

In terms of reliability, the MTTF is given by:
∞

(3.8) ∧ (3.16) ⇒ 𝑀𝑇𝑇𝐹 = ∫ 𝑅(𝑡) 𝑑𝑡

(3.17)

0

The failure rate function, in terms of time, usually has a profile of a bathtub curve (Lewis 1994),
because the curve profile looks like a cross sectional shape of a bathtub with steep sides and flat
bottom, as shown in Figure 3.1.

Figure 3.1 – Bathtub curve of failure rate function

As it is possible to see from the Figure 3.1, the bathtub curve is divided in three periods of life:
infant mortality, useful life and wear-out. The infant mortality, or early failures, is a short period of
time in a region where the failure rate is decreasing. Despite the decrease, the failure rate is high.
The main reasons of early failure are: incorrectly manufactured pieces of equipment, components
out of tolerance, damage during transport. The useful life is the middle, flat, section of the bathtub
curve. In this part, the failure rate is constant and the smallest in the life. During this period, the
failures are random events. Hence, the probability of failure occurrence is independent of the
system’s age. To reduce the number of random failure occurrences, it is possible to improve the
system design, making it more robust or increasing the ratio of components capacities relative to
the loads placed upon them. The wear-out period of life is a region of increasing failure rate,
where aging failures become frequent. In this period of time the failures are originated by
cumulative effects such as corrosion, embrittlement, fatigue cracking, diffusion of materials,
among others. To produce a durable system and to prolong its useful life period, it is necessary:
to project the system with more durable components and materials, to do regular inspections and
preventive maintenance, and to monitor the deleterious environmental stresses.

11

3.2 Probability Distributions
Continuous random variables are used in the reliability analysis to describe several phenomena,
such as faultless operating times, system loads and capacities, repair rates, among others
(Lewis 1994). With a significant number of standardized probability distributions, it is possible to
model the behaviour of those. In this chapter, the distributions used in this case study will be
discussed. Thus, the Delta Dirac distribution, the Lognormal distribution, the Weibull and the
Truncated Weibull distribution, the Exponential distribution are presented.

3.2.1 Dirac Delta Distribution
In statistics the most applied continuous probability distribution is the Normal distribution (also
known as Gaussian). This model serves as a standard with which other models can be compared
(Bury 1999). It is used to describe a random variable through the mean, 𝝁, and the standard
deviation, 𝝈. The first one is the measure of the average value and the second one is the
dispersion about 𝝁. The Dirac Delta distribution is a particular case of Normal distribution, where
𝒙 is a known variable (i.e. 𝒙 = 𝝁) and, consequently, with no uncertainty 𝝈 → 𝟎. Hence, the Delta
Dirac distribution is defined by:
𝛿(𝑥 − 𝜇) = lim
𝜎→0

1
√2𝜋 ∙ 𝜎

∙ exp (−

1
∙ (𝑥 − 𝜇)2 )
2𝜎 2

(3.18)

Therefore,
∞,
𝛿(𝑥 − 𝜇) = { 0,

𝑥=𝜇
𝑥≠𝜇

(3.19)

The Dirac Delta distribution is used in the treatment of expected and fixed values.

3.2.2 Lognormal Distribution
Lognormal distribution is logarithmically related to the Normal model (Bury 1999). Thus, if the
logarithm of a variable X is normally distributed, then the variable X itself has a Lognormal
distribution. In engineering, Lognormal distribution has become an alternative to the Gaussian
distribution, since its sample space is positive, and its shape more naturally fits many engineering
data patterns. PDF of the Lognormal distribution is given by Equation (3.20). The Lognormal
distribution is frequently used to model repair times (Rausand and Høyland 2004).

𝑓(𝑥; 𝜇, 𝜎) =
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1

2

1 ln(𝑥) − 𝜇
∙ exp (− ∙ (
) ),
2
𝜎
𝑥𝜎√2𝜋

𝑥, 𝜎 > 0,

−∞ < 𝜇 < ∞

(3.20)

3.2.3 Weibull and Truncated Weibull Distributions
In reliability engineering, the Weibull distribution is frequently used to describe the material
strength and the life time of equipment. This statistical model may be applied to a wide range of
phenomena, and it is used in situations where different factors are responsible for failures. The
PDF of the standard Weibull distribution is given by (Bury 1999):
𝑓(𝑡; 𝛼, 𝛽) =

𝛽 𝑡 𝛽−1
𝑡 𝛽
∙( )
∙ exp (− ( ) ) ,
𝛼 𝛼
𝛼

𝑡 ≥ 0,

𝛼, 𝛽 > 0

(3.21)

Where, 𝜶 is the scale parameter (or characteristic life), 𝜷 is the shape parameter (or slope).
Besides, the failure rate of the Weibull distribution is given by (Bury 1999):
ℎ(𝑡) =

𝑓(𝑡) 𝛽 𝑡 𝛽−1
= ∙( )
𝑅(𝑡) 𝛼 𝛼

(3.22)

Hence:
< 1 → ℎ(𝑡) 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒𝑠 (𝑖𝑛𝑓𝑎𝑛𝑡 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 𝑝𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 𝑙𝑖𝑓𝑒)
1 → ℎ(𝑡) 𝑖𝑠 𝑐𝑛𝑠𝑡 (𝑢𝑠𝑒𝑓𝑢𝑙 𝑙𝑖𝑓𝑒 𝑝𝑒𝑟𝑖𝑜𝑑)
𝛽={
> 1 → ℎ(𝑡) 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑠 (𝑤𝑒𝑎𝑟 𝑜𝑢𝑡 𝑝𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 𝑙𝑖𝑓𝑒)

(3.23)

However, if the range of a continuous random variable is bounded from below and/or above for
some reasons, the Truncated Weibull distribution is applied (Zhang and Xie 2011). For example,
if a preventive or corrective maintenance does not update the component to an as good as new
condition, its age will not be null after maintenance. Therefore, the variable of time will be
bounded, and the truncated distribution will correspond the non-zero failure rate to the initial
moment (which is the updated components age) and will vary this rate in function of time. The
PDF of Truncated Weibull distribution is given by:
𝛽 𝑡 𝛽−1
𝑡 𝛽
∙( )
∙ exp (− ( ) )
𝛼 𝛼
𝛼
𝑔(𝑡) =
,
𝐹(𝑇) − 𝐹(𝑡0 )

𝑡0 ≤ 𝑡 ≤ 𝑇

(3.24)

The shape parameter in the Equations (3.22) and (3.24) is the same. Hence, the failure rate
function, 𝒉(𝒕), is decreasing in 𝒕 when 𝜷 < 𝟏 and increases when 𝜷 > 𝟏. The properties of the
Equations (3.21) and (3.24) are similar. The corresponding failure rate function has the following
form:
𝛽 𝑡 𝛽−1
𝑡 𝛽
∙( )
∙ exp (− ( ) )
𝛼 𝛼
𝛼
ℎ(𝑡) =
,
𝐹(𝑇) − 𝐹(𝑡)

𝑡0 ≤ 𝑡 ≤ 𝑇

(3.25)
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3.2.4 Exponential Distribution
To describe events that occur randomly in space or time at a constant rate the Exponential
distribution is used (Bury 1999). The PDF of this statistical model is given by Equation (3.26),
where 𝝀 is the failure rate.
𝑓(𝑡; 𝜆) = 𝜆 ∙ 𝑒 −𝜆∙𝑡 ,

𝜆>0

(3.26)

In engineering reliability, this is applied to components whose life is not subject to wear. In other
words, the device described by a constant failure rate has a property of “memorylessness”, i.e.,
the probability of failure within a specified time interval is independent of the device’s age
(Lewis 1994). Random failures of the component are normally caused by external factors, so they
are not dependent on past events.

3.3 Maintained Systems
To correct or to prevent system failures, there are two main types of maintenance: preventive
maintenance and corrective maintenance (PM and CM, respectively), and at least one of them is
applied. The first one involves replacing the parts, changing lubricants or adjustments made
before the failure occurs. The purpose of these measures is to eliminate the effects of aging,
wear, corrosion, fatigue or other degrading phenomena. In other words, preventive maintenance
serves to increase the reliability of system in the long run. The corrective maintenance is
performed after failure, and its main purpose is to return the system to service as soon as possible.
The efficiency of this type of maintenance is evaluated through the availability of the system,
which is defined as the probability that the system will be operational (Lewis 1994).

3.3.1 Preventive Maintenance
To understand the influence of the preventive maintenance on the system, it is considered that
𝑹(𝒕) is the reliability of a system without maintenance and 𝒕 is the actual operating time. If the
maintenance will be performed at time in intervals of 𝑻 hours, for 𝒕 < 𝑻 the procedure will not have
any effect. Hence, if 𝑹𝑴 (𝒕) is the reliability of maintained system, it is obtained:
𝑅𝑀 (𝑡) = 𝑅(𝑡),

0≤𝑡<𝑇

(3.27)

However, at 𝒕 > 𝑻, the maintained system does not memorise the accumulated wear effects for
times before 𝑻. Therefore, in the interval 𝑻 < 𝒕 ≤ 𝟐𝑻, the reliability is:
𝑅𝑀 (𝑡) = 𝑅(𝑇) ∙ 𝑅(𝑡 − 𝑇),
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𝑇 < 𝑡 ≤ 2𝑇

(3.28)

Where, 𝑹(𝒕) is probability of the system surviving until 𝑻, and 𝑹(𝒕 − 𝑻) is a probability of the as
good as new system at instant 𝑻 survive the time (𝒕 − 𝑻) without failure.
Thus, the general expression of the reliability of maintained system is:
𝑅𝑀 (𝑡) = 𝑅(𝑇)𝑁 ∙ 𝑅(𝑡 − 𝑁𝑇),

𝑁𝑇 < 𝑡 < (𝑁 + 1) ∙ 𝑇,

𝑁∈ℕ

(3.29)

Figure 3.2 presents the effect of preventive maintenance on reliability.

Figure 3.2 – The effect of preventive maintenance on reliability (Lewis 1994)

The MTTF of the system with preventive maintenance is (Lewis 1994):
∞

𝑀𝑇𝑇𝐹 = ∫ 𝑅𝑀 (𝑡) 𝑑𝑡 =
0

𝑇

∫0 𝑅(𝑡)𝑑𝑡
1 − 𝑅(𝑇)

(3.30)

It is worth noting that the improvement of PM depends on the period of life. During the useful life,
when the failures are random, the idealized maintenance has no effect. In infant mortality period,
which corresponds to a failure rate which decreases over time due to early failure, the preventive
maintenance decreases reliability. PM is only effective in the wear out period. The effect of PM
on reliability as a function of the failure rate is presented in Figure 3.3.

Figure 3.3 – The effect of preventive maintenance on reliability as function of failure rate (Lewis 1994)

3.3.2 Corrective Maintenance
CM is applied to the system when it failed or degraded. In the last case, this type of maintenance
can be useful because of high probability to fail, which is inherent in this state. The objective of
the corrective maintenance is to repair the system in the shortest time possible. It is feasible either
15

by correcting the failed system, or by totally replacing it. The type of maintenance depends on the
economic factor. The efficiency of the repair is measured by the availability parameter.

3.4 Availability
3.4.1 Component Availability
The availability of a repairable system, 𝑨(𝒕), is a probability that a system is performing
satisfactorily at a time 𝒕 (Lewis 1994). The interval availability is defined by:
𝐴∗ (𝑇) =

𝑇
1
∙ ∫ 𝐴(𝑡) 𝑑𝑡
𝑇 0

(3.31)

Equation (3.31) is the average of point availability, 𝑨(𝒕), during a specific period of time. This
period can be the system’s design life or, for example, the time to fulfil a mission. However, in
some situations, after the initial transient effects, the availability becomes time-independent. This
availability is called asymptotic and is defined by:
𝑇
1
∙ ∫ 𝐴(𝑡) 𝑑𝑡
𝑇→∞ 𝑇
0

𝐴∗ (∞) = lim

(3.32)

The availability of an unrepairable system is its reliability:
𝐴(𝑡) = 𝑅(𝑡)

(3.33)

Consequently, the interval availability of an unrepairable system is:
(3.31) ∧ (3.33) ⟹ 𝐴∗ (𝑇) =

𝑇
1
∙ ∫ 𝑅(𝑡) 𝑑𝑡
𝑇 0

(3.34)

The steady-state availability of a non-repairable system is:
𝐴∗ (∞) = 0

(3.35)

Considering that the distribution of Time To Repair (TTR) and Time To Failure (TTF) can be
characterized by a constant repair rate, 𝝂(𝒕) = 𝝂, and constant failure rate, 𝝀(𝒕) = 𝝀, the point
availability of system with revealed failures is:
𝐴(𝑡) =

𝜈
𝜆
+
∙ exp(−(𝜆 + 𝜈) ∙ 𝑡) ,
𝜆+𝜈 𝜆+𝜈

𝐴(0) = 1

(3.36)

It is worth noting that, at the initial instant the availability is equal to 1 and it decreases
monotonically to an asymptote 𝟏⁄(𝟏 + 𝝀⁄𝝂). The interval availability is given by:
(3.31) ∧ (3.36) ⟹ 𝐴∗ (𝑇) =
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𝜈
𝜆
+
∙ (1 − exp(−(𝜆 + 𝜈) ∙ 𝑇))
𝜆 + 𝜈 (𝜆 + 𝜈)2 ∙ 𝑇

(3.37)

The asymptotic availability for constant repair and failure rates is obtained by letting 𝑻 go to
infinity. Since, 𝑀𝑇𝑇𝐹 = 1/𝜆 and 𝑀𝑇𝑇𝑅 = 1/𝜈, it results:
𝐴∗ (∞) =

𝜈
𝑀𝑇𝑇𝐹
=
𝜆 + 𝜈 𝑀𝑇𝑇𝐹 + 𝑀𝑇𝑇𝑅

(3.38)

3.4.2 System Availability
In the previous section, the availability was analysed from the point of view of the failure or repair
at the component level. Here, the main objective is to show the availability of system based on
the analysis of its component’s availabilities.
̃ 𝒊 represents the failed
It is supposed that 𝑿𝒊 represents the operation state of the system, and 𝑿
state, where 𝒊 is the number of a component. In the case of a non-redundant system (i.e.,
equipment in series), the total system is available only if all the components are available, that is:
𝑋 = 𝑋1 ∩ 𝑋2 ∩ … ∩ 𝑋𝑀

(3.39)

Therefore, the availability of a non-redundant system is given by Equation (3.40):
𝐴(𝑡) = ∏ 𝐴𝑖 (𝑡)

(3.40)

𝑖

Where 𝑨𝒊 (𝒕) is the availability of the independent component 𝒊.
In the case of a redundant system (i.e. equipment in parallel), the total system is unavailable only
if all the components are unavailable, thus:
𝑋̃ = 𝑋̃1 ∩ 𝑋̃2 ∩ … ∩ 𝑋̃𝑀

(3.41)

Since the unavailability is one minus the availability:
1 − 𝐴(𝑡) = (1 − 𝐴1 (𝑡)) ∙ (1 − 𝐴2 (𝑡)) ∙ … ∙ (1 − 𝐴𝑀 (𝑡))

(3.42)

Hence, the availability of a redundant system is:
𝐴(𝑡) = 1 − ∏(1 − 𝐴𝑖 (𝑡))

(3.43)

𝑖

In the case of revealed failures, the constant repair rate model is applied to each component.
Here, the component point availability is given by the Equation (3.36) and the asymptotic
component availability is described by the Equation (3.38). Hence, the asymptotic availability of
a non-redundant system is given by:
(3.38) ∧ (3.40) ⟹ 𝐴(∞) = ∏
𝑖

𝜈𝑖
𝜈𝑖 + 𝜆𝑖

(3.44)
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The asymptotic availability of a redundant system is obtained by the same procedure. For 𝑁
identical units with 𝜆𝑖 = 𝜆 and 𝜈𝑖 = 𝜈, it results that:
𝜆 𝑁
(3.38) ∧ (3.43) ⟹ 𝐴(∞) = 1 − (
)
𝜆+𝜈

(3.45)

3.4.3 Sensitivity Analysis of Availability
Sensitivity analysis is the study of how uncertainty in the output of a model can be apportioned to
different sources of uncertainty in the model input (Saltelli et al. 2008). It is a very important tool
in availability analysis, as it can identify which input values (e.g., MTTR or MTTF) are more
important in terms of contribution to system performance (i.e., the parameters that significantly
impact the production availability). Later, the relevant input values can be changed to improve the
production availability. By considering the unimportant variables as deterministic, it is possible to
reduce the dimension of model input variables space and to gain a computational cost (i.e., the
computational time) (Gaspar et al. 2016).
Depending on sensitivity measures, the sensitivity analysis may be done by two types of methods:
local and global (Saltelli et al. 2008). The local methods analyse the sensitivity of the input variable
around a prescribed nominal point. Typically, these methods are based on derivatives. The
simplest local method is the partial derivative of sensitivity, whose mathematical definition is:
𝑆𝑋𝑖 =

𝜕𝑌𝑗
𝜕𝑋𝑖

(3.46)

Where, 𝒀𝒋 is the output, and 𝑿𝒊 is the input parameter.
The local methods are attractive because of their efficient computation time. However, these
methods are only informative at the selected nominal point and do not provide any information at
the rest space of the input factors. Because of it, the global methods were developed, which
consider the whole space of the input variable to provide an overall sensitivity measure.
The global methods account for the nonlinearity of the model response and the interaction effects
between the input’s random variables. The most used global methods are the Standard
Regression Coefficients and the Morris Elementary Effects (Gaspar et al. 2016). The first method
relies on sampling of the model input random variables and corresponding response through
MCS. The Morris method relies on the evaluation of the so-called elementary effects for each
input random variable 𝑋𝑖 (𝑖 = 1, … , 𝑛) along 𝑛-dimensional unit hypercube. It is worth noting that,
both methods consider the dependency between the input factors, while the partial derivative of
sensitivity does not.
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3.5 Petri Nets
Petri Nets is a generic name for tools that can be divided into three levels (Reisig and
Rozenberg 1998). The first one is the fundamental research represented by Elementary Net
Systems model. It is used to simulate the real-life system of trivial size. The second level is of an
intermediate model represented by Place/Transition Systems and is also known as simple PN. It
joins the repetitive characteristics of Elementary Net Systems in order to get more compact
representation. The third level, high level nets, uses algebra and logic to create compact nets
suitable for real applications. Coloured nets and Predicate/Transition nets are the most powerful
models at this level. It is important to note that, in contrast to Elementary Net Systems, in simple
PN a place can hold any number of tokens. However, in contrast to high-level nets, these tokens
are indistinguishable.
To simulate the behaviour of an industrial multi-unit system, it is necessary to choose the PN level
and to consider the execution time and/or stochastic processes of practical applications. This sum
leads to Timed and Stochastic Petri Nets. The base model chosen for the case study of this
project is the Place/Transition System.

3.5.1 Basic Elements
In addition to modelling and analysing systems, Petri Nets provide a graphical representation of
the modelled system. The basic graphic elements, Figure 3.4, of the Place/Transition System are
(Murata 1989):


Place (represented by circles) – it models the system’s states (e.g. system functioning)
and it can work as deposit of resources, too (e.g. number of available maintenance
teams).



Transition (represented by rectangles) – it represents the events (e.g. system failure)
which manipulate the available resources. Its firing produces changes in the system’s
states.



Token (represented by small black dots) – it is a graphical representation of resources.
They are always held inside the places.



Arc (represented by directed arrows) – it specifies the interconnection between the
places and transitions and indicates which states are changed by a certain event.

Figure 3.4 – Basic graphic elements of Petri Nets
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The arcs are classified according to their relative position to a transition. Thus, if the arc is
connected from place to transition, it is calling an input arc; if vice-versa, the arc is called an output
arc. As the arcs, places can be of input or output, depending on the type of arc they are linked to.
Places, transitions and arcs are static elements. Tokens, which move according to simple rules,
are dynamic elements.
The system’s state is defined by the positions of the tokens in the places, i.e. by its marking. At
the same time, the quantity of resources in each state is given by the quantity of tokens in each
place (Murata 1989). It is worth noting that the quantity of tokens is a positive integer.
A change in the marking or states is a function of the transitions and it is accomplished by
removing and/or creating tokens in places according to the direction defined by the arcs
(Peterson 1981). This property allows to simulate the dynamic behaviour of a system (Teixeira
and Guedes Soares 2009). It is worth noting that the Place/Transition System is a bipartite graph.
Meaning that it is only possible to connect a place to a transition or vice versa, and not two places
nor two transitions (Bause and Kritzinger 2002).

3.5.2 Advanced Elements
The basic elements, introduced in the previous section, are sufficient to model a system.
However, with increasing complexity of the modelled system, the computation time increases,
making the simulation either impossible or economically unfeasible. Thus, it became necessary
to develop advanced elements that increase the calculation capacity and simplify the visualization
and graphical interpretation. The following sub-chapters present the most common advanced
elements used in the PN model.
3.5.2.1

Repeated Places

Generally, the places can be divided into two categories: skeleton places and auxiliary places.
The places which constitute the principal behaviour model of the system/module are called
skeleton, while the auxiliary places are places used by several modules. The auxiliary places can
complicate the visual perception of the model. Hence, in order to keep clarity, the repeated places
are used instead of the original auxiliary places.
For example, it is supposed that 𝑨𝒊 , 𝑩𝒊 and 𝑪𝒊 are the skeleton places, where 𝒊 indicates the
module number, and 𝑫 is the auxiliary place which is used by all modules. In Figure 3.5, it is
illustrated the positive visual effect of repeated places.
Figure 3.5 shows that while the skeleton of each module is untouched, the model becomes more
clear and simple with repeated places.
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Figure 3.5 – Visual effect of repeated places in Petri Nets

3.5.2.2

Messages

Another way to implement the model is the use of messages. Any transition is conditioned by
guards and assignments. The guards are pre-conditions that can enable or inhibit the firing of
transitions (see Section 3.5.3), while assignments are post-condition messages that update
variables used in the model (e.g., in transitions). Both are identified with the prefixes ?? and !!
respectively (Santos et al. 2015a). In other words, the guard is the received message by a
transition and the assignment is the emitted message.
Using the example from Figure 3.5, the usefulness of the messages is presented in the Figure
3.6, where, it is possible to see that the place 𝑫 is replaced by the messages

"! {𝑫 = 𝒕𝒓𝒖𝒆; }! ",

when 𝑫 is available, and "! {𝑫 = 𝒇𝒂𝒍𝒔𝒆; }! ", when 𝑫 is unavailable. When the module is waiting
for 𝑫, the transition has a message "? 𝑫 == 𝒕𝒓𝒖𝒆", meaning that it will fire as soon as 𝑫 becomes
true.

Figure 3.6 – Visual effect of the messages in Petri Nets
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3.5.2.3

Arc Multiplicity

The arc multiplicity is the number of tokens which can be moved through the arc. In the graphical
representation, the multiplicity is written beside the arc. If the arc is without a number, it is mean
that the multiplicity is one. To implement the order of priority, the inhibitor arcs are normally used.
These arcs can only be used in the direction from a place to a transition. In the graphical
representation, the inhibitor arcs are represented by dotted lines. While the multiplicity of normal
arc has a positive weight meaning, in the inhibitor arcs it has a negative weight meaning (see
Section 3.5.3).
A net in which all arcs have a multiplicity of one is called the Ordinary Petri Net (Peterson 1981),
(Murata 1989). When the net has an arc with multiplicity larger than one, it is called the
Generalized Petri Net (Peterson 1981). If the net contains an inhibitor arc, it is called the Extended
Petri Net (Murata 1989). Figure 3.7 illustrates the different types of PN.

Figure 3.7 – Simple examples of different Petri Net types

3.5.3 Enabling and Firing Rules
The enabling and firing rules are associated with transitions. An enabling rule defines the
conditions under which transitions are allowed to fire, while the firing rule describes the marking
modification included by the firing of the transition (Marsan et al. 1995). Both rules are specified
through the arcs. Thus, the enabling rule involves input and inhibitor arcs and the firing rule
depends on input and output arcs.
Enabling rule: a transition is called enabled if and only if each input place contains a number of
tokens greater or equal than a given multiplicity of arc and if each inhibitor place contains a
number of tokens strictly smaller than a given multiplicity of inhibitor arc.
Firing rule: when transition fires, it removes from each place in its input set as many tokens as
the multiplicity of the arc connecting to that place indicates and adds to each place in its output
set as many tokens as the multiplicity of the output arc indicates.
Figure 3.8 illustrates some practical examples of the application of enabling rules. When the
transition is enabled, the firing rule is applied. Besides, Figure 3.9 shows two examples of
transition firing: one with ordinary arcs and another with inhibitor arcs.
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Figure 3.8 – Examples of enabling rule application

Figure 3.9 – Two examples of transition firing rule in Petri Nets

3.5.4 Timed and Stochastic Petri Nets
Initially, Petri Nets models did not involve any notion of time, i.e., it did not define at which instant
the transition should fire. The original PN is only used in qualitative analysis to evaluate the
functional or qualitative behaviour of a system. To perform the quantitative analysis of the
behaviour of system in time, since the early 1970´s, several suggestions have been published
(Bause and Kritzinger 2002), which specify sojourn times of tokens on places and by specifying
a firing delay of enabled transition. This project will use the second proposal.
The delay of an enabled transition can be deterministic or stochastic. In the deterministic case,
the transition fires after a certain time, i.e., without any associated uncertainty. This model is called
Timed Transition Petri Nets and it can be divided into two groups (Bause and Kritzinger 2002):


Preselection model. When a transition is enabled, all tokens needed to fire are selected
and turned unavailable to any other transition of the PN. When the firing time interval has
elapsed, the transition removes all reserved tokens and creates new tokens in output
places according to the firing rule.



Race model. Here the tokens are not reserved by a transition. Once a transition is
enabled, it waits its firing times; and if it is still enabled at that time, since a faster transition
can disable others, the transition immediately fires. The reason it might unable to fire is
that a faster transition can disable the others. Hence, the enabled transitions compete or
race for tokens.
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When the delayed time is a random number and it is defined by probabilistic distributions, the
Stochastic Petri Nets is used. This class of PN has just the race model, where enabled transitions
compete for the tokens on their input places.

3.5.5 System Modelling by Petri Nets
When the techniques based on Generalized Stochastic Petri Nets are combined with Monte Carlo
Simulation they can model and analyse the complex behaviour of an industrial multi-unit system
(Santos et al. 2013), due to their transitions that can fire deterministically, stochastically and be
conditioned by predicates (i.e., by guards and assignments).
An industrial system is a very complex project, which includes different types of productions,
equipment and repair activities. The production system can include various levels of processing
of different products. The equipment can be repairable, non-repairable, in stand-by, degraded or
failed. The repair activity may consist of corrective or preventive maintenance, or both. All these
factors are some of the problems that an industrial system can have and which Petri Nets is
capable to model. Subsequently, the results of modelling can help to conduct a study of reliability,
availability and risk analysis.
To understand how the Petri Nets works, an example of a repairable equipment with a single
repair team is given in Figure 3.10.

Figure 3.10 – Example of system modelling by Petri Nets

Step 1: the token in place Work means that the equipment is in the working state; the token in the
Repair team means that the team exists, and it is available.
Step 2: the failure of the equipment occurs, and the token moves to place Failed through the
transition Failure. This transition contains the failure rate of the equipment and using any
probabilistic law (which is chosen by the user) determines the instant of fire. In this step the
equipment is Failed and is waiting for repair team.
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Step 3: the delay of the transition Start Repair and the firing rule are fulfilled. The tokens from the
Failed and Repair Team move to Repair, i.e. two tokens are removed and only one is added. This
means that the maintenance team is available, and repair has begun. When the maintenance is
finished, i.e. when the transition Finish Repair is valid, by the firing rule the tokens return to the
places of Step 1.

3.6 Monte Carlo Simulation
3.6.1 MCS for Production Availability Assessment
From the theoretical point of view, MCS is the process of approximating the output of a model by
repetitive random application of the model’s algorithm (Rausand 2011). In other words, the idea
of MCS is the repeated generation of random events in a computer model (e.g., Petri Nets model)
to count the occurrence number of a specific condition (e.g., production availability). MCS
simulates the occurrence of failures and the repair history of the components and systems by
using the probability distributions of the component state duration (Singh and Mitra 1995).
There are two basic approaches for MCS (Singh and Mitra 1995): sequential simulation and
random sampling. The first one generates a sequence of events using random numbers and the
probability distribution of the state duration of the component. In the second one, the component
state is based on the probability distribution and random numbers. Besides, to represent the
evolution of time in the sequential simulation, two methods are available: the fixed interval method
and the next event method. In the first method, the time progresses in constant steps, updating
the state of the system after each step, while in the second method, the time progresses until the
occurrence of an upcoming event.
In this project, the quantitative analysis of SPN will be performed with sequential simulation
approach of MCS, in particular, the fixed interval method.

3.6.2 Accuracy of MCS
The number of simulation histories influences the accuracy of results provided by MCS.
Therefore, the adequate number of histories needs to be determined. For this purpose, the
Confidence Intervals (CI) can be used (Ang and Tang 2007). The CI defines a range with lower
and upper bounds (i.e., CILB and CIUB, respectively) within which the true values of MCS results
will lie with a prescribed probability. The CI of the mean with known variance is defined by:
𝐶𝐼 = (𝐶𝐼𝐿𝐵 ; 𝐶𝐼𝑈𝐵 ) ⟺ 𝐶𝐼(1−𝛼) = (𝜇 + 𝑘(𝛼⁄2) ∙

𝜎
√𝑛

; 𝜇 + 𝑘(1−𝛼⁄2) ∙

𝜎
√𝑛

)

(3.47)

25

Where, (𝟏 − 𝜶) is the confidence level (e.g., 90%, 95% or 99%), 𝒌(𝜶⁄𝟐) and 𝒌(𝟏−𝜶⁄𝟐) are the lower
and upper critical values, respectively, 𝝁 is the sample mean, 𝝈 is the standard deviation and 𝒏
is the sample size.
In this study, the prescribed probability of CI is 90%, thus, the Equation (3.47) can be rewritten in:
𝐶𝐼90% = (𝜇 − 1.65 ∙

𝜎
√𝑛

; 𝜇 + 1.65 ∙

𝜎
√𝑛

)

(3.48)

The error related to the CI is given by:
𝐸𝑟𝑟𝑜𝑟𝐶𝐼90% =

|𝜇 − 𝐶𝐼𝐿𝐵 |
∙ 100
𝜇

(3.49)

The error depends on the sample size, hence, the larger the number of simulation histories, the
smaller the error and the greater the accuracy.

3.7 Offshore Production Facilities
At the beginning of the last century, the evolution of technology allowed the oil and gas industry
to advance from onshore to offshore production. Initially, the oil and gas offshore production
consisted of underwater well drilling from a pier. However, in 1947, the first offshore structure was
built without any direct access to shore (Chakrabarti 2005), by the Kerr-McGee Corporation in the
Gulf of Mexico at 4.6 m water deep. This breakthrough in the oil industry makes the beginning of
the Offshore Production era. Today, the offshore industry uses three main production facilities:
subsea production, fixed structures and floating structures.
The subsea production system consists of electrical, hydraulic, mechanical and structural
components. The subsea production is used in deep-water as the lowest cost alternative, when
it is possible to tieback production from a few wells to an existing structure. The fixed offshore
structure is a production facility, which is fixed to the seabed, and it is used in relatively shallow
waters. The floating offshore structure is a floating rig which may be moored to the seabed or
dynamically positioned by thrusters. It contains the same equipment as the fixed offshore
installation, and it is used in conjunction with subsea production system to exploit the deep-water
oil and gas fields.
The most common floating rigs are Floating Production System (FPS) and Floating Production
Storage and Offloading (FPSO) (Mather 1995). The FPS is a semi-submersible barge which
accommodate the processing plant. The FPSO is a mono-hull ship-shaped structure, usually a
converted oil tanker. The main difference between the rigs is the storage capacity. In the case of
FPSO, the processed oil can be stored aboard the vessel prior to export. While in the FPS, the
processed oil is directly discharged into a subsea pipeline or transferred to a shuttle tanker for
sea transportation.
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3.8 System Description of Offshore Production Plant
An offshore installation hosts number of production stages: from the exploration of oil and gas to
its transportation to shore. During this process, the extracted flow from the wells is divided into
oil, gas and water. It is then processed, and, before transportation, it can be temporarily stored.
The objective of this section is to show how the installation works from the technical point of view.
For this purpose, the simplified production plant of an offshore installation is presented in the
Figure 3.11.

Figure 3.11 – Simplified production plant of an offshore installation

As can be seen from the Figure 3.11, the offshore production plant is divided in the following subsystems: wells, separation, gas, oil and water productions. The wells are a generic term to the
underground (oil and gas) reserves and to the whole subsea production system. The separator is
a unit responsible for separating the incoming substance from the well into three different
production flows. Each flow has specific stages of production, which will be discussed in the
following sub-sections.

3.8.1 Separation Unit
In the offshore oil and gas industry this unit is classified by two aspects: installation position
(horizontal or vertical type) and separators function (oil-gas two-phase separator or oil-gas-water
three-phase separator). The most common separation unit in offshore oil fields is the horizontal
three-phase separator (Fang and Duan 2014).
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3.8.2 Gas Production
When the gas is already separated from the mixture flow coming from a well, the main gas
production starts. It consists of three stages: compression, dehydration and exportation. Each of
them will be further discussed.
Normally, the gas coming from the separation unit has lost so much pressure that it must be
recompressed to be exported. For this purpose, the turbo-compressors are used. These devices
are driven by the gas turbines and are refuelled by a small quantity of the gas compressed by
them self (Devold 2013).
The second step of gas production is the dehydration whose main goal to reduce the dew point.
The process of dehydrating natural gas includes several methodologies, such as solvent
absorption, solid adsorption, low temperature separation. The most widely used in offshore gas
production is the glycol compounds solvent (tri-ethylene glycol) absorption method (Fang and
Duan 2014).
If the gas is not compressed, it cannot be exported. Hence, to guarantee security of the platform
installation and to avoid polluting the air, the flare system is installed. This system normally
includes a flare control valve, a collection piping, the gas liquid scrubber and a gas flare. Besides,
to enable simultaneous depressurization of low- and high-pressure production, the flare system
has a dual flare tip (Fang and Duan 2014).
After the processing treatment, the gas is prepared to be exported. However, if the quantity or the
quality of gas will be economically unprofitable, it can be injected to the seabed to maintain a
pressure at the oil field.
3.8.2.1

Gas Lift

At the time of discovery, the initial energy in the well reservoir is sufficient to guarantee the natural
oil and gas upstream flow. However, when the energy decreases, the oil and gas production can
be artificially increased by the gas lift.
This method consists in injecting the compressed gas back into the well, where it is mixed with
the product oil substance and generate the pressure difference between the well and offshore
installation increase. Consequently, the energy of incoming flow grows (Fang and Duan 2014).
3.8.2.2

Independent Power Supply

Any offshore production platform is able to generate the electricity by itself across an independent
power supply system. For this purpose, a certain amount of gas export is used for the electricity
production (Fang and Duan 2014).
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3.8.3 Oil Production
Before being exported, the oil coming from the separation unit must be treated. The oil treatment
consists into two processes: the dehydration and the desalination (Fang and Duan 2014). The
first one is used to dehydrate the crude oil emulsion, because a combination of oil and water
emulsion increases the cost and power consumption in the transportation process. The second
process is used to dissolve salts such as carbonate, chloride and sulphate, which are present in
extracted oil due to the water. The desalination is important because the salt corrodes the
equipment and pipelines.

3.8.4 Water Production
After the separation unit, the extracted water is processed by water treatment unit. Then, it is
again pumped into the well in addition with sea water. The reason of the water re-injection is to
maintain the pressure in the field.
The water treatment unit is a group of equipment that process the water from the oil along other
waters, like rainwater or water from the deck and the engine room (Fang and Duan 2014). The
resulting fluid is a source of iron, oil and other harmful and corrosive substances. Besides it cannot
be injected in the oil field nor discharged into the sea. The main equipment used for water
processing purpose is the impeller-type treatment system.
In this case study, the added sea water is considered already treated, without bacteria, sea
creatures, dissolved oxygen or another element which might damage the oil field.

3.9 Basic Principles of Reservoir Engineering
This section presents the basic fundamentals to understand reservoir engineering, which covers
a wide range of issues, including the presence of liquids in a reservoir of gas or oil, their
movement, the movement of injected liquids, and the evaluation of factors which regulate the
recovery of oil and/or gas (Lyons and Plisga 2005).

3.9.1 Petroleum Reservoir Composition
The hydrocarbon systems found in petroleum reservoirs are mixtures of organic compounds
which exhibit a multiphase behaviour over wide ranges of pressures and temperatures
(Ahmed 2001). These hydrocarbon accumulations may occur in the gaseous, liquid and/or solid
states, or in a combination of these. It is possible to divide petroleum reservoirs in two broad
groups: oil reservoir and gas reservoir. These divisions are subdivided depending on the
composition of the reservoir, its initial pressure and temperature, and the pressure and
temperature at the surface of the production plant.
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Normally the oil and gas of a reservoir are in a hydraulically connected system, but can also be
connected to water-breaking rocks or to aquifers (Lyons and Plisga 2005).
Initially, the hydrocarbons fluids in a reservoir may exist either in a single phase or in two phases.
A single phase is in the gaseous state or in the liquid state, in which the gas has dissolved in the
oil. If there are two phases, the gaseous phase is called the gas cap and the underlying liquid
phase is called the oil zone.

3.9.2 Primary Recovery of Crude Oil
Primary recovery is the recovery of oil and gas, either by natural flow or by artificial lift (e.g., gas
lift), through a single wellbore (Lyons and Plisga 2005). Thus, primary recovery occurs as a result
of the energy initially present on the reservoir at the time of discovery. After the initial pressure in
the reservoir falls to a low value, the pumps are installed to lift the crude oil to the surface.

3.9.3 Oil Reservoir Performance
It is possible to predict the future behaviour of the reservoir in two phases (Ahmed 2001):
1) Predicting cumulative hydrocarbons production as a function of declining reservoir
pressure;
2) Time-production phase, i.e., the obtained results in the Phase 1 are correlated with time.
In this stage of prediction, it is necessary to account the number of wells, the production
rate of individual wells, and the time required to deplete the reservoir.
The production life of oilfield reservoirs with time scale of this case study is presented in Figure
3.12.

Figure 3.12 – General behaviour of oil and gas production in time
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Period 1 (i.e., up-going line or “Ramp-up”) represents the plug-in of new wells. Period 2 (i.e.,
straight line or “Peak”) is the maximum production capacity of the wells. Period 3 (i.e., decline
curve or simply “Decline”) represents the decrease of oil and gas production.
There are three types of decline curves: the constant percentage (or exponential decline); the
hyperbolic decline and the harmonic decline. The exponential decline may apply to pumping wells
that are kept pumped off or to oil wells that produce at a constant bottom pressure. The hyperbolic
decline is indicative of unsteady-state conditions. The harmonic decline may be observed in
reservoirs that are dominated by gravity drainage (a recovery mechanism in which the force of
gravity pushes oil out of the reservoir and new gas replaces the voided volume).

3.9.4 Secondary Recovery of Crude Oil
When the initial energy has been depleted and the rate of oil recovery declines, oil production can
be increased by the injection of secondary energy into the reservoirs. Secondary recovery is the
recovery of oil and gas that involves the introduction of artificial energy into the reservoir via one
wellbore and production of oil and gas from another wellbore (Lyons and Plisga 2005). The
secondary recovery includes immiscible processes of waterflooding and gas injection.
Waterflooding is the process of injecting water inside the well to maintain pressure.
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4 Case Study Description

The initial data of the case study is a synthesis of two sources of information: (Souza et al. 2017)
and (Signoret 2004). The first provides data on the well production behaviour and describes the
principal technical premises related to reservoir production. The second one presents an offshore
production plant with the component’s failure states, the maintenance policy and the production
levels. The following sections present the details of the case study.

4.1 The Principal Characteristics of Reservoir Production
It is considered that the offshore production plant is operating in a Brazilian oilfield located 300 km
off the shore. The Original Oil In Place (OOIP) is about 4.597-10.283 MMbbl. The oilfield
reservoirs have two phases, which contain oil, gas, and water. The maximum production capacity
of liquid phase by well is 8000 bbl/day or 53 m 3/h. In this study, the flow is considered constant
throughout operational life of the well. The liquid phase of flow is constituted of oil and water, and
the oil to water ratio is considered. During the first five years, the percentage of water in liquid
phase is 10% (thereby, the oil is 90%), and then increases exponentially until 95% (thereby, the
oil decreases exponentially until 5%). The maximum production capacity of gas phase is 0.15x10 6
Sm3/h. During the Decline production life period, the gas phase drops exponentially to 0.3x10 5
Sm3/h. The influence of water injection in production capacity is not considered in this work.
Similar to Figure 3.12, the total oil and gas production has an evolution with three periods: Rampup, Peak, and Decline. The first period is two years long, the Peak period is three years long, and
the total exploration life of oilfield is 27 years. It is worth noting that, one year of work is 300 days
with 24 hours each. Hence, one year is equal to the 7200 hours.
During the Ramp-up period (0 – 14400 h), the 18 wells are successively connected to the FPS,
i.e., 9 wells per year. Hence, the total flow of liquid phase at the Peak period (14400 h – 36000 h)
is 960 m3/h.
The exponential decline is applied to the Decline period (36000 h – 194400 h). Knowing that the
decline rate, 𝑫, is defined as the fractional change in the flow rate, 𝑸, with time, 𝒕 (Lyons and
Plisga 2005):
𝐷=−

1 𝑑𝑄
∙
𝑄 𝑑𝑡

(4.1)

In the exponential decline case, the decline rate is constant. Hence, the flow rate is given by:
(4.1) ⇒ 𝑄 = 𝑄𝑝𝑒𝑎𝑘 ∙ 𝑒 −𝐷∙(𝑡−𝑡0)

(4.2)
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Where, 𝑸𝒑𝒆𝒂𝒌 is the production at beginning of decline, and 𝒕𝟎 is the instant of beginning of
decline.

4.1.1 Sizing of the Oil Flow
The oil flow at Peak period, 𝑸𝒑𝒐𝒊𝒍 , is 90% of the total flow of the liquid phase, 𝑸𝒘𝒆𝒍𝒍 , thereby:
𝑄𝑝𝑜𝑖𝑙 = 90% ∙ 𝑄𝑤𝑒𝑙𝑙 = 0.9 ∙ 960 𝑚3 ⁄ℎ = 864 𝑚3 ⁄ℎ

(4.3)

Besides, the minimum flow of oil, 𝑸𝒐𝒊𝒍 , at the last analysed hour, 𝒕 = 𝟏𝟗𝟒𝟒𝟎𝟎 𝒉, is:
𝑄𝑜𝑖𝑙 (𝑡 = 194400 ℎ) = 5% ∙ 𝑄𝑤𝑒𝑙𝑙 = 0.05 ∙ 960 𝑚3 ⁄ℎ = 48 𝑚3 ⁄ℎ

(4.4)

During the Ramp-up period, the flow of oil, 𝑸𝒐𝒊𝒍 , increases linearly. At Peak period, the flow is
constant and equal to the 𝑸𝒑𝒐𝒊𝒍 . To define the exponential decline equation, the decline rate, 𝑫,
must be calculated:
(4.2) ⇒ 𝑄𝑜𝑖𝑙 (𝑡 = 194400 ℎ) = 𝑄𝑝𝑜𝑖𝑙 ∙ 𝑒 −𝐷∙(194400−36000) ⇔ 𝐷 = 1.8 × 10−5

(4.5)

Hence, the mathematical formulation of the oil flow is:
𝑄𝑝𝑜𝑖𝑙
∙ 𝑡 (𝑚3 ⁄ℎ) ,
0 ≤ 𝑡 ≤ 14400 (ℎ)
14400
𝑄𝑝𝑜𝑖𝑙 (𝑚3 ⁄ℎ) ,
14400 < 𝑡 ≤ 36000 (ℎ)

𝑄𝑜𝑖𝑙 =
{𝑄𝑝𝑜𝑖𝑙 ∙ 𝑒

−1.8×10−5 ∙(𝑡−36000)

(𝑚3 ⁄ℎ) ,

(4.6)

36000 < 𝑡 ≤ 194400 (ℎ)

4.1.2 Sizing of the Water Flow
At the Peak period, 10% of the liquid phase is water. Hence, the water flow, 𝑸𝒑𝒘𝒂𝒕𝒆𝒓 , is:
𝑄𝑝𝑤𝑎𝑡𝑒𝑟 = 10% ∙ 𝑄𝑤𝑒𝑙𝑙 = 0.1 ∙ 960 𝑚3 ⁄ℎ = 96 𝑚3 ⁄ℎ

(4.7)

During the Ramp-up period, the flow of water, 𝑸𝒘𝒂𝒕𝒆𝒓 , increases linearly. At the Peak period, it is
constant and equal to the 𝑸𝒑𝒘𝒂𝒕𝒆𝒓 . At the Decline period, the water flow is a difference between
the total liquid phase flow and oil flow. Hence, the mathematical formulation of water flow is:

𝑄𝑤𝑎𝑡𝑒𝑟 =

𝑄𝑝𝑤𝑎𝑡𝑒𝑟
∙ 𝑡 (𝑚3 ⁄ℎ) ,
0 ≤ 𝑡 ≤ 14400 (ℎ)
14400
3⁄
𝑄𝑝𝑤𝑎𝑡𝑒𝑟 (𝑚 ℎ) ,
14400 < 𝑡 ≤ 36000 (ℎ)
{𝑄𝑤𝑒𝑙𝑙 − 𝑄𝑝𝑜𝑖𝑙 ∙ 𝑒

−1.8×10−5 ∙(𝑡−36000)

(𝑚3 ⁄ℎ) ,

(4.8)

36000 < 𝑡 ≤ 194400 (ℎ)

4.1.3 Sizing of the Gas Flow
The gas flow, 𝑸𝒈𝒂𝒔 , increases linearly in the Ramp-up period until 𝑡 = 14400 ℎ. At Peak period, it
is constant and equal to the maximum production capacity of gas phase by well:

34

𝑄𝑝𝑔𝑎𝑠 = 0.15 × 106 𝑆𝑚3 ⁄ℎ

(4.9)

Knowing the minimum flow of gas at the last analysed hour:
𝑄𝑔𝑎𝑠 (𝑡 = 194400 ℎ) = 0.3 × 105 𝑆𝑚3 ⁄ℎ

(4.10)

It is possible to calculate the decline rate, 𝑫:
(4.2) ⇒ 𝑄𝑔𝑎𝑠 (𝑡 = 194400 ℎ) = 𝑄𝑝𝑔𝑎𝑠 ∙ 𝑒 −𝐷∙(194400−36000) ⇔ 𝐷 = 1 × 10−5

(4.11)

Hence, the mathematical formulation of the gas flow is:
𝑄𝑝𝑔𝑎𝑠
∙ 𝑡 (𝑆𝑚3 ⁄ℎ) ,
0 ≤ 𝑡 ≤ 14400 (ℎ)
14400
𝑄𝑝𝑔𝑎𝑠 (𝑆𝑚3 ⁄ℎ) ,
14400 < 𝑡 ≤ 36000 (ℎ)

𝑄𝑔𝑎𝑠 =
{𝑄𝑝𝑔𝑎𝑠 ∙ 𝑒

−1×10−5 ∙(𝑡−36000)

(𝑆𝑚3 ⁄ℎ) ,

(4.12)

36000 < 𝑡 ≤ 194400 (ℎ)

4.2 FPS Plant
Figure 4.1 shows the offshore production installation adopted as case study. The flow coming
from the production wells (Wells) is separated through a separating unit into three different
components: gas, oil and water. The gas is compressed through two 50% capacity Turbo
Compressors (TCs or TC1 and TC2), dehydrated through a Tri-Ethylene Glycol unit (TEG) and
then exported. From the Equation (4.9), it is known that the gas flow at Peak Period is
0.15x106 Sm3/h. Hence, it is considered that the maximum compressed capacity of each TC is
75000 Sm3/h. The gas that is not compressed is burned by a flare system. The oil is exported
through the Oil Pumping Unit (OPU). The water is first treated by the Water Treatment Unit (WTU),
then, it is re-injected in addition with sea water in order to maintain the pressure in the oilfield.

Figure 4.1 – Floating Production System Plant (Signoret 2004)
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Most components are powered by electricity. For this purpose, two 50% capacity Turbo
Generators (TGs or TG1 and TG2) are installed to generate electricity for the production system.
The electrical power production system constitutes the first operational loop. Because the
processed gas by the TEG unit is used to power the TEG unit, through the connection with turbogenerators.
TCs and TGs are powered by gas. The fuel gas is taken from the output of the TEG unit and is
then distributed to all TCs and TGs. Each of them consumes 0.1x10 6 Sm3/day, or 4200 Sm3/h.
The fuel gas generation system constitutes the second operational loop, where the gas
compressed by the TCs is used to produce the fuel gas and the fuel gas is used to run the TCs.
To achieve the nominal level of production, the Gas Lift (GL) is used. An amount of
1.0x106 Sm3/day, or 42000 Sm 3/h, of the export gas is diverted and compressed by an Electro
Compressor (EC), and then injected, at a pressure of 100 bar, in the well. The same amount of
gas lift can be injected directly in the well at a lower pressure of 60 bar. In this case, the production
level is reduced to 80% of its maximum. When the gas is not available for the gas lift, the
production is reduced to 60% of its maximum. The gas lift system constitutes the third operational
loop, since the incoming flow of the well depends on the output of the plant itself.

4.3 Gas Lift Reduction
The main aim of the FPS plant is the oil production, and the whole system is designed to maximize
it. The processed gas can be exported, too. However, the main goal of gas production is to supply
the FPS plant. As already mentioned, each equipment powered by gas consumes 4200 Sm3/h.
Knowing that the system consists of four such components (the TCs and the TGs), the minimum
gas flow required to supply the whole system is 16800 Sm 3/h, which corresponds to extracting
from the well 60% of the maximum flow. The minimum quantity of processed gas, which allows
to achieve the nominal level of production, is equal to the sum of the gas lift consumption,
42000 Sm3/h, with 16800 Sm 3/h. Hence, the maximum flow rate requires producing 58800 Sm 3/h
of gas.
Hereupon, when in the decline period the amount of processed gas reaches 58800 Sm 3/h, the
gas export is stopped, and all gas production is redirected to the GL. The Decline period of gas
production has an exponential behaviour, so the GL reduction follows the exponential decline.
Taking this into account, the reduction of the liquid phase flow (oil + water) is exponentially
proportional to the reduction of gas phase flow. The mathematical formulation of this reduction is
given by Equation (4.13):
𝐹𝑙𝑜𝑤% = 𝑒 10
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−5 ∙(𝑄
𝑔𝑎𝑠 −58800)

∙ 100

(4.13)

4.4 Component Failure State
In this case study, only the failures of the TCs, TGs, EC, TEG, Wells, OPU and WTU are
considered. All the other equipment are assumed to be perfect. The non-perfect systems can be
divided into two categories: equipment with three different states (as good as new, degraded,
failed) and equipment with two states (as good as new, failed). The TCs and TGs belong to the
first categories, the rest to the second one.
The “As good as new” condition means that the component is in an ideal state of operation. The
“Failed” state is when the equipment stops functioning. The “Degraded” state means that the
function of the component is maintained, but the system has a higher probability of passing to the
“Failed” state. The equipment needs to be repaired when it is in the “Failed” or in the “Degraded”
state.
The time, at which the equipment transitions from “As good as new” to “Degraded” or to “Failed”,
is represented by a Weibull Truncated distribution, due to this distribution accounting for the age
of the equipment. The shape parameters chosen for the transitions are 1.5 and 2.5. Both are
larger than 1, representing the equipment in the wear-out period of life. In this period, the lager
the shape parameter, the higher the failure rate. Thus, equipment which failure causes the total
shutdown of production (Wells, TEG, WTU and OPU) is of higher quality and its shape parameter
is 1.5. The remaining equipment (TCs, TGs and EC) have the shape parameter of 2.5.
The time, at which the transition from “Degraded” to “Failed” state occurs, is described by the
Exponential Distribution, because the failure, in this case, is independent of the equipment’s age.
Besides, in this transition, the mean time to failure is much smaller than in the previous one,
because here the probability of failure is higher.
Table 4.1 – Component Failure Data
Component

Transition
As good as new → Degraded

TCs

As good as new → Failed
Degraded → Failed
As good as new → Degraded

TGs

As good as new → Failed
Degraded → Failed

EC

As good as new → Failed

TEG

As good as new → Failed

Wells

As good as new → Failed

OPU

As good as new → Failed

WTU

As good as new → Failed

Distribution
Weibull
Truncated
Weibull
Truncated
Exponential
Weibull
Truncated
Weibull
Truncated
Exponential
Weibull
Truncated
Weibull
Truncated
Weibull
Truncated
Weibull
Truncated
Weibull
Truncated

𝛽

MTTF (h)

𝜆 (h-1)

2.5

1493

-

2.5

1351

-

-

-

2.12x10-3

2.5

1266

-

2.5

1299

-

-

-

1.86x10-3

2.5

5882

-

1.5

17544

-

1.5

87719

-

1.5

43668

-

1.5

2924

-

37

In Table 4.1 (page 37), the component failure data is given. Due to specifications in the program,
to define the transitions with a Weibull Truncated distribution, the shape parameter, 𝜷, and the
MTTF (in hours) are used. At the same time, to define the transitions with an Exponential
distribution, the failure rate, 𝝀, is used.

4.5 Production Configuration
Any failure of an offshore processing system equipment can undermine total production. That
being said, there are several production re-configurations that try to reduce the impact of a failure,
first on the export of oil and then on the export of gas. The impact of the failure on the water
injection is not analysed in this case study. The following paragraphs present the consequences
of failures on the production configurations of each equipment:


TCs failures – When one TC is lost, the quantity of non-compressed gas increases. This
extra gas cannot be transported, so it is flared, thus reducing the quantity of exported
gas, but the oil export, the fuel gas, and the gas lift do not change. When all TCs are lost,
the production is interrupted, because the electricity power on installation depends on the
fuel gas production.



EC failures – The stopping of the EC reduces the pressure on the gas lift, which
decreases the production capacity of the well, which in turn reduces the oil and gas
exports.



TGs failures – When one TG is lost, the EC and the water injection stop due to the low
level of electricity production. Hence, the oil and gas exports reduce. When all TGs are
lost, the total production is stopped, due to the interruption of electricity production.



TEG, Wells, OPU or WTU failures – The total production is interrupted.

4.6 Production Levels
To analyse the effect of equipment availability on the production capacity of the offshore platform,
it is necessary to consider the production at different levels. The most important period of
production is the Peak period. Hence, the levels are distributed depending on the production flows
at Peak period. The production of all levels is set by the corresponding oil flows, since the
production/flow of oil is more important than the export flow of gas.
By a physical analysis of the system, it is possible to identify 5 different levels for oil production
and 5 levels for water. The combination of these results in 6 levels. The production levels (P. L.)
of the components of the liquid phase are resumed in Table 4.2. The values of produced oil and
water are represented as function of their mathematical formulations given by the Equations (4.6)
and (4.8) (page 34).
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Table 4.2 – Production levels of Oil export and Water injection
Water
P. L.

Failed equipment

1

-

2

3

(TG1 or TG2) or
[(TG1 or TG2) and
(TC1 or TC2)]

EC
or
[EC and
(TC1 or TC2)]

Oil export

(m3/h)

Extraction (m3/h)

Injection (m3/h)

𝑄𝑜𝑖𝑙

𝑄𝑤𝑎𝑡𝑒𝑟

𝑄𝑤𝑎𝑡𝑒𝑟

Ramp-up:
min
(𝑄𝑜𝑖𝑙 ; 0.8 ∙ 𝑄𝑝𝑜𝑖𝑙 )

Ramp-up:
min
(𝑄𝑤𝑎𝑡𝑒𝑟 ; 0.8 ∙ 𝑄𝑝𝑤𝑎𝑡𝑒𝑟 )

Peak + Decline:
0.8 ∙ 𝑄𝑜𝑖𝑙

Peak + Decline:
0.8 ∙ 𝑄𝑤𝑎𝑡𝑒𝑟

Ramp-up:
min
(𝑄𝑜𝑖𝑙 ; 0.8 ∙ 𝑄𝑝𝑜𝑖𝑙 )

Ramp-up:
min
(𝑄𝑤𝑎𝑡𝑒𝑟 ; 0.8 ∙ 𝑄𝑝𝑤𝑎𝑡𝑒𝑟 )

Peak + Decline:
0.8 ∙ 𝑄𝑜𝑖𝑙

Peak + Decline:
0.8 ∙ 𝑄𝑤𝑎𝑡𝑒𝑟

0

Ramp-up:
min
(𝑄𝑤𝑎𝑡𝑒𝑟 ;
0.8 ∙ 𝑄𝑝𝑤𝑎𝑡𝑒𝑟 )
Peak + Decline:
0.8 ∙ 𝑄𝑤𝑎𝑡𝑒𝑟

4

GL or
[GL and
(TC1 or TC2)]

𝐹𝑙𝑜𝑤% ∙ 𝑄𝑜𝑖𝑙

𝐹𝑙𝑜𝑤% ∙ 𝑄𝑤𝑎𝑡𝑒𝑟

𝐹𝑙𝑜𝑤% ∙ 𝑄𝑤𝑎𝑡𝑒𝑟

5

[GL and
(TG1 or TG2)] or
[GL and
(TG1 or TG2) and
(TC1 or TC2)]

min
(𝐹𝑙𝑜𝑤% ∙ 𝑄𝑜𝑖𝑙 ;
0.8 ∙ 𝑄𝑜𝑖𝑙 )

min
(𝐹𝑙𝑜𝑤% ∙ 𝑄𝑤𝑎𝑡𝑒𝑟 ;
0.8 ∙ 𝑄𝑤𝑎𝑡𝑒𝑟 )

0

6

TEG or TCs or TGs or
Wells or WTU or OPU

0

0

0

From Table 4.2, it is possible to see that the extracted water flow is different from the injected.
The reason is the failure of the TG, which turned off the water injection pump. The extra water is
poured out into the sea.
By analysing the production configuration, it is possible to identify 9 levels of gas production, as
shown in Table 4.3. The mathematical formulation of the produced gas is given by the
Equation (4.12) (page 35).
Some amount of produced gas is used to power the offshore installation. Hereupon, the gas is
divided into three categories: Production, Consumption and Export. “Production” refers to the
amount of gas already processed, “Consumption” is the gas flow used to supply the production
plant, and “Export” is the resulting final gas that can be transported to the coast or injected into
the oilfield to keep the pressure inside it.
Combining the production levels from Table 4.2 and Table 4.3, 9 different levels of production are
obtained. Table 4.4 presents the production levels, with the values of produced oil, gas and water.
Note that turning off the equipment has the same effect on the production level as a failure.
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Table 4.3 – Production levels of Gas Production, Consumption and Export
Gas
P. L.

Failed equipment

1

Production (Sm3/h)

Consumption
(Sm3/h)

Export
(Sm3/h)

-

𝑄𝑔𝑎𝑠 1 = 𝑄𝑔𝑎𝑠

−58 800

𝑄𝑔𝑎𝑠 1 − 58 800

2

TC1 or TC2

𝑄𝑔𝑎𝑠 2 =
min(𝑄𝑔𝑎𝑠 ; 0.5 ∙ 𝑄𝑝𝑔𝑎𝑠 )

−54 600

𝑄𝑔𝑎𝑠 2 − 54 600

3

TG1 or TG2

𝑄𝑔𝑎𝑠 3 =
min(𝑄𝑔𝑎𝑠 ; 0.8 ∙ 𝑄𝑝𝑔𝑎𝑠 )

−54 600

𝑄𝑔𝑎𝑠 3 − 54 600

4

EC

𝑄𝑔𝑎𝑠 4 =
min(𝑄𝑔𝑎𝑠 ; 0.8 ∙ 𝑄𝑝𝑔𝑎𝑠 )

−58 800

𝑄𝑔𝑎𝑠 4 − 58 800

5

(TG1 or TG2) and
(TC1 or TC2)

𝑄𝑔𝑎𝑠 5 =
min(𝑄𝑔𝑎𝑠 ; 0.5 ∙ 𝑄𝑝𝑔𝑎𝑠 )

−50 400

𝑄𝑔𝑎𝑠 5 − 50 400

6

EC and
(TC1 or TC2)

𝑄𝑔𝑎𝑠 6 =
min(𝑄𝑔𝑎𝑠 ; 0.5 ∙ 𝑄𝑝𝑔𝑎𝑠 )

−54 600

𝑄𝑔𝑎𝑠 6 − 54 600

GL or
GL and
(TC1 or TC2)
GL and
(TG1 or TG2) or
GL and
(TG1 or TG2)
and (TC1 or TC2)
TEG or TCs or TGs
or Wells or WTU or
OPU

𝑄𝑔𝑎𝑠 7 =
min(𝑄𝑔𝑎𝑠 ; 𝐹𝑙𝑜𝑤% ∙ 𝑄𝑝𝑔𝑎𝑠 )

−min(𝑄𝑔𝑎𝑠 ;
𝐹𝑙𝑜𝑤% ∙ 𝑄𝑝𝑔𝑎𝑠 )

0

𝑄𝑔𝑎𝑠 8 =
min(𝑄𝑔𝑎𝑠 ; 0.5 ∙ 𝑄𝑝𝑔𝑎𝑠 ;
𝐹𝑙𝑜𝑤% ∙ 𝑄𝑝𝑔𝑎𝑠 )

− min(𝑄𝑔𝑎𝑠 ;
0.5 ∙ 𝑄𝑝𝑔𝑎𝑠 ;
𝐹𝑙𝑜𝑤% ∙ 𝑄𝑝𝑔𝑎𝑠 )

0

𝑄𝑔𝑎𝑠 9 = 0 ∙ 𝑄𝑔𝑎𝑠

0

0

7

8

9

Table 4.4 – Production levels with values of produced oil, gas and water
P. L.

Failed equipment

Oil export
(m3/h)

Gas export
(Sm3/h)

Water injection
(m3/h)

1

-

𝑄𝑜𝑖𝑙

𝑄𝑔𝑎𝑠 − 58 800

𝑄𝑤𝑎𝑡𝑒𝑟

2

TC1 or TC2

𝑄𝑜𝑖𝑙

min (𝑄𝑔𝑎𝑠 ; 0.5 ∙ 𝑄𝑝𝑔𝑎𝑠 )
− 54 600

𝑄𝑤𝑎𝑡𝑒𝑟

min(𝑄𝑔𝑎𝑠 ; 0.8 ∙ 𝑄𝑝𝑔𝑎𝑠 )
− 54 600

0

Ramp-up:
min(𝑄𝑜𝑖𝑙 ; 0.8 ∙ 𝑄𝑝𝑜𝑖𝑙 )
3

TG1 or TG2
Peak + Decline:
0.8 ∙ 𝑄𝑜𝑖𝑙
Ramp-up:
min(𝑄𝑜𝑖𝑙 ; 0.8 ∙ 𝑄𝑝𝑜𝑖𝑙 )

4

EC
Peak + Decline:
0.8 ∙ 𝑄𝑜𝑖𝑙

5
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(TG1 or TG2) and
(TC1 or TC2)

Ramp-up:
min(𝑄𝑜𝑖𝑙 ; 0.8 ∙ 𝑄𝑝𝑜𝑖𝑙 )
Peak + Decline:
0.8 ∙ 𝑄𝑜𝑖𝑙

min(𝑄𝑔𝑎𝑠 ; 0.8 ∙ 𝑄𝑝𝑔𝑎𝑠 )
− 58800

Ramp-up:
min(𝑄𝑤𝑎𝑡𝑒𝑟 ;
0.8 ∙ 𝑄𝑝𝑤𝑎𝑡𝑒𝑟 )
Peak + Decline:
0.8 ∙ 𝑄𝑤𝑎𝑡𝑒𝑟

min(𝑄𝑔𝑎𝑠 ; 0.5 ∙ 𝑄𝑝𝑔𝑎𝑠 )
− 50400

0

P. L.

6

7

8

9

Failed equipment

EC and (TC1 or
TC2)

GL or
GL and (TC1 or
TC2)
GL and (TG1 or
TG2) or
GL and (TG1 or
TG2)
and (TC1 or TC2)
TEG or TCs or
TGs or Wells or
WTU or OPU

Oil export
(m3/h)
Ramp-up:
min(𝑄𝑜𝑖𝑙 ; 0.8 ∙ 𝑄𝑝𝑜𝑖𝑙 )
Peak + Decline:
0.8 ∙ 𝑄𝑜𝑖𝑙

Gas export
(Sm3/h)

min(𝑄𝑔𝑎𝑠 ; 0.5 ∙ 𝑄𝑝𝑔𝑎𝑠 )
− 54 600

Water injection
(m3/h)
Ramp-up:
min(𝑄𝑤𝑎𝑡𝑒𝑟 ;
0.8 ∙ 𝑄𝑝𝑤𝑎𝑡𝑒𝑟 )
Peak + Decline:
0.8 ∙ 𝑄𝑤𝑎𝑡𝑒𝑟

𝐹𝑙𝑜𝑤% ∙ 𝑄𝑜𝑖𝑙

0

𝐹𝑙𝑜𝑤% ∙ 𝑄𝑤𝑎𝑡𝑒𝑟

min
(𝐹𝑙𝑜𝑤% ∙ 𝑄𝑜𝑖𝑙 ;
0.8 ∙ 𝑄𝑜𝑖𝑙 )

0

0

0

0

0

4.7 Maintenance Policy
The model of the case study includes non-perfect equipment, which can fail at any time of service
and reduce the total production availability. To ensure the highest possible system availability,
there is a maintenance policy that includes corrective and preventive activities. Both have the
same purpose, but they are applied in different circumstances. Therefore, the objective of this
section is to show the difference between repair types and to present the maintenance policy data
applied in the case study. The main analysis points will be: condition and purpose of application,
maintenance logistics and influence of repair activity on system availability.

4.7.1 Corrective Maintenance
Generically, the corrective maintenance is an activity that is applied to defective or highly
degraded equipment and consists of replacing the damaged equipment by a new one and
includes a chain of processes from the production of equipment to its commissioning on the
platform. The sum of the times of completion of all the processes in the chain results in the time
that the equipment is stopped. In other words, the longer the corrective maintenance period, the
lower the system availability.
CM consists of the following phases:


Manufacture of the equipment in a factory;



Transportation of the equipment from the supplier to the port;



Transportation of the equipment from the port to the FPS;



Replacement of the damaged equipment by a new one.

41

In this case study, the first two phases are neglected. In other words, it is considered that the new
equipment is always available in the port. The other two phases are analysed in more detail below.
Transportation time of new equipment from the port to the FPS depends on the following factors:


Availability of corrective maintenance team;



Availability of appropriate vessel;



Weather window;



Organization of the port;



Distance to the FPS and vessel’s speed.

CM can be performed by up to three maintenance teams, but only one team is required to replace
one equipment. Each team is located at the shore. In this case study, it is considered that the
maintenance crew works 24 hours per day, 7 days a week. So, the team is only unavailable, if it
is in service with another fault on the platform.
In the real maintenance planning, the availability of appropriate vessel and the weather window
are important factors. For example, Santos et al. (2013) analysed the maintenance planning of
an offshore wind turbine. This study includes the logistics of corrective maintenance of a fleet of
three different ships and the meteorological conditions. The first factor is relevant due to the
weight of the equipment, since different ships have different transport capacities. The weather
window is used to model the possible time delay due to bad meteorological conditions in each
season of the year (i.e., high wind speed or significant wave height outside the operational limits).
In this case study, one supply vessel per maintenance team is considered, which is anchored at
the port and is used to transport the team and the new equipment (regardless of its weight). The
weather window is deemed available.
The time spend in the port and in the voyage is adapted from the Junior and Caprace (2016). This
study estimates the travel time of a supply vessel to transport the passengers from a Brazilian
port to an oilfield (with a distance of 300 km). The one-way voyage is about 50 hours, which
include: 12 hours of loading, 24 hours of total transit time in port, 3 hours of manoeuvres in port,
and 11 hours of sea trip at 14 knots speed. These considerations are applied in this case study.
The transportation time of equipment from the port to the FPS follows a Log-normal distribution
with coefficient of variance of 20%, hence, the mean is 50 hours and standard deviation is 10
hours.
The last phase of the corrective maintenance activity is the replacement of the damaged
equipment by the new. This process includes tasks as: removing failed system, hoisting and
mounting new system, or commissioning of the system. The mean duration of equipment
replacement depends on the type of equipment and of its production state (i.e., degraded or
failed). The corrective maintenance data (for the replacement phase) is given in Table 4.5. The
duration of this maintenance activity is described by a Log-normal distribution with coefficient of
variance of 20%.
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Table 4.5 – Corrective maintenance data (replacement phase) by equipment and its operational state
Transition
Degraded → As good as new
Failed → As good as new

Mean (h)
SD (h)
Mean (h)
SD (h)

TC
30
6
21
4.2

TG
31
6.2
26
5.2

EC
31
6.2

TEG
33
6.6

Wells
168
33.6

OPU
3
0.6

WTU
4
0.8

CM policy is defined as follows:


Equipment in series are repaired only when they are under a critical failure;



For equipment in parallel (TGs or TCs), the first failure is repaired if degraded or critical
and the next one only if it is critical;



When several failures are waiting for repair at the same time, they are repaired according
to their level of priority: 1, 2, 3 or 4;



Once a repair begins it must be immediately finished, even if another failure with higher
priority occurs;



One corrective maintenance team can only repair one equipment per voyage.

The level of priority of the critical failure repair depends on the state of the system. The repair
priority levels of production components are given in Table 4.6:
Table 4.6 – Repair priority levels of production components
Level of
priority
1
2
3
4

Description
It applies to failure leading immediately to the
total loss of the process
It is used when only a part of the export oil is
lost
It pertains to failures when no export oil is lost
It is used when the component is working, but
with higher probability of moving to the Failed
state

System conditions
TEG, both TGs, both TCs failures
Single TC or EC failure
Single TG failure
Single/both TCs degradation,
Single/both TGs degradation

4.7.2 Preventive Maintenance
The preventive maintenance is an intervention activity applied to functional equipment in order to
increase its useful life. It is performed by a single maintenance team, which is located on board
the offshore platform and is ready to intervene immediately.
PM tasks are age-based and imperfect. They are performed considering an age reduction ratio,
𝒒 (𝟎 < 𝒒 < 𝟏). Therefore, after repair intervention, the component is 𝒒 younger, i.e. the age is
reduced by 𝒒 percent, and its age after PM activity is described by (Santos et al. 2015b):
𝐴𝑔𝑒𝑖 = 𝐴𝑔𝑒𝑖𝑎𝑐𝑐 ∙ (1 − 𝑞) = (𝑡𝑖 − 𝑡𝑖−1 + 𝐴𝑔𝑒𝑖−1 ) ∙ (1 − 𝑞)

(4.14)

Where, 𝑨𝒈𝒆𝒊 and 𝑨𝒈𝒆𝒊−𝟏 are the component’s consecutive ages after 𝒊𝒕𝒉 and (𝒊 − 𝟏)𝒕𝒉
maintenance tasks, respectively; 𝑨𝒈𝒆𝒂𝒄𝒄
is the age at the beginning of the 𝒊𝒕𝒉 maintenance action,
𝒊
accumulated from the (𝒊 − 𝟏)𝒕𝒉 maintenance task; 𝒕𝒊 and 𝒕𝒊−𝟏 are the calendar times at the
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beginning of the 𝒊𝒕𝒉 and at the end of the (𝒊 − 𝟏)𝒕𝒉 maintenance actions, respectively. It is worth
noting that, after corrective maintenance activity, the component is new, so its age is 𝑨𝒈𝒆𝒊 = 𝟎.
Since the preventive maintenance is stochastically driven, the fixed maintenance cost is not
considered in this case study. However, from Santos et al. (2015b) and Ding and Tian (2012), it
is known that the preventive maintenance cost increase with the age of the component. Besides,
it is worth noting that, it may be equally expensive to slightly reduce the age of an old component
as it is to significantly improve its condition when it is younger.
The TGs, TCs, EC and Wells are subject to periodic preventive maintenance. This maintenance
is started if the system is in the perfect state of operation or if the equipment is stopped but not
damaged. During the repair intervention, the equipment is turned off, which is why PM activity
should maintain the production at the highest possible level. It is worth noting that, once a
preventive maintenance begins it must be finished, even if a critical failure occurs in another
equipment.
In this case study, three different types of PM activities are considered. Each of them is presented
in Table 4.7, and are characterized by a specific frequency, duration, and recovered age. The
frequency of the maintenance depends on the equipment’s age and it is assumed to be Delta
Dirac distributed. The duration of the preventive maintenance is also described by a Delta Dirac
distribution. This is due to the maintenance activity being scheduled and having a fixed duration.
Table 4.7 – Preventive maintenance strategy
Type of
maintenance
1
2
3
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Component
TCs, TGs
EC
Wells

Period
(h)
2160
2666
17520

Mean duration (h)
80
113
120

Recovered age
(%)
20
50
50

5 Case Study Modelling by Petri Nets

To perform the availability analysis of an offshore oil and gas production system, GRaphical
Interface for Reliability Forecasting tool (GRIF) is used. GRIF is a systems analysis software
platform, developed within TOTAL S.A., for determining the essential indicators of dependability:
reliability, availability, performance and safety (http://grif-workshop.com/). GRIF is structured into
three packages: Boolean, Simulation and Markovian. The most appropriate package for this study
is the Simulation package, which includes three different modules: BStok, Petro and Petri. These
modules use MOCA-RP computation engine based on MCS. BStok and Petro are used to model
complex systems based on stochastic block diagrams. Besides, Petri, for the same purpose, uses
stochastic Petri Nets with predicates and assertions. Hereupon, the Petri module will be used to
model the present case study.

5.1 Initial Conditions
At the initial instant, the Generalized Stochastic Petri Nets model has all components of offshore
production plant in operation with null initial age (i.e., all equipment components are as good as
new), the CM team is localized at the port and the PM team is onboard the offshore installation.
The simulated time is equal to the total exploration life of oilfield, which is 27 years. The simulated
time is given in hours. Hence, the simulation starts at the instant zero and lasts 194400 hours.
The input data (MTTF, MTTR, voyage time of CM team, etc.), described in Section 4, is introduced
in the PN model as simulation parameters and variables, which are summarized in the Appendix A
and the Appendix B, respectively.
The number of corrective maintenance teams can vary from one to three, depending on the
purpose of the intended simulation. The model allows to reduce the number of equipment or types
of preventive maintenance, if necessary.

5.2 Equipment
The Offshore production system equipment represents a vast and complex network. However, it
is possible to group and simplify its modelling. In this case study, the oil and gas production
system consist of equipment which have only two types of failure: critical and degraded-critical.
Therefore, there are only two Petri model types for any equipment, depending on the type of
failure it suffers.
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5.2.1 Equipment with Critical Failure
Equipment with critical failures are the devices that operate at their maximum capacities until they
fail for the first time. After each corrective maintenance, the damaged device is replaced by new
equipment. For PN modelling, the corrective maintenance, the repair time, and the failure rate
must be considered.
Equipment with critical failures are the EC, Wells, TEG, WTU and OPU. Each of these is
schematized using the same type of PN model, consisting on a sequence of events, which
includes the simulation of failure and of the repair process. To ensure a logical sequence, the PN
model of the equipment is accompanied by various variables.
Thus, the variable Equipment Abbreviation_Works (e.g., EC_Works, TEG_Works, or
OPU_Works) is used to determine whether the equipment is working (i.e., Equipment
Abbreviation_Works == true), or has failed (i.e., Equipment Abbreviation_Works == failed). It is
worth noting that, if the equipment is on standby and it is not damaged (e.g., preventive
maintenance activity), then Equipment Abbreviation_Works is true.
The PN model of equipment subjected to preventive maintenance (i.e., EC and Wells) has two
important variables: Equipment Abbreviation_Age and Equipment Abbreviation_LastCM. The first
registers the equipment’s age in hours; the second records the time of the completion of the last
corrective repair. These variables are used in calendarization of the preventive maintenances and
will be further discussed in Section 5.4.2. After each corrective maintenance, Equipment
Abbreviation_Age is set to zero.

Figure 5.1 – PN model of equipment with repair of a critical failure
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In Figure 5.1, the simplified PN model of Electro Compressor is presented as an example of an
equipment with critical failure. The complete PN model of EC is available in the Appendix C.1.
When the token is located in place EC_Work, it means that EC is in operation and variable
EC_Works is true. Electro Compressor fails when the transition EC_Failure is enabled, and the
delay is elapsed according to the truncated Weibull distribution. The input data of delay is given
in the Table 4.1. Through the firing rule, EC_Work is unmarked, because the token is moved to
the place EC_Failed; besides, EC_Works changes to false. The transition EC_RepairBooking is
enabled if the level of priority, defined in the Table 4.6, is the highest, and if a corrective
maintenance team is available. The delay of EC_RepairBooking is elapsed according to the Dirac
distribution. When both guards of EC_RepairBooking are satisfied, one CM team is booked for
EC substitution and the token is moved from the EC_Failed to the EC_WaitingForRepair place.
The token then stays in EC_WaitingForRepair place until a CM team arrives to the offshore
installation, in other words, until EC_StartRepair is enabled. During the repair activity, EC_Repair
place is marked. The duration of CM activity is given in the Table 4.5, and this datum is introduced
in the delay of EC_FinishRepair. When this transition is enabled, it means the conclusion of CM
repair, the token is moved to EC_Work, the CM team is made available, the variable EC_Works
changes to true, the variable EC_Age changes to null, and the variable EC_LastCM records the
time of completion of corrective repair on that equipment.

5.2.2 Equipment with Degraded-Critical Failure
An equipment with degraded-critical failure is a device that can change to degraded state before
failure. That equipment can be replaced when it is degraded, or after a critical failure. For PN
modelling, installation time and failure rates, such as critical, degraded, and critical after
degradation, are considered.
Equipment with critical failure are the TGs and the TCs. Each of these is schematized using the
same PN model. This model is more complex than that of equipment with only critical failure,
since the equipment with degraded-critical failure has three different failure scenarios. To ensure
a logical sequence during the simulation, TGs and TCs are supported by the same variables as
the equipment with critical failure: Equipment Abbreviation_Works, Equipment Abbreviation_Age
and Equipment Abbreviation_LastCM. Besides, equipment with degraded-critical failure needs
one additional variable to define the degraded condition – Equipment Abbreviation_Degradate.
When this variable is true, the TC or TG is degraded, if it is false, the TC or TG is either working
or it has already failed.
In Figure 5.2, the simplified PN model of the Turbo Generator is presented as an example of an
equipment with degraded-critical failure. The complete PN model of TG1 is presented in the
Appendix C.2. The operation logic of this model is similar to the example showed in the Figure
5.1.
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Figure 5.2 – PN model of equipment with degraded-critical failure

When the place TG1_Work is marked, Turbo Generator is in operation and variable TG1_Works
is true. During the perfect operation, TG can fail or degrade. It fails if the transition TG1_Failure2
is enabled. Transition’s delay is elapsed according to the truncated Weibull distribution. The input
data of delay is given in the Table 4.1. Through the firing rule, TG1_Work is unmarked, and the
token moves to the place TG1_Failed2 and TG1_Works changes to false. Proceeding from the
place TG1_Failed2 to the transition TG1_FinishRepair2 is as shown in Figure 5.1.
TG degrades if the transition TG1_Degradation is enabled. Transition’s delay is elapsed
according to the truncated Weibull distribution. The input data of delay is given in the Table 4.1.
Through the firing rule, TG1_Work is unmarked, and the token moves to the place
TG1_Degradated, TG1_Degradate changes to true, and TG1_Works remains true. When the
Turbo Generator is degraded, both the TG1_RepairBooking1 and the TG1_Failure transitions can
fire, depending on the failure history of the component. As was mentioned before, for equipment
in parallel (TGs or TCs), the first failure is repaired if it is degraded or critical and the next failure
only if it is critical. Thus, if the Turbo Generator is degraded and the previous failure was critical,
TG1_RepairBooking1 is enabled, the token moves to the TG1_WaitingForRepair1 place, and the
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corrective maintenance team is booked. If the Turbo Generator becomes degraded when one of
the TGs is already degraded and under repair by CM team, TG1_RepairBooking1 will not fire.
The component will be in working condition until it fails. In other words, until TG1_Failure1 is
enabled. Delay of the TG1_RepairBooking1 is elapsed according to the Dirac distribution, and
the delay of the TG1_Failure1 is elapsed according to the Exponential distribution. Beyond the
delay distribution, both transitions have guards to verify the failure history of the component.

5.3 Switches
The availability of the equipment does not always depend on failure conditions. There are
situations in which the equipment is not malfunctioning, but it is not available either. This can have
a number of reasons, such as, the preventive maintenance, some energy saving procedures (e.g.,
if one of the TGs fails, EC is switched off), or the failure of an equipment which causes total
system´s off.
Therefore, “switches” have been modelled to analyse the availability of the equipment and to
distinguish whether the equipment is switched-off or is faulty. In this case study, three types of
switches are implemented: for each equipment, for sets of equipment in parallel, and for the total
system.

5.3.1 Equipment Switch
Each offshore processing plant equipment is accompanied by a PN model of the switches of the
equipment. In Figure 5.3, the TG1’s switch is used to exemplify these PN models.

Figure 5.3 – PN model of equipment switch

The model of a switch consists of two places: TG1_On and TG1_Off; and two transitions with
guards, TG1_Switch_Off and TG1_Switch_On. To calculate availability of TG1, the variable
TG1_Ok is used. If TG1_On is marked, then TG1 is working and available (TG1_Ok == true). If
the token is located at TG1_Off, the TG1 stops (TG1_Ok == false). Both transitions delays are
elapsed according to the Delta Dirac distribution, besides, the transitions have different guards to
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be satisfied. These guards are various conditions, defined by the variables, to stop or to switchon the equipment.
The variable TG1_Works was already discussed. It can be true or false and represents whether
the TG has failed (TG1_Works == false) or not (TG1_Works == true). The variable TG1_PM
identifies when the TG1 is subjected to preventive maintenance (TG1_PM == true) or not
(TG1_PM == false). The variable TG1_Off is true when the total system is off, even if the TG1
has not failed, and it is false when the total system is available.
Hence, any component of the offshore processing plant equipment is not available when: either
a component is failed, or it is subjected to preventive maintenance, or a component is off.

5.3.2 Parallel Equipment Switch
The offshore processing plant has two equipment subsystems, and in each there are two
components in parallel. These subsystems are the turbo generator and the turbo compressor.
Both subsystems are available until the second component fail. Hence, the availability of each
TG and TC is different from the availability of both TGs and TCs. Besides, if the TG or the TC
subsystem fail, the total system is switched-off. Hereupon, parallel equipment switch was created.
This parallel equipment switch is only used in the TG and the TC subsystems. In the Figure 5.4,
PN model of TG subsystem switch is represented. The place TG_On is marked if at least one TG
is available. Besides, the variable which identifies the availability of the TG subsystem, TG_Ok,
is true. When both TGs are stopped (i.e., TG1_Ok == false and TG2_Ok == false), the transition
TG_Switch_Off is enabled, where the delay is elapsed according to the Delta Dirac distribution,
the variable TG_Ok changes to false, and place TG_Off is marked. The transition TG_Switch_On
is enabled when at least one TG is running again (i.e., TG1_Ok == true or TG2 == true). After
that, TG_Ok is true again and token moves from TG_Off to TG_On.

Figure 5.4 – PN model of parallel equipment switch
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5.3.3 Total System Switch
Total system switch has two objectives: to calculate the total system availability, through the
boolean variable System_Ok, and to turn-off offshore processing plant equipment when at least
one important production component (TEG, Wells, OPU, WTU, both TCs or both TGs) is not
available, through the boolean variable Equipment Abbreviation_Off. If the system is available,
System_Ok is true, and it is false in the unavailable state. Equipment Abbreviation_Off is true only
when the system component is shut down due to failure of another component.
Stochastic Petri Nets cannot simulate different operations at the same time. All actions must be
sequential; therefore, all components of the offshore processing plant are impossible to switch off
simultaneously. Hence, the total system switch includes 7 different fail scenarios: six of them are
related to the production component and one to the lack of gas lift. Each scenario has the same
order of equipment turning-off, starting with the unavailable component. The clockwise order of
components switch-off is: TEG, both TGs and consequently EC, both TCs, OPU, WTU, Wells.
The same logic is applied when the system is turned-on. The PN model of total system switch is
presented in Appendix C.3.

5.4 Maintenance Activity
The simulation of the maintenance activity consists of two principal PN models of maintenance,
one for the corrective, another for the preventive. The Place/Transition system of PN has
undistinguishable tokens. Thus, simulating the 3 different CM repair teams requires one PN model
per team. Besides, PM team is a unique one and can be represented by the Boolean variable
PM_team_Ok, which is true when the team is available and vice versa. However, the process of
PM activity needs a proper PN model, while in the CM repair, that is not necessary, because the
corrective maintenance activity is already implemented in the equipment model, see Figure 5.1
and Figure 5.2.

5.4.1 Corrective Maintenance
An example of PN model of Corrective Maintenance team is illustrated in the Figure 5.5. This
model includes only three steps of CM activity: position of repair team at shore
(CM_team#_OnShore), maritime voyage (CM_team#_Voyage and CM_team#_ReturnVoyage)
and position of repair team at offshore platform (CM_team#_Work). Please note, the cardinal is
an ordinal number of indentifiing the CM team. To determine the availability of a CM team, there
are two variables: CM_team_Ok and CM_team#_Ok. The first one refers to the total availability
of all CM teams, the second variable indicates the availability of a specific CM team. Both
variables are Boolean.
When a component in the offshore processing plant fails, it needs to be substituted. From the
simulation point of view, this implemented in steps. First, the PN model verifies the level of priority
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of failure, see Table 4.6, then the availability of corrective maintenance at shore is verified (i.e., if
CM_team#_Ok == true), and then failed equipment book the repair team, through variable
booking#.
The level of priority (LP) is defined by the variables LP# with an if then else (ite) function. If the
condition of LP#, see Table 4.6, is satisfied, then LP# >0 with ascending value in relation to the
LP level (e.g., if LP1 is satisfied, hence, LP1 == 4; if LP2 is satisfied, hence, LP2 == 3, etc.). If the
condition of LP# is not satisfied, LP# == 0.
To ensure that the CM team repairs the equipment that has reserved it, the variable booking# is
used. This variable is null at the beginning and each component in the offshore processing plant
has the proper ID identification, previously defined in the parameters. Therefore, when a
component fails, it gives his ID identification to the booking# variable. So, the CM team is assigned
to the failed component.
The transition CM_team#_StartVoyage is enabled when CM team is booked, the delay is elapsed
according to the Delta Dirac distribution. The transition CM_team#_StartReturnVoyage is enabled
when the CM repair is concluded, whose delay is also elapsed according to the Delta Dirac
distribution. The transitions CM_team#_FinishVoyage and CM_team#_FinishReturnVoyage are
the same, both have the same delay, which is equal to the voyage time discussed previously, and
both are elapsed according to the Lognormal distribution.

Figure 5.5 – PN model of Corrective Maintenance team

5.4.2 Preventive Maintenance
Preventive maintenance is a scheduled activity. Regardless of type, the generic PN model of PM
repair is the same for every equipment. As an example, the PN model of preventive maintenance
activity of the TG is shown in Figure 5.6.
When the place TG1_PM_type1_Free is marked, the equipment is waiting for preventive
maintenance, thus, the variable TG1_PM is false. Besides, the Delta Dirac distribution delay of
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the transition TG1_PM_type1_Period is counting the time to set the periodicity of PM activity.
However, after each CM repair, the equipment age is null. Therefore, it is necessary to annul the
accumulated period of time. For this, transitions CM_Start and CM_Finish are created. They are
enabled when CM activity starts and disabled when it finishes; during the corrective repair the
place CM_On_Going is marked.
When the delay time of TG1_PM_type1_Period runs out, the token moves to the place
TG1_PM_type1_Queue. At this instant, the simulation verifies all necessary conditions to proceed
with the PM activity. The first important condition is that the place #9 (i.e., TG1_Work) must be
marked, because the component must be in a normal working condition. Then, two scenarios are
possible for proceeding with PM. The first is: transition TG1_PM_type1_Start1 is enabled when
the total system has no failure (i.e., variable NbFailure == 0) and the PM team is available (i.e.,
variable PM_team_Ok == true). The second is: the transition TG1_PM_type1_Start2 is enabled
when the PM team is available, the TG1 is functional (TG1_Works == true), and the total system
is not available (System_Ok == false). When the conditions for the preventive maintenance are
met, TG1_PM_type1 is marked and the variable TG1_PM turns true, thus switching off the TG.
Considering Equation (4.14), TG1_Age function is implemented (i.e., TG1_Age = TG1_Age +
time() – max[TG1_LastPM, TG1_LastCM] ). It is worth noting that, the Equipment
Abbreviation_LastPM is a variable which registers the time of the last PM activity, while
Equipment Abbreviation_LastCM registers the time of the last CM activity. When PM is concluded,
the transition TG1_PM_type1_Duration is enabled. Its delay is elapsed according to the Delta
Dirac distribution. After enabling the transition, the component age is actualized according to the
data given in the Table 4.1, besides, TG1_LastPM change the registered time and the Boolean
variables return their values to the initial ones.

Figure 5.6 – PN model of Preventive Maintenance activity
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6 Numerical Results and Discussion

6.1 Number of Simulation Histories
The first step of any simulation analysis is the determination of the optimum number of simulated
scenarios (i.e., histories) for a given accuracy. A greater number of simulations leads to more
precise results. The confidence interval (CI) concept, in particular, the error related to the 90% CI
of the main output of PN simulation model is adopted to estimate the required number of
simulations. The variation of the error as a function of the number of histories allows to identify
an optimum number of simulations of the PN model.
To define the optimum number of simulation histories, the following procedure is followed:


Using always the same model, different number of histories are introduced for simulation;



From the obtained results, the sample mean, and CI range are registered;



Using the Equation (3.49) (page 26), the maximum and average errors are calculated;



By analysing the obtained errors, the optimum sample size is decided.

The number of histories introduced into the Moca-RP computation engine ranges from 2 to 2000.
The computation time, in hours, is defined by iterations from instant 0 to instant 194400 (27 years)
with step of 200 hours. To calculate the error related to the CI, the availability of the total system
was set as the variable of reference. Figure 6.1 shows the variation of the maximum and average
errors related to the 90% CI for increasing number of simulated histories. As it is possible to see,
for the lowest number of simulated histories, the average error is about 1%, withal, the maximum
error can be 5%. However, with the increase in the number of simulated histories, the error
decreases so, for more than 500 histories, the maximum and average errors are approximately
0.2% and 0.04%, respectively. Therefore, 1000 simulated histories are selected for further
simulation.
Maximum error

Average error
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Figure 6.1 – Error related to the 90% CI of the system availability for different number of simulated
histories
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6.2 Model Validation
6.2.1 Model Validation – Theoretical Calculations
The second step of the analysis is the verification of the validity of the model. This can be done
through the calculation of asymptotic availabilities theoretically and then numerically with the
simulation model. The asymptotic availability is a very useful measure, because it ignores the
initial transient effects and has a time-independent value. Besides, it is insensitive to the details
of the failure or repair distributions when the availability is averaged over a reasonable period of
time.
The theoretical asymptotic availability is expressed in terms of time to failure, TTF, and time to
repair, TTR. When both TTF and TTR are expressed by the exponential distributions, the
asymptotic availability is given by:
𝐴𝑈𝐵 (∞) =

𝑀𝑇𝑇𝐹
,
𝑀𝑇𝑇𝐹 + 𝑀𝑇𝑇𝑅

𝑇𝑇𝐹~𝐸𝑥𝑝,

𝑇𝑇𝑅~𝐸𝑥𝑝

(6.1)

Equation (6.1) is the availability of a component with immediate corrective maintenance. If the
voyage time of CM team, 𝑻𝒗𝒐𝒚𝒂𝒈𝒆 , is considered, the equipment availability can be approximated
by:
𝐴𝐿𝐵 (∞) =

𝑀𝑇𝑇𝐹
𝑀𝑇𝑇𝐹 + 𝑀𝑇𝑇𝑅 + 𝑇𝑣𝑜𝑦𝑎𝑔𝑒

(6.2)

It is important to note that, the Equations (6.1) and (6.2) are theoretical definitions of availability,
where 𝐴𝑈𝐵 is the upper bounded availability and 𝐴𝐿𝐵 is the lower bounded availability. 𝐴𝐿𝐵 is
smaller than 𝐴𝑈𝐵 because of the CM team voyage time, which is not considered in the upper
bounded availability. Both 𝐴𝐿𝐵 and 𝐴𝑈𝐵 do not consider the preventive maintenance activity,
neither the functional relation between components (e.g., if equipment A fails, it will not affect the
availability of equipment B).
In addition to availability, the number of occurred failures in each component can be estimated.
Knowing the total simulation time, 𝑻𝒔𝒊𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏 , the number of failures is given by:
𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑀𝑇𝑇𝐹 + 𝑀𝑇𝑇𝑅
𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
=
𝑀𝑇𝑇𝐹 + 𝑀𝑇𝑇𝑅 + 𝑇𝑣𝑜𝑦𝑎𝑔𝑒

𝑈𝐵
𝑁𝑓𝑎𝑖𝑙𝑠
=
𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

(6.3)
(6.4)

To define the total system availability, first, the Reliability Block Diagram of an offshore oil and
gas production system, see Figure 6.2, is analysed.
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Figure 6.2 – Reliability Block Diagram of case study model

As it is possible to see, the total system is divided in non-redundant (TEG, Wells, OPU and WTU)
and redundant (TGs and TCs) subsystems. Thus, the availability of total system is given by:
𝐴𝑠𝑦𝑠𝑡𝑒𝑚 (∞) = 𝐴 𝑇𝐸𝐺 (∞) ∙ 𝐴 𝑇𝐺𝑠 (∞) ∙ 𝐴 𝑇𝐶𝑠 (∞) ∙ 𝐴𝑊𝑒𝑙𝑙𝑠 (∞) ∙ 𝐴𝑂𝑃𝑈 (∞) ∙ 𝐴𝑊𝑇𝑈 (∞)

(6.5)

𝐴 𝑇𝐺𝑠 = 1 − (1 − 𝐴 𝑇𝐺1 (∞)) ∙ (1 − 𝐴 𝑇𝐺2 (∞))

(6.6)

𝐴 𝑇𝐶𝑠 = 1 − (1 − 𝐴 𝑇𝐶1 (∞)) ∙ (1 − 𝐴 𝑇𝐶2 (∞))

(6.7)

Where,

Combining the MTTF data given in the Table 4.1 (page 37), the MTTR data given in the Table 4.5
(page 43), the total simulation time discussed in the Section 4.1 (page 33) and the voyage time
of CM team presented in the Section 4.7.1 (page 41) with the Equations (6.1) – (6.7), the
theoretical results are obtained, see Table 6.1. It is worth noting that, in the first approximation,
the degraded condition of TG and TC is omitted.
The results of the Table 6.1 are used for model validation. Therefore, for the PN model to be valid,
it must have results close to the theoretical values, under similar assumptions.
Table 6.1 – Theoretical values of availability and number of failures by component
Equipment
TEG
TG1 or TG2
TGs
TC1 or TC2
TCs
EC
Wells
OPU
WTU
System

𝑀𝑇𝑇𝐹
(h)
17544
1299
1351
5882
87719
43668
2924
-

𝑀𝑇𝑇𝑅
(h)
33
26
21
31
168
3
4
-

𝑇𝑣𝑜𝑦𝑎𝑔𝑒
(h)

𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
(h)

𝐴𝐿𝐵

𝐴𝑈𝐵

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

𝑈𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

194400

0.9953
0.9447
0.9969
0.9501
0.9975
0.9864
0.9975
0.9988
0.9819
0.9682

0.9981
0.9804
0.9996
0.9847
0.9998
0.9948
0.9981
0.9999
0.9986
0.9942

11.0
141.4
136.7
32.6
2.2
4.4
65.3
-

11.1
146.7
141.7
32.9
2.2
4.5
66.4
-
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6.2.2 Simplified and Full PN Model Assessment
Model validation can be performed by simplifying the original oil production plant to the conditions
of the theoretical values, given in the Table 6.1. Thereby, the validation scenario consists of one
device simulation at time, considering the remaining devices as perfect, with exponential
distribution applied to both TTF and TTR, and preventive maintenance not provided. By
implementing the described scenario for upper bounded availability, the simulation results of
simplified model are obtained, see Table 6.2.
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To conduct a credible comparison of the results, the definition of percentage error is used:
% 𝑒𝑟𝑟𝑜𝑟 =

|𝐸𝑥𝑎𝑐𝑡 𝑣𝑎𝑙𝑢𝑒 − 𝐴𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒 𝑣𝑎𝑙𝑢𝑒|
∙ 100
𝐸𝑥𝑎𝑐𝑡 𝑣𝑎𝑙𝑢𝑒

(6.8)

Where, the 𝑬𝒙𝒂𝒄𝒕 𝒗𝒂𝒍𝒖𝒆 is a theoretical result given in Table 6.1 and the 𝑨𝒑𝒑𝒓𝒐𝒙𝒊𝒎𝒂𝒕𝒆 𝒗𝒂𝒍𝒖𝒆
is a numerical result obtained through the simulation model. By applying the Equation (6.8) to the
Table 6.1 and to the Table 6.2, the percentage errors of simplified model are obtained, see Table
6.3.
Table 6.2 – Simulation results of the simplified model
Equipment
TEG
TG1 or TG2
TC1 or TC2
EC
Wells
OPU
WTU

Simulation model results
𝑀𝑇𝑇𝐹 (h)
17862
1299
1351
5864
86193
44371
2945

𝑀𝑇𝑇𝑅 (h)
33.2
26.3
20.8
31.3
169.3
3.1
4.0

𝐴𝑈𝐵
0.9981
0.9801
0.9848
0.9947
0.998
0.9999
0.9986

𝑈𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

10.9
146.7
141.7
33
2.3
4.4
65.9

Table 6.3 – Percentage errors of the simplified model
Equipment
TEG
TG1 or TG2
TC1 or TC2
EC
Wells
OPU
WTU

Percentage errors (%)
𝑀𝑇𝑇𝐹
1.82
0.02
0.02
0.30
1.74
1.61
0.71

𝑀𝑇𝑇𝑅
0.69
1.24
0.79
0.94
0.77
2.91
0.05

𝐴𝑈𝐵
0.00
0.03
0.01
0.01
0.01
0.00
0.00

𝑈𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

1.78
0.00
0.03
0.28
1.77
1.58
0.70

From Table 6.3, it is possible to see that the percentage error of the upper bounded availability of
simplified model is practically null in all oil production components. Besides, the percentage error
of number of failures is approximately 1.5%. It is worth noting that, the percentage error of MTTF
and MTTR does not influence significantly the accuracy of the availability or of the number of
failures. These results allow to state that the implemented simplified PN model provides the
expected values. However, this is difficult to guarantee for the complete oil production system,
since its model includes a number of important factors, such as: the TTF and TTR of equipment,
which do not follow the exponential distribution; that some components are subjected to PM
actions; that the equipment availabilities are interrelated. Therefore, the same procedure is
applied to the full PN model of the case study described in Chapter 5. The availability results and
the respective percentage errors are given in Table 6.4.
The percentage errors are much higher for the full production system than in the simplified model.
To understand the reason of this discrepancy, it is necessary gradually increase the system
complexity from the simplified level to the original case study model.
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Table 6.4 – Simulation results and percentage errors of case study model
Simulation model results
𝑀𝑇𝑇𝐹 (h)
𝑀𝑇𝑇𝑅 (h)
𝐴𝐿𝐵

Equipment
TEG
TG1 or TG2
TC1 or TC2
EC
Wells
OPU
WTU

18080
1086
1159
9799
151035
45970
2942

113.2
84.2
78.8
113.2
249.0
85.3
83.3

0.9546
0.8902
0.8974
0.7891
0.9546
0.9546
0.9546

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

10.7
166.1
157.1
19.6
1.3
4.2
64.3

Percentage errors (%)
𝑀𝑇𝑇𝐹 (h) 𝑀𝑇𝑇𝑅 (h)
𝐴𝐿𝐵
3.06
16.40
14.23
66.59
72.18
5.27
0.62

36.44
10.80
11.01
39.74
14.23
60.92
54.18

4.09
5.77
5.54
20.00
4.30
4.42
2.78

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

3.11
17.51
14.90
39.84
41.87
5.07
1.56

6.2.3 System Complexity Assessment
To show the reason for the increase in the discrepancy between the theoretical and the full PN
model results, 7 different scenarios (i.e., model assumptions) will be analysed: from the simplest
component to the entire oil processing system. These scenarios are resumed in the Table 6.5.
There are two variables to be compared: the asymptotic availability and the number of failures.
Figure 6.3 shows the percentage error of system availability in different scenarios. The more
detailed results are summarized in Appendix D.
Table 6.5 – Simulation scenarios used for model validation
Equipment
condition
Each device is
simulated
individually,
considering that
the all other
devices are
perfect

Scenario
1
2
3
4
5

Availability
condition
Upper bound
Lower bound

7

TTR’s
distribution

Exponential

Exponential

Lower bound

PM

Not provided

Upper bound

All components
are simulated at
the same time

6

TTF’s
distribution

Weibull
Truncated

Lognormal

Provided
Not provided
Provided

TEG

TG1 or TG2

TGs

TC1 or TC2

TCs

EC

Wells

OPU

WTU

System

Percentage error

20%
16%
12%
8%
4%
0%
1

2

3

4
5
Modelling scenarios

6

7

Figure 6.3 – Percentage error of system availability in different scenarios
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As it is possible to see, in the first four scenarios, the percentage error is practically null in all
equipment components. This means that regardless of the availability condition (i.e., voyage time
of CM team) and chosen distribution, the PN model results are close to the ones theoretically
predicted.
Scenario 5 introduces a new condition: preventive maintenance activity, while all equipment
components are still considered independent from each other. As shown in Figure 6.3, all
components are consistent with the theoretical prediction, with the exception of EC, which has an
availability error of 3%. During the PM activity, any component is switched off. In the case of EC,
this maintenance activity is so long, that its availability decreases from 0.9864, given by the
theoretical model, to 0.9581, from Scenario 5. However, PM is still efficient, since the number of
failures also decreases. This will be discussed letter.
The dependencies between offshore equipment components are considered in Scenarios 6
and 7. In Figure 6.3, a drastic increase of the percentage errors is observed. As previously
mentioned, the theoretic definition of asymptotic availability does not include any dependency
between components of the system. Hence, the main factor influencing the discrepancy between
the theoretical and the PN models are these dependencies.
Another important factor observed in the Scenarios 6 and 7 is the percentage error of the EC. All
other components present an error around 3-4% except the EC, which has 19%. The reason is
the failure of turbo generator. Each time one generator fails, due to the production configuration
requisites, the EC is turned off. Due to such an influential dependency, the PN model result is
considerably different from the theoretical one. It can also be observed that the percentage error
of the EC increases from the 6th Scenario to 7th, because the latter includes the PM activity.

TEG

TG1 or TG2

TC1 or TC2

EC

Wells

OPU

WTU

45%
40%

Percentage error

35%
30%
25%
20%
15%
10%
5%
0%
1

2

3

4
5
Modelling scenarios

6

Figure 6.4 – Percentage error of number of failures in different scenarios
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7

The percentage error of the number of failures in different scenarios is presented in Figure 6.4.
The more detailed results are summarized in Appendix D. As can be seen, each component’s
percentage error has a different behaviour, meaning that several factors influence the PN model
and make it different from the theoretical prediction.
In the first analysis, it can be stated that the voyage time of CM team does not significantly
influence the number of failures, since in both Scenarios 1 and 2, the percentage errors do not
exceed 3%.
In Scenarios 3 and 4, only the errors of the Wells and of the OPU increase significantly, due to
the low number of foreseen failures. In other words, in Monte Carlo Simulation procedure, rare
events lead to high errors, because they are difficult to predict. Hence, the substitution of
exponential distribution by another one, more appropriate for the case, leads to a slight change
in the number of predicted failures, resulting in increased error percentages.
The 5th Scenario includes PM actions. The percentage error drastically increases in EC and
Wells. The reason is the reduction of the number of failures in relation to the theoretical model.
In the 6th Scenario the equipment dependency is included, while the PM is not. As can be seen,
the only components affected by the new condition are the TGs and the TCs. In the theoretical
models both were considered as equipment with two working conditions: perfect and failed.
However, in the PN model, both TG and TC may be in the condition “degraded” as well. This
working state in which either the TG or the TC can be replaced by a new equipment to guarantee
the maximum production capacity. Therefore, the percentage error increases.
With credible output values, the model is deemed well implemented, since they attest the validity
of this model. All percentage errors found in both the asymptotic availability and the number of
failures result from the modelling aspects not considered in the theoretical predictions. Besides,
when the simulation model is simplified to comply with the assumptions of the theoretical model,
very low percentage errors are obtained.

6.3 Base Model Results
After the PN model validation, it is possible to perform the offshore system availability analysis.
The principal objective of this section is to show the main results of the base model, namely: the
production availabilities of the offshore plant in general and of each equipment; the availability of
the repair teams (i.e., CM and PM teams); and the behaviour of the wells production during the
time.
The base model consists of the case study of the offshore production system described in
Chapter 5. Depending on the number of CM teams, the base model is simulated in three different
conditions, as shown in Table 6.6.
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Table 6.6 – Simulated conditions in the base model

Condition
1
2
3

Base model particularity
1 CM team
2 CM teams
3 CM teams

The simulated time of the base model is defined by iterations from instant 0 to instant 194400
hours with a step of 200 hours for 1000 different scenarios (i.e., histories).

6.3.1 Equipment Availability
This chapter evaluates the availability of equipment, when varying the condition number of CM
teams.
In Figure 6.5, the availability of total system is presented. In the figure, three asymptotic
availabilities, one per simulation condition, are presented (i.e., 𝐴𝑖 , 𝑖 = {1, 2, 3}). It can be observed
that the availability of the system with only one CM team available is 0.9546. If the number of
teams increases, the availability of the total system is 0.9685, in Condition 2, and 0.9698, in
Condition 3. That is, assuming the Condition 1 as the base condition, if the number of CM teams
is 2, the total system availability will increase 1.4%; and, if three CM teams are available for the
repair, the total system availability increases 1.5%. Therefore, the use of more than two teams
does not bring any substantial improvement and may not be economically viable.
It is worth noting that, the availabilities of the TEG, of the TG and TC subsystems, of the OPU, of
the WTU and of the Wells are equal to the availability of total system. These constitute the nonredundant subsystems, that is, if at least one of them fails, the whole system will shut down, and
this dependence results in all of them having the same availability. However, the availabilities of
individual EC, TC, or TG are lower than the availability of the total system, due to the configuration
of the production system.
Condition 1

Condition 2

Condition 3

0.980

Availability

0.975
A3=0.9698

0.970

A2=0.9685

0.965
0.960

A1=0.9546

0.955
0.950
0

50000

100000
Time, (h)

150000

Figure 6.5 – Availability of total system
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The availability of the TC1, the TC2, and the TCs subsystem in the Condition 1 are presented in
Figure 6.6. It can be observed that the availability of TCs subsystem (0.9546) is much higher
than for each TC separately (TC1 has 0.8974, and TC2 has 0.8962), because the turbo
compressor subsystem is only unavailable if the whole system is turned down, or if both TC1 and
TC2 are damaged. Besides, the availabilities of TC1 and TC2 are very close. This is because
both components are working in parallel and with the same processing capacity.
The effect of increasing the number of maintenance teams on the availability of TC1 is presented
in Figure 6.7. As can be seen the effect on the availability of the TC1 is similar to the effect in the
total system. In other words, the availability increases from Condition 1 to Condition 2 (+2.56%);
however, between two and three CM teams, the difference on availability is not significant
(+0.23%).
TC 1

TC 2

TCs

0.970
0.960

Availability

0.950
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0.930
0.920
0.910
A_TC1=0.8974

0.900
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Time, (h)
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Figure 6.6 – Availability of turbo compressors in Condition 1
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Figure 6.7 – Availability of turbo compressor nº 1
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The TGs subsystem is similar to the TCs one. Both consist of two components in parallel and
both have the same conditions to become unavailable. These are: if the turbo generators
subsystem is unavailable or if the whole system is turned down, or if both TG1 and TG2 are
damaged. Thus, the general behaviours of the availabilities of the TGs and of the TCs are equal.
Figure 6.8 shows the availability of the turbo generators in Condition 1. As can be seen, the
availability of the TGs subsystem (0.9546) is much higher than the availability of each TG.
Besides, the availabilities of TG1 and TG2 are equal (0.8903).
The effect of increasing the number of maintenance teams on the availability of TG1 is presented
in Figure 6.9. As in the case of Figure 6.7, the availability increases from Condition 1 to
Condition 2 (+2.85%), but between two and three CM teams the difference on availability is not
significant (+0.24%).
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Figure 6.8 – Availability of turbo generators in Condition 1
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Figure 6.9 – Availability of turbo generator nº 1
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Figure 6.10 – Availability of electro compressor

The EC shows the lowest availability of all components of the offshore processing plant (0.7891
in Condition 1, while in the total system is 0.9546). This is because EC is unavailable not just
when it fails or is under preventive maintenance, but also when one TG is unavailable. The
availability of electro compressor in all simulation conditions is presented in Figure 6.10. As can
be seen, the availability increases from Condition 1 to Condition 2 (+4.35%), but between two and
three CM teams, the difference on availability is not significant (+0.34%).

6.3.2 Preventive Maintenance Effect on Equipment Availability
From Table 4.7 (page 44), it is known that the preventive maintenance consists of three types:
the PM of TCs and TGs subsystems, the PM of EC, and the PM of Wells. To assess the influence
of the PM on each equipment’s availability, the base model is simulated in Condition 1 (i.e., 1 CM
team available for repair), considering all equipment as perfect, except the analysed one. The
simulation time is 194400 hours with time steps of 200 hours for 1000 histories.
To measure the effect of PM on the equipment’s availability, three different conditions are
assessed: equipment with no PM intervention, equipment with PM as defined by the case study
description, and equipment with perfect PM repair, after which the component is as good as new
(i.e., the recovered age of equipment is 100%).
Table 6.7 (page 66) presents the influence of PM of Type 1 on the TC’s and TG’s availabilities.
From the previous chapter, it is already known that both TG1 with TG2 and TC1 with TC2 have
the same availability behaviours. Thus, in Table 6.7, the results of one equipment by a redundant
subsystem are presented (i.e., the results of TG1 and of TC1).
As it is possible to see, the PM of Type 1 reduces the equipment availability by only 0.20% in the
case of TG1, and by 0.24% in the case of TC1; and has a negligible effect on the number of
failures, as the TG1 without PM represents 169.6 failures along 27 years, but with PM, this value
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Table 6.7 – The influence of PM of Type 1 on the TG’s and TC’s availabilities

TG1
TC1

Availability
Nº of failures
Availability
Nº of failures

Without PM

PM type 1

0.9471
169.6
0.9518
160.1

0.9452
169.3
0.9495
159.9

Rate of
change
-0.20%
-0.18%
-0.24%
-0.12%

Perfect PM
type 1
0.9453
168.9
0.9500
158.6

Rate of
change
-0.19%
-0.41%
-0.19%
-0.94%

Table 6.8 – The influence of PM of Type 2 on the EC’s availability

EC

Availability
Nº of failures

Without PM

PM type 2

0.9866
32.1

0.9581
19.6

Rate of
change
-2.89%
-38.94%

Perfect PM
type 2
0.9596
6.9

Rate of
change
-2.74%
-78.50%

decreases to 169.3, which corresponds to a rate of change of -0.18%. The same effect is
observed in the TC1, where the number of failures decreases from 160.1 to 159.9.
PM of Type 1 recovers 20 % of equipment age. If this percentage increases to 100% (i.e., after
PM the equipment is as good as new), the availability does not change significantly, as shown in
the last column of Table 6.7.
Concluding, these results show that the PM of Type 1 does not have a significant impact on the
availability of the individual components TG1 and TC1, neither on the number of failures. Besides,
the increase of efficiency of PM by increasing the recovered age does not improve the availability
and does not reduce significantly the number of failures.
Table 6.8 presents the influence of PM of Type 2 on the EC’s availability. It is possible to see that
the introduction of PM now reduces the availability of the equipment by 2.89%. However, it
provides a positive effect by significantly reducing the number of failures: from 32.1, without PM,
to 19.6 with PM of Type 2 (a 38.94% decrease).
PM of Type 2 recovers 50% of the equipment age. If this percentage increases up to 100%, the
availability does not change significantly, but the number of failures decreases 78.5% when
compared to the case without PM.
Concluding, the PM of Type 2 reduces the availability of the EC by 2%, but it is an efficient
intervention, since the number of failures decreases significantly.
Table 6.9 presents the influence of PM of Type 3 on the availability of Wells. As it is possible to
see, the introduction of PM in Wells activity reduces the availability of equipment by 0.54%. It
provides, however, a positive effect on the number of failures: from 1.9, without PM, to 1.3 with
PM of Type 3 (a 31.58% reduction).
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Table 6.9 – The influence of PM of Type 3 on the Wells availability

Wells

Availability
Nº of failures

Without PM

PM type 3

0.9978
1.9

0.9924
1.3

Rate of
change
-0.54%
-31.58%

Perfect PM
type 3
0.9927
0.8

Rate of
change
-0.51%
-57.89%

PM of Type 3 recovers 50% of the equipment age. If this percentage increases up to 100%, the
availability does not represent a significant change, however, the number of failures decreases
57.89% in comparison to the case without PM.
Concluding, the PM of Type 3 reduces the availability of Wells by 0.5%, and it does not reduce
significantly the number of failures.

6.3.3 Availability of Repair Maintenance Teams
The base model has two types of maintenance actions: corrective and preventive. In this chapter,
the main objective is to analyse the availability of the CM and of the PM teams in the simulation
conditions.
In the Figure 6.11, the availability of CM teams is presented. The availability with one CM team is
0.5234. If the system has two CM teams available, the availability of corrective maintenance team
is much higher, it is 0.9155 (+39.2%). In the Condition 3, the total availability of CM teams is
0.9906, which is nearly 100%.
The preventive maintenance activity is assured by one PM team located onboard the offshore
production platform. From the Figure 6.12 (page 68), it is possible to see, the increasing number
of CM teams does not influence on the availability of PM team. Thus, the availability of PM team
in any simulated condition is 0.9659.
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Figure 6.11 – Availability of corrective maintenance team
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Figure 6.12 – Availability of preventive maintenance team

6.3.4 Liquid Phase Production
The fluid flow from the wells is divided by the phases of the components: liquid and gaseous.
Also, the liquid phase includes both water and oil.
The behaviour of the liquid phase produced in the wells with one available CM team is presented
in Figure 6.13. The black curve represents the behaviour of the ideal flow. The grey curve is the
liquid phase flow considering the equipment availability and the gas flow extracted from the well.
The maximum flow of liquid phase in ideal conditions is 960 m 3/h. Due to equipment failures, the
liquid phase flow of the case study is 885 m 3/h, 92.2% of the maximum theoretically predicted
flow.
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Figure 6.13 – Behaviour of well’s production over time in Condition 1
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The ideal liquid phase curve can be divided in two zones: the ramp-up (0 – 14400 hours) and the
peak period (14400 – 194400 hours). The first corresponds to the linear connecting of the 18
wells to the FPS, i.e., 9 wells per year. The second period corresponds to the maximum capacity
of all 18 wells. For the calculation of the ideal liquid phase flow, the pressure at the wells is
considered constant through the water and/or gas injections effectuated across injection wells.
Hence, the liquid flow is constant over the years.
The liquid flow production curve of the case study (i.e., real production or model production) is
divided into 3 parts: the ramp-up period (0 – 14400 hours), the peak period (14400 –
130400 hours), and the decline period (130400 – 194400 hours). From Figure 6.13, it is observed
that the behaviour curve of base model is similar to that of the theoretical model. The decline
period is due to the extracted gas flow from the wells being insufficient to supply the GL. The
liquid phase flow decreases at the same rate as the exponential decline of the gas lift, which is
described by Equation (4.13) (page 36). It is worth noting that, the case study does not consider
the natural reduction of pressure in the wells. However, the base model considers the quantity of
gas needed for the gas lift and the consequences which may result from the lack of it.
As it was already mentioned in the Sections 4.1.1 and 4.1.2 (page 34) the oil to water ratio
changes with time, even though the total flow of the liquid phase remains constant during the
operational life of the well. Therefore, it is considered that during the first five years (0 –
36000 hours), 90% of the liquid phase is oil and 10% is water. Later on, the oil flow exponentially
decreases. This is considered in the theoretical predictions of the production behaviour of oil and
water, see Equations (4.6) and (4.8) (page 34).
In Figure 6.14, the changes in oil production over time with one CM team available is presented.
As can be observed, the oil production is divided in three parts. The first two years correspond to
increasing numbers of the wells connected to the FPS. Beyond that, three years of oil peak
production are observed. At the end of the fifth year (i.e., 36000 h), due to the increase in the
amount of extracted water, the oil flow declines exponentially.
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Figure 6.14 – Behaviour of oil production over time in Condition 1
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At the peak period, the model oil flow production is 796 m 3/h, which corresponds to the 92.1% of
the maximum predicted capacity (i.e., 864 m 3/h). In the exponential decline phase, the oil flow
production of base model converges to that of the theoretical prediction.
At the instant 130400 h, the efficiency of the gas lift starts to fall, and the model oil flow begins to
diverge from the theoretical prediction. Hereupon, the exponential reduction of the GL has no
significant influence in the oil production.
Figure 6.15 shows the influence of increasing the number of CM teams on the oil production
capacity. As can be seen, the obtained curves are very close. The average flow of oil production
at peak period for 3 conditions is presented in Table 6.10. The results show that the increase of
the CM teams increases the oil production by 2%.
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700
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100
0
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50000

100000
Time, (h)
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Figure 6.15 – Behaviour of oil production over time
Table 6.10 – Average oil production at peak period
Scenario
Condition 1
Condition 2
Condition 3

Average flow of oil
production (m3/h)
796
813
815

% of Qmax_I
92.1
94.1
94.4

% of improve in relation
to Condition 1
0.0
2.0
2.2

The behaviour of the injection and production of water over time is showed in Figure 6.16. There
are three water processes: the ideal production, the real production and the injected for
waterflooding. The ideal production is a theoretical model of water behaviour described by
Equation (4.8) (page 34). The real production corresponds to the water flow extracted from the
wells, and it is influenced by the equipment availability and the gas lift capacity. As can be seen,
at the instant 130400 the curve starts to decrease. This is due to the pressure decrease at the
wells. The injection curve is the quantity of extracted water during the production which is reinjected in the wells for waterflooding purposes. It is worth noting that, the injection water flow is
lower than the real production, because of the production configuration. When at least one TG
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Figure 6.16 – Behaviour of water injection and production over time in Condition 1

fails, the water pumping unit is turned off and the water after treatment is dumped directly into the
sea and not re-injected in the wells.

6.3.5 Gas Production
The mathematical definition of the ideal behaviour of gas flow is described by Equation (4.12)
(page 35). The generic behaviour of gas flow is equal to the oil production curve, with 3 production
periods: the ramp-up, the peak and the decline.
The produced gas has different applications. It is used as fuel for the offshore production plant,
which consumes a major part of the produced gas, either for power or for the gas lift. The
remaining gas is either re-injected into the wells to maintain the pressure, burned, or exported.
The behaviour of gas export and production is presented in Figure 6.17.
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Figure 6.17 – Behaviour of gas export and production over time in Condition 1
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Figure 6.18 – Behaviour of export gas over time

The model production curve refers to the gas extracted from the wells. It has the similar behaviour
to the ideal production prediction. At the peak period, the maximum gas flow of the model is about
130068 Sm3/h, which is 87% of maximum predicted capacity. In the exponential decline period,
the model results converge to those of the theoretical prediction.
The export gas curve is defined within the 5000 – 130400 hours interval. In the remains time, the
system does not produce the sufficient quantity of gas to be exported.
Figure 6.18 shows the influence of the increase of the number of CM teams on the gas exportation
capacity. As can be seen, the resulting curves are very close.
The average flow of export gas at peak period for the 3 conditions is presented in Table 6.11. It
is important to note that, at the peak period, the ideal gas flow of export gas is equal to the
difference between the maximum gas production, 150000 Sm 3/h, and the necessary quantity of
gas to power the offshore production system is 58800 Sm3/h:
𝑄𝑝𝑒𝑥𝑝𝑜𝑟𝑡 = 150000 𝑆𝑚3 ⁄ℎ − 58800 𝑆𝑚3 ⁄ℎ = 91200 𝑆𝑚3 ⁄ℎ

(6.9)

Table 6.11 – Average gas exportation at peak period
Scenario
Condition 1
Condition 2
Condition 3

Average flow of gas
exportation (Sm3/h)
74951
78509
78862

% of Qp_export
82.2
86.1
86.5

% of improve in relation
to Condition 1
0.0
3.9
4.3

From the obtained results, it is concluded that the increase of the CM teams number increases
the exported gas by 4%.
The influence of the increase of the number of CM teams on the gas production capacity is
presented in Figure 6.19. As can be seen, the resulting curves are very close. Table 6.12 shows
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the average flow of gas production at peak period for the 3 conditions. From the obtained results,
it is concluded that the increase of CM teams number increases the gas production by 3%.
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Figure 6.19 – Behaviour of production gas over time
Table 6.12 – Average gas production at peak period
Scenario
Condition 1
Condition 2
Condition 3

Average flow of gas
production (Sm3/h)
130068
134652
135163

% of Qmax_I
86.7
89.8
90.1

% of improve in relation
to Condition 1
0.0
3.1
3.4

6.4 Sensitivity Analysis
To identify the factors that most influence the availability of offshore production system, the
sensitivity analysis is conducted. For this purpose, a local method, the partial derivative of
sensitivity, is used, see Equation (3.46) (page 18). The mathematical formulation of the method
returns the slope of the variation of the output value as a function of input value changes.
The main objective of the FPS case study is to assess the oil production. Hence, the model output
value is the oil production flow. The input values are the model parameters described in
Appendix E. These include the voyage time of CM team, MTTF and MTTR of all offshore
production plant components, the duration of PM, and the interval between PMs. To calculate the
partial derivative sensitivities, it is considered that all input variables increase by 10%.
The sensitivity analysis is conducted at the peak period of production. The simulated time of the
base model is defined by iterations from instant 14400 h to 36000h with a step of 200 hours for
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4000 different scenarios (i.e., histories). Each input parameter is analysed individually, thus the
results do not consider the dependency between input values.
Figure 6.20 shows the partial derivative sensitivity of each input parameter in decreasing order.
The more detailed results of the sensitivity analysis are summarized in Appendix E.
As can be seen, the most influential input parameters on the oil production capacity are the
corrective maintenances of the OPU and of the WTU, the duration of the PM of type 1 (i.e., PM
of the TCs and TGs, which is conducted every 2160 h with 80 h of duration and which recovers
20% of the equipment age), the duration of the PM of type 3 (i.e., PM of the wells, which is carried
out every 17520 h with 120 h of duration and which recovers 50% of the equipment age), and the
CM team voyage time.

Figure 6.20 – Sensitivity analysis of the input parameters
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7 Conclusions

7.1 Achievements
The main objective of this thesis is the availability analysis of an offshore oil and gas production
system. For this purpose, the Generalized Stochastic Petri Nets coupled with the Monte Carlo
Simulation method was used. The classical reliability tools, such as Reliability Block Diagram or
Fault Tree Analysis, are unsuitable, because for production availability assessment they are only
applicable to binary systems (i.e., switch on/switch off), and the offshore production is a dynamic
and multi-state system with operational loops, which requires simulation-based techniques. The
Markov approach is typically not applicable to model very complex systems, and it only works
when TTF and TTR follow an exponential distribution.
A generic offshore production installation case study that operates in a Brazilian oilfield located
300 km off the shore is adopted. The case study is defined based on general information related
to the production of the reservoir’s and of the offshore production plant, including each
component’s failure state, the maintenance policy, and the production levels.
The equipment was defined in terms of its values of reliability and maintainability, which also
followed non exponential distributions. Thereby, the Dirac Delta distribution was used to describe
deterministic events/delays, the Lognormal distribution was used to model the repair times, the
Truncated Weibull distribution was used to describe the life time of equipment, and the
Exponential distribution was used for events with a constant failure rate.
To fulfill the intent of the thesis, the case study was implemented in a PN model. This model was
duly validated through the theoretical definition of the asymptotic availability and the number of
failures. After PN model validation, the availability analysis of case study was performed for
different number of CM teams.
The equipment availability results show that the use of more than two CM teams is not reflected
into substantial improvements. The availability of the system with one CM team is 0.9546, with
two CM teams it is 0.9685 (+1.4%), and with three CM teams it is 0.9698 (+1.5%). Thus, the use
of more than two CM teams may not be economically viable.
Through the availability analysis, the dependence between non-redundant system components
was identified. Namely, the availabilities of TEG, of TGs and TCs subsystems, of OPU, of WTU
and of Wells are equal to the availability of total system, because if one fails, the whole system is
turned off.
At the same time, due to the specifications of the production configuration system, the
availabilities of EC, TC1, TC2, TG1 and TG2 are lower than the total system availability, where
EC’s availability is the lowest (0.7891 in Condition 1, while in the total system it was 0.9546). In
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the case of the TCs and TGs, the availability of total subsystem is much higher than that of the
individual components. The availability of TCs subsystem in Condition 1 is 0.9546, while the
availability of TC1 is 0.8974, and of TC2 is 0.8962. The availability of TGs subsystem in
Condition 1 is 0.9546, while the availability of TG1 and TG2 is 0.8903. As can be seen, the
availabilities of components which constitute one subsystem are very close to each other.
The availability analysis of the repair teams shows that an increasing number of CM teams has
no influence on the availability of the PM team, which was the same in all simulated conditions
(0.9659).
The case study is a multi-output offshore installation with three different flows: oil, gas and water.
Each of them was analysed within the total exploration life of the oilfield. Each flow curve has 3
production periods: the ramp-up, the peak, and the decline.
The maximum flow of liquid phase in ideal conditions is 960 m 3/h. Due to equipment failures, the
liquid phase flow of the case study with 1 CM team is 885 m 3/h, which corresponds to 92.2% of
the maximum capacity.
At the peak period, in Condition 1, the model oil flow production is 796 m3/h, which corresponds
to the 92.1% of the maximum predicted capacity (i.e., 864 m 3/h).
At the peak period, in Condition 1, the maximum gas production of the model is about 130068
Sm3/h, which is 87% of maximum prediction (150000 Sm3/h). The maximum gas exportation of
the model is about 74951 Sm 3/h, which is 82% of maximum capacity (91200 Sm3/h).
The increase of the number of CM teams (from two CM teams to three) increases the oil
production by 2%, gas exportation by 4%, and gas production by 3%.
The sensitivity analysis showed that the most influential model parameters on the oil production
capacity are the corrective maintenances of the OPU and of the WTU, the duration of the PM of
type 1, the duration of the PM of type 3, and voyage time of the CM team.

7.2 Further Works
Due to the scarcity of available information and to the initially established objectives, the case
study was simplified in several aspects. This section identifies several studies that can be carried
out to improve the model and consequently the availability results.
The PN model of the case study uses the Simple Place/Transition PN, which uses
indistinguishable tokens. This tool was appropriated for the level of complexity of the offshore
platform analysed in this thesis. However, as the number of variables increases (e.g., type of PM,
number of CM team, oil production equipment, etc.), this type of PN becomes increasingly difficult
to read graphically. For example, for each new CM team, it is necessary to implement one new
Place/Transition PN diagram. Hereupon, to facilitate the graphical representation of the industrial
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system, the Coloured PN can be used. This tool uses coloured tokens to distinguish them.
Thereby, instead of creating a new Place/Transition diagram, it becomes sufficient to only
increase the number of tokens in the places.
In case of increased system complexity, in addition to Coloured PN, the modelling language
AltaRica 3.0 can be used. This language embeds the concept of synchronization of events and
accelerates the MCS.
Due to the lack of information, various FPS plant components were not implemented. In further
studies, the following equipment can be added: the separator, the flare system, the oil treatment
unit and the water pumping unit.
All the offshore production plant components were modelled based on both the TTF and TTR
data. The parameters used for these variables can be improved based on the real offshore
platform data.
In the analysed case study, it was considered that the equipment installed onboard the FPS had
a sufficient processing capacity for the maximum production. However, in the real conditions, this
simplification is not valid, as during the oil exponential decline period, the water flow increases
exponentially. Consequently, the initial capacity of the water processing pumps may not be
enough to guarantee the maximum possible system availability at the decline period of oil
production. Hereupon, for the more detailed study, the maximum processing capacity of the
production components may be considered.
The electrical consumption is another factor that can be implemented in further works. In this
thesis, the electrical consumption was indirectly implemented through system reconfiguration
rules. However, for a more complex oil production system, the detailed implementation of
electrical power consumption is useful for the availability analysis.
In addition, the influence of more complex maintenance logistics on the system availability can
be studied. In the used corrective maintenance policy, any new component to be installed onboard
of the FPS was considered as always available at the port. However, in the offshore industry the
equipment is very specific and it is individually ordered. Hereupon, to make the time of CM more
accurate, it is possible to include the time of manufacture of the equipment in a factory and the
transportation time of that equipment from the port to the FPS.
The transportation time of new equipment from the port to the FPS can also be more detailed in
future works. Thereby, in addition to the already included availability of CM team and port
organization, the availability of the appropriate vessels and the weather window can be
implemented. The first is relevant due to the weight of the equipment, since different ships have
different transport capacities, which might impact the delivery to the FPS. The weather window is
used to model the possible time delay due to unfavourable meteorological conditions.

77

Besides, within the maintenance policy, two different economic analyses may be performed. The
first study would be to determine the optimum number of CM teams, considering the system
availability and the cost of maintenance. The second consists of optimizing maintenance for a
fixed maintenance cost. This study is important, because the PM cost increases with the age of
the component. Thereby, the slightly reduction of equipment age from PM activity may be as
expensive as replacing the equipment.
In order to improve the sizing of the oil, gas and water flows, additional studies should consider
the natural factors which decrease the pressure at the wells, besides further studying the effects
of waterflooding and gas re-injection on the production availability.
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Appendixes

Appendix A – Parameters of Predicates Petri Nets Module
Parameter
CM_team_VT
id_EC
id_OPU
id_TC1
id_TC2
id_TEG
id_TG1
id_TG2
id_Wells
id_WTU
MTTF1_TC

MTTF1_TG
MTTF2_TC
MTTF2_TG
MTTF3_TC

MTTF3_TG

MTTF_EC

MTTF_OPU

Description
Voyage time of corrective maintenance
team, in hours, from the port to the floating
production system
Auxiliary value. Identification number of
electro compressor
Auxiliary value. Identification number of oil
pumping unit
Auxiliary value. Identification number of
turbo compressor nº 1
Auxiliary value. Identification number of
turbo compressor nº 2
Auxiliary value. Identification number of triethylene glycol unit
Auxiliary value. Identification number of
turbo generator nº 1
Auxiliary value. Identification number of
turbo generator nº 2
Auxiliary value. Identification number of
subsea production system
Auxiliary value. Identification number of
water treatment unit
Mean time to failure of turbo compressor, in
hours, from the as good as new condition to
the degraded state
Mean time to failure of turbo generator, in
hours, from the as good as new condition to
the degraded state
Failure rate, 𝜆 (ℎ−1 ), of turbo compressor
from the degraded state to the failure
Failure rate, 𝜆 (ℎ−1 ), of turbo generator from
the degraded state to the failure
Mean time to failure of turbo compressor, in
hours, from the as good as new condition to
the failure
Mean time to failure of turbo generator, in
hours, from the as good as new condition to
the failure
Mean time to failure of electro compressor,
in hours, from the as good as new condition
to the failure
Mean time to failure of oil pumping unit, in
hours, from the as good as new condition to
the failure

Domain

Value

Integer

50

Integer

2

Integer

7

Integer

5

Integer

6

Integer

1

Integer

3

Integer

4

Integer

9

Integer

8

Integer

1493

Integer

1266

Float

0.00212

Float

0.00186

Integer

1351

Integer

1299

Integer

5882

Integer

43668
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Parameter

Domain

Value

Integer

17544

Integer

87719

Integer

2924

Integer

30

Integer

31

Integer

21

Integer

26

Integer

31

Integer

3

Integer

33

Integer

168

Integer

4

PM_type1_Duration

Duration of preventive maintenance (PM) of
type 1, in hours. This PM is applied to the
TCs and TGs subsystems, and it recovers
20% of the equipment age

Integer

80

PM_type1_Period

Periodicity of preventive maintenance (PM)
of type 1, in hours. This PM is applied to the
TCs and TGs subsystems, and it recovers
20% of the equipment age

Integer

2160

PM_type2_Duration

Duration of preventive maintenance (PM) of
type 4, in hours. This PM is applied to the
electro compressor, and it recovers 50% of
the equipment age

Integer

113

MTTF_TEG

MTTF_Wells

MTTF_WTU

MTTR1_TC

MTTR1_TG

MTTR2_TC

MTTR2_TG

MTTR_EC

MTTR_OPU

MTTR_TEG

MTTR_Wells

MTTR_WTU
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Description
Mean time to failure of tri-ethylene glycol
unit, in hours, from the as good as new
condition to the failure
Mean time to failure of subsea production
system, in hours, from the as good as new
condition to the failure
Mean time to failure of water treatment unit,
in hours, from the as good as new condition
to the failure
Mean time to repair of turbo compressor, in
hours, to substitute the degraded equipment
by a new one
Mean time to repair of turbo generator, in
hours, to substitute the degraded equipment
by a new one
Mean time to repair of turbo compressor, in
hours, to substitute the failed equipment by
a new one
Mean time to repair of turbo generator, in
hours, to substitute the failed equipment by
a new one
Mean time to repair of electro compressor, in
hours, to substitute the failed equipment by
a new one
Mean time to repair of oil pumping unit, in
hours, to substitute the failed equipment by
a new one
Mean time to repair of tri-ethylene glycol
unit, in hours, to substitute the failed
equipment by a new one
Mean time to repair of subsea production
system, in hours, to substitute the failed
equipment by a new one
Mean time to repair of water treatment unit,
in hours, to substitute the failed equipment
by a new one

Parameter
PM_type2_Period

PM_type3_Duration

PM_type3_Period

Qgas
Qoil
Qwater
Qwell

Description
Periodicity of preventive maintenance (PM)
of type 4, in hours. This PM is applied to the
electro compressor, and it recovers 50% of
the equipment age
Duration of preventive maintenance (PM) of
type 5, in hours. This PM is applied to the
subsea production system, and it recovers
50% of the equipment age
Periodicity of preventive maintenance (PM)
of type 5, in hours. This PM is applied to the
subsea production system, and it recovers
50% of the equipment age
Maximum gas flow by well, in Sm 3/h, at peak
period
Maximum oil flow by well, in m 3/h, at peak
period
Maximum water flow by well, in m 3/h, at
peak period
Maximum liquid phase flow (oil + water) by
well, in m3/h, at peak period

Domain

Value

Integer

2666

Integer

120

Integer

17520

Float

150000.0

Float

864.0

Float

96.0

Float

960.0
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Appendix B – Variables of Predicates Petri Nets Module
Variable
booking#
Note: # = {1, 2, 3}

CM_team#_Ok
Note: # = {1, 2, 3}

CM_team#_OnBoard
Note: # = {1, 2, 3}

CM_team_Ok
EC_Age
EC_LastCM
EC_LastPM
EC_Ok
EC_PM
EC_Works
Flow_PCT
Gas_Export
Gas_PL0
Gas_PL#
Note: # = {1, 2, 3, 4, 5, 6, 7, 8, 9}

Gas_PL#_export
Note: # = {1, 2, 3, 4, 5, 6, 7, 8, 9}

Gas_Production
GL_Ok

Description
It identifies the ID of failed equipment,
which has booked corrective
maintenance (CM) team nº # for repair
It identifies the availability of CM team nº
#, where true means available and false
unavailable
It identifies when the CM team nº # is
onboard the FPS. That is, true means
CM team is onboard, and false means
the opposite
It identifies the total availability of CM
teams
It registers the electro compressor’s (EC)
age in hours
It records the instance of completion of
the last corrective repair of EC
It records the instance of completion of
the last preventive maintenance of EC
It identifies the availability of EC, where
true means available, and false means
unavailable
It identifies if EC is in preventive
maintenance (true) or not (false)
It identifies if EC is working (true), or it is
damaged (failed). Note: the EC can be
unavailable, but not damaged
Mathematical definition of liquid phase
flow reduction, Equation (4.13), page 36
Export gas flow, in Sm 3/h
Ideal gas production, in Sm3/h,
Equation (4.12), page 35

Domain

Initial value

Integer

0

Boolean

true

Boolean

false

Boolean

true

Floating

0.0

Floating

0.0

Floating

0.0

Boolean

true

Boolean

false

Boolean

true

Floating

1.0

Floating

0.0

Floating

0.0

Production levels of gas production, in
Sm3/h, Table 4.3, page 40

Floating

0.0

Production levels of gas exportation, in
Sm3/h, Table 4.4, page 40

Floating

0.0

Floating

0.0

Boolean

true

Floating

0.0

Integer

0

Floating

0.0

Production gas flow, in Sm 3/h
It identifies the availability of maximum
GL, when the level of GL is lower than
maximum, GL_Ok is false

LP#
Level of priority, Table 4.6, page 43
Note: # = {1, 2, 3, 4}

NbFailure
Oil_PL0

It identifies the number of failures in each
instant
Ideal oil production, in m3/h,
Equation (4.6), page 34
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Variable
Oil_PL#
Note: # = {1, 2, 3, 4, 5, 6, 7, 8, 9}

Oil_Production
OPU_Off

OPU_Ok

OPU_Works
PL#
Note: # = {1, 2, 3, 4, 5, 6, 7, 8, 9}

PM_team_Ok

System_Ok
TC#_Age
Note: # = {1, 2}

TC#_Degraded
Note: # = {1, 2}

TC#_LastCM
Note: # = {1, 2}

TC#_LastPM
Note: # = {1, 2}

TC#_Off
Note: # = {1, 2}

TC#_Ok
Note: # = {1, 2}

TC#_PM
Note: # = {1, 2}

TC#_Works
Note: # = {1, 2}

TC_Ok
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Description

Domain

Initial value

Production levels of oil production, in
m3/h, Table 4.4, page 40

Floating

0.0

Floating

0.0

Boolean

false

Boolean

true

Boolean

true

Boolean

true/false

Boolean

true

Boolean

true

It registers the turbo compressor’s (TC)
age in hours

Floating

0.0

It identifies if the TC nº # is degraded
(true) or not (false)

Boolean

false

It records the instance of completion of
the last corrective repair of TC nº#

Floating

0.0

Production oil flow, in m 3/h
Auxiliary value. It is true when the total
system switch gives an order to off oil
pumping unit (OPU) due to the critical
failure of another component
It identifies the availability of OPU, where
true means available, and false means
unavailable
It identifies if OPU is working (true), or it
is damaged (failed). Note: the OPU can
be unavailable, but not damaged
Satisfied production level,
Table 4.4, page 40
It identifies the availability of preventive
maintenance team, where true means
available and false unavailable
It identifies the availability of total
production system, where true means
available and false unavailable

It records the instance of completion of
the last preventive maintenance of
TC nº#
Auxiliary value. It is true when the total
system switch gives an order to off TC
nº# due to the critical failure of another
component
It identifies the availability of TC nº#,
where true means available, and false
means unavailable

Floating

0.0

Boolean

false

Boolean

true

It identifies if TC nº# is in preventive
maintenance (true) or not (false)

Boolean

false

Boolean

true

Boolean

true

It identifies if TC nº# is working (true), or
it is damaged (failed). Note: any TC can
be unavailable, but not damaged
It identifies the availability of TCs
subsystem, where true means available,
and false means unavailable

Variable
TEG_Off

TEG_OK

TEG_Works
TG#_Age
Note: # = {1, 2}

TG#_Degraded
Note: # = {1, 2}

TG#_LastCM
Note: # = {1, 2}

TG#_LastPM
Note: # = {1, 2}

TG#_Off
Note: # = {1, 2}

TG#_Ok
Note: # = {1, 2}

TG#_PM
Note: # = {1, 2}

TG#_Works
Note: # = {1, 2}

TG_Ok
Water_Injection
Water_PL0
Water_PL#
Note: # = {1, 2, 3, 4, 5, 6, 7, 8, 9}

Water_Production
Well_Production_Ideal
Wells_Age
Wells_LastCM

Description
Auxiliary value. It is true when the total
system switch gives an order to off the
tri-ethylene glycol unit (TEG) due to the
critical failure of another component
It identifies the availability of TEG, where
true means available, and false means
unavailable
It identifies if TEG is working (true), or it
is damaged (failed). Note: the TEG can
be unavailable, but not damaged

Domain

Initial value

Boolean

false

Boolean

true

Boolean

true

It registers the turbo generator’s (TG)
age in hours

Floating

0.0

It identifies if the TG nº # is degraded
(true) or not (false)

Boolean

false

It records the instance of completion of
the last corrective repair of TG nº#

Floating

0.0

It records the instance of completion of
the last preventive maintenance of
TG nº#
Auxiliary value. It is true when the total
system switch gives an order to off TG
nº# due to the critical failure of another
component
It identifies the availability of TG nº#,
where true means available, and false
means unavailable

Floating

0.0

Boolean

false

Boolean

true

It identifies if TG nº# is in preventive
maintenance (true) or not (false)

Boolean

false

Boolean

true

Boolean

true

Floating

0.0

Floating

0.0

Floating

0.0

Floating

0.0

Floating

0.0

Floating

0.0

Floating

0.0

It identifies if TG nº# is working (true), or
it is damaged (failed). Note: any TG can
be unavailable, but not damaged
It identifies the availability of TGs
subsystem, where true means available,
and false means unavailable
Injection water flow, in m 3/h
Ideal water production, in m 3/h,
Equation (4.8), page 34
Production levels of water production,
in m3/h, Table 4.4, page 40
Production water flow, in m3/h
Ideal production of liquid phase flow,
in m3/h
It registers the subsea production
system’s (Wells) age in hours
It records the instance of completion of
the last corrective repair of Wells
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Variable
Wells_LastPM

Wells_Off

Wells_Ok
Wells_PM
Wells_Production

Wells_Work

WTU_Off

WTU_Ok

WTU_Works
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Description
It records the instance of completion of
the last preventive maintenance of Wells
Auxiliary value. It is true when the total
system switch gives an order to off Wells
due to the critical failure of another
component
It identifies the availability of Wells,
where true means available, and false
means unavailable
It identifies if Wells is in preventive
maintenance (true) or not (false)
It identifies if EC is working (true), or it is
damaged (failed). Note: the EC can be
unavailable, but not damaged
It identifies if Wells is working (true), or it
is damaged (failed). Note: any TG can be
unavailable, but not damaged
Auxiliary value. It is true when the total
system switch gives an order to off water
treatment unit (WTU) due to the critical
failure of another component
It identifies the availability of WTU, where
true means available, and false means
unavailable
It identifies if WTU is working (true), or it
is damaged (failed). Note: the WTU can
be unavailable, but not damaged

Domain

Initial value

Floating

0.0

Boolean

false

Boolean

true

Boolean

false

Floating

0.0

Boolean

true

Boolean

false

Boolean

true

Boolean

true

Appendix C – Petri Nets Modules
C.1 – Electro Compressor
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C.2 – Turbo Generator nº 1

94

C.3 – Total System Switch

95
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Appendix D – Model Validation
Scenario

1

Equipment
TEG
TG1 or TG2
TC1 or TC2
EC
Wells
OPU
WTU

Scenario

2

Equipment
TEG
TG1 or TG2
TC1 or TC2
EC
Wells
OPU
WTU

Scenario

3

Equipment
condition
Each device is
simulated
individually,
considering
that the all
other devices
are perfect

𝑀𝑇𝑇𝐹 (h)
17862
1299
1351
5864
86193
44371
2945

Availability
condition

TTF’s
distribution

TTR’s
distribution

PM

Upper bound

Exponential

Exponential

Not provided

Simulation model results
𝑀𝑇𝑇𝑅 (h)
𝐴𝐿𝐵
33.2
26.3
20.8
31.3
169.3
3.1
4.0

Equipment
condition
Each device is
simulated
individually,
considering
that the all
other devices
are perfect

0.9981
0.9801
0.9848
0.9947
0.9980
0.9999
0.9986

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

10.9
146.7
141.7
33.0
2.3
4.4
65.9

Percentage errors (%)
𝑀𝑇𝑇𝐹 (h) 𝑀𝑇𝑇𝑅 (h)
𝐴𝐿𝐵
1.82%
0.02%
0.02%
0.30%
1.74%
1.61%
0.71%

1.78%
0.00%
0.03%
0.28%
1.77%
1.58%
0.70%

TTF’s
distribution

TTR’s
distribution

PM

Lower bound

Exponential

Exponential

Not provided

𝑀𝑇𝑇𝑅 (h)
83.2
77.3
71.8
81.6
219.6
53.1
54.4

Equipment
condition
Each device is
simulated
individually,
considering
that the all
other devices
are perfect

0.00%
0.03%
0.01%
0.01%
0.01%
0.00%
0.00%

Availability
condition

Simulation model results
𝑀𝑇𝑇𝐹 (h)
17864
1295
1348
5866
86221
44586
2942

0.69%
1.24%
0.79%
0.94%
0.77%
2.91%
0.05%

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

𝐴𝐿𝐵
0.9954
0.9436
0.9495
0.9863
0.9975
0.9988
0.9818

Percentage errors (%)
𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

10.8
141.7
136.9
32.7
2.2
4.4
64.9

𝑀𝑇𝑇𝐹 (h)
1.82%
0.31%
0.19%
0.27%
1.71%
2.10%
0.60%

𝑀𝑇𝑇𝑅 (h)
0.25%
1.75%
1.10%
0.71%
0.74%
0.18%
0.75%

𝐴𝐿𝐵
0.01%
0.12%
0.06%
0.01%
0.00%
0.00%
0.01%

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

1.78%
0.20%
0.13%
0.25%
1.73%
2.06%
0.60%

Availability
condition

TTF’s
distribution

TTR’s
distribution

PM

Upper bound

Weibull
Truncated

Lognormal

Not provided
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Simulation model results
Equipment
TEG
TG1 or TG2
TC1 or TC2
EC
Wells
OPU
WTU

Scenario

4

𝑀𝑇𝑇𝐹 (h)

𝑀𝑇𝑇𝑅 (h)

𝐴𝐿𝐵

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

18085
1304
1353
5963
102634
47113
2945

33.0
26.0
21.0
31.0
167.8
3.0
4.0

0.9982
0.9804
0.9847
0.9948
0.9984
0.9999
0.9986

10.7
146.2
141.4
32.4
1.9
4.1
65.9

Equipment
condition
Each device is
simulated
individually,
considering
that the all
other devices
are perfect

𝑀𝑇𝑇𝐹
(h)
3.08%
0.35%
0.18%
1.39%
17.00%
7.89%
0.72%

Availability
condition

TTF’s
distribution

TTR’s
distribution

PM

Lower bound

Weibull
Truncated

Lognormal

Not provided

Simulation model results
Equipment
TEG
TG1 or TG2
TC1 or TC2
EC
Wells
OPU
WTU

Scenario

5

𝑀𝑇𝑇𝐹 (h)

𝑀𝑇𝑇𝑅 (h)

𝐴𝐿𝐵

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

17930
1304
1354
5971
100979
46644
2947

83.0
76.0
71.0
81.0
217.9
53.0
54.0

0.9954
0.9449
0.9502
0.9866
0.9978
0.9989
0.982

10.8
140.8
136.5
32.1
1.9
4.2
64.8

Equipment
condition
Each device is
simulated
individually,
considering
that the all
other devices
are perfect

𝑀𝑇𝑇𝐹
(h)
2.20%
0.41%
0.19%
1.51%
15.12%
6.82%
0.80%

TEG
TG1 or TG2
TC1 or TC2
EC
Wells
OPU
WTU
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Percentage errors (%)
𝑀𝑇𝑇𝑅
𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠
𝐴𝐿𝐵
(h)
0.02%
0.01%
2.14%
0.01%
0.02%
0.38%
0.00%
0.01%
0.18%
0.03%
0.02%
1.47%
0.04%
0.03% 13.10%
0.04%
0.01%
6.37%
0.05%
0.01%
0.78%

Availability
condition

TTF’s
distribution

TTR’s
distribution

PM

Lower bound

Weibull
Truncated

Lognormal

Provided

Simulation model results
Equipment

Percentage errors (%)
𝑀𝑇𝑇𝑅
𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠
𝐴𝐿𝐵
(h)
0.04%
0.01%
2.98%
0.03%
0.00%
0.35%
0.00%
0.00%
0.18%
0.03%
0.00%
1.36%
0.10%
0.03% 14.51%
0.59%
0.00%
7.31%
0.04%
0.00%
0.71%

𝑀𝑇𝑇𝐹 (h)

𝑀𝑇𝑇𝑅 (h)

𝐴𝐿𝐵

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

17930
1309
1365
9493
147589
46644
2947

-

0.9954
0.9450
0.9503
0.9581
0.9984
0.9989
0.9820

10.8
140.3
135.4
19.6
1.3
4.2
64.8

𝑀𝑇𝑇𝐹
(h)
2.20%
0.81%
1.02%
61.39%
68.25%
6.82%
0.80%

Percentage errors (%)
𝑀𝑇𝑇𝑅
𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠
𝐴𝐿𝐵
(h)
0.01%
2.14%
0.03%
0.78%
0.02%
0.99%
2.87% 39.81%
0.09% 40.52%
0.01%
6.37%
0.01%
0.78%

Scenario

6

Equipment
condition
All
components
are simulated
at the same
time

Availability
condition

TTF’s
distribution

TTR’s
distribution

PM

Lower bound

Weibull
Truncated

Lognormal

Not provided

Simulation model results
Equipment
TEG
TG1 or TG2
TGs
TC1 or TC2
TCs
EC
Wells
OPU
WTU
System

Scenario

7

𝑀𝑇𝑇𝐹 (h)

𝑀𝑇𝑇𝑅 (h)

𝐴𝐿𝐵

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

18026
1087
1158
5941
96950
46870
2938
-

113.8
85.3
79.7
114.0
250.0
87.0
84.1
-

0.9532
0.8884
0.9532
0.8957
0.9532
0.8082
0.9532
0.9532
0.9532
0.9532

10.7
165.8
157.1
32.1
2.0
4.1
64.3
-

Equipment
condition
All
components
are simulated
at the same
time

𝑀𝑇𝑇𝐹
(h)
2.74%
16.30%
14.29%
1.01%
10.52%
7.33%
0.46%
-

TEG
TG1 or TG2
TGs
TC1 or TC2
TCs
EC
Wells
OPU
WTU
System

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

2.82%
17.26%
14.89%
1.52%
9.53%
6.89%
1.45%
-

Availability
condition

TTF’s
distribution

TTR’s
distribution

PM

Lower bound

Weibull
Truncated

Lognormal

Provided

Simulation model results
Equipment

Percentage errors (%)
𝑀𝑇𝑇𝑅
𝐴𝐿𝐵
(h)
37.15%
4.23%
12.30%
5.96%
4.39%
12.27%
5.72%
4.44%
40.75%
18.07%
14.68%
4.44%
64.07%
4.56%
55.72%
2.92%
1.55%

𝑀𝑇𝑇𝐹 (h)

𝑀𝑇𝑇𝑅 (h)

𝐴𝐿𝐵

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

18080
1086
1159
9799
151035
45970
2942
-

113.2
84.2
78.8
113.2
249.0
85.3
83.3
-

0.9546
0.8902
0.9546
0.8974
0.9546
0.7891
0.9546
0.9546
0.9546
0.9546

10.7
166.1
157.1
19.6
1.3
4.2
64.3
-

𝑀𝑇𝑇𝐹
(h)
3.06%
16.40%
14.23%
66.59%
72.18%
5.27%
0.62%
-

Percentage errors (%)
𝑀𝑇𝑇𝑅
𝐴𝐿𝐵
(h)
36.44%
4.09%
10.80%
5.77%
4.25%
11.01%
5.54%
4.30%
39.74%
20.00%
14.23%
4.30%
60.92%
4.42%
54.18%
2.78%
1.41%

𝐿𝐵
𝑁𝑓𝑎𝑖𝑙𝑠

3.11%
17.51%
14.90%
39.84%
41.87%
5.07%
1.56%
-
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Appendix E – Sensitivity Analysis

Initial

Initial+10%

Initial

Initial+10%

Sensitivity
factor
S

CM_team_VT

50

55

796.63

790.09

1.308

MTTF_EC

5882

6470.2

796.63

796.61

0.000

MTTF_OPU

43668

48034.8

796.63

795.88

0.000

Input values

Parameters

Oil production (m3/h)

MTTF_TEG

17544

19298.4

796.63

796.42

0.000

MTTF_Wells

87719

96490.9

796.63

796.07

0.000

MTTF_WTU

2924

3216.4

796.63

798.08

0.005

MTTF1_TC

1493

1642.3

796.63

796.12

0.003

MTTF1_TG

1266

1392.6

796.63

796.20

0.003

MTTF2_TC

472

519.2

796.63

796.68

0.001

MTTF2_TG

538

591.8

796.63

796.40

0.004

MTTF3_TC

1351

1486.1

796.63

797.42

0.006

MTTF3_TG

1299

1428.9

796.63

798.94

0.018

MTTR_EC

31

34.1

796.63

796.04

0.190

MTTR_OPU

3

3.3

796.63

796.26

1.233

MTTR_TEG

33

36.3

796.63

795.98

0.197

MTTR_Wells

168

184.8

796.63

796.09

0.032

MTTR_WTU

4

4.4

796.63

795.65

2.450

MTTR1_TC

30

33

796.63

796.10

0.177

MTTR1_TG

31

34.1

796.63

795.98

0.210

MTTR2_TC

21

23.1

796.63

796.10

0.252

MTTR2_TG

26

28.6

796.63

795.46

0.450

PM_type3_Period

17520

19272

796.63

795.64

0.001

PM_type3_Duration

120

132

796.63

795.93

2.333

PM_type2_Period

2666

2932.6

796.63

796.49

0.001

PM_type2_Duration

113

124.3

796.63

796.15

0.042

PM_type1_Period

2160

2376

796.63

796.30

0.002

PM_type1_Duration

80

88

796.63

796.18

1.125
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