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Abstract 

Offshore oil and gas production have been evolving to new and very complex production systems, 

making feasible to exploit oil fields that were not possible before. Recently, offshore power generation 

from natural gas has been improved making possible the combined production (oil and electricity) in 

offshore oil fields, raising the question on how to evaluate the production availability of such systems.  

This dissertation aims at analysing the risks and assessing the production availability of an offshore 

Gas-to-Wire concept that exports oil and electricity produced from gas. First, some of the offshore oil 

and gas production systems used by operators worldwide are characterized. A preliminary risk analysis 

of a Gas-to-Wire production concept is performed, which is adopted as case study for availability 

analysis. The multi-output of the Gas-to-Wire production concept that uses Allam Cycle process as 

electric power generation and the operational dependencies that lead to production reconfigurations 

after failures are specified. Also, the failure models, corrective maintenance policies and strategies 

accounting for the uncertainties of the new equipment are described. Then, Generalized Stochastic Petri 

Nets coupled with the Monte Carlo simulation are adopted to evaluate the production availability of the 

offshore Gas-to-Wire production concept. The important parameters that affect the performance of the 

system are identified using a sensibility analysis and a parametric study is conducted to characterize 

their influence on the availability and production of the system.  

 

Key-words: Offshore oil and gas production; Gas-to-Wire concept; Petri Nets; Monte Carlo simulation; 

Production availability. 
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Resumo 

A produção offshore de petróleo e gás está a evoluir para novos e mais complexos sistemas de 

produção, tornando possível a exploração de campos petrolíferos que até então não o eram. 

Recentemente, a produção offshore de energia elétrica através de gás natural está sendo melhorada 

tornando possível a exploração combinada (petróleo e eletricidade) de campos, o que levanta a questão 

de como avaliar a disponibilidade de produção desses sistemas.  

Esta dissertação tem como objetivo analisar os riscos e avaliar a disponibilidade de produção de um 

conceito offshore Gas-to-Wire que exporta petróleo e eletricidade gerada a partir do gás. Em primeiro 

lugar são caracterizados alguns dos sistemas de produção offshore de petróleo e gás mais utilizados 

pelos operadores em todo o mundo. É realizada uma análise de risco preliminar dos componentes mais 

comuns dos sistemas de produção de petróleo e gás, incluindo do conceito de produção Gas-to-Wire 

que é adotado como estudo de caso. A produção do conceito Gas-to-Wire produz eletricidade a partir 

de um Ciclo Allam. Nesse estudo, as dependências operacionais que levam a reconfigurações de 

produção após falhas são especificadas. Além disso, são descritas as falhas e as políticas e estratégias 

de manutenção corretiva tendo em conta as incertezas dos novos equipamento. Modelos de Redes de 

Petri Estocásticas Generalizadas e simulação de Monte Carlo são adotados para avaliar a 

disponibilidade de produção do conceito de produção offshore Gas-to-Wire. Os parâmetros mais 

importantes que afetam o desempenho do sistema são identificados usando uma análise de 

sensibilidades e é realizado um estudo paramétrico que caracteriza a sua influência na disponibilidade 

e produção do sistema. 

 

Palavras-chave: Produção offshore de petróleo e gás; Conceito Gas-to-Wire; Redes de Petri; 

Simulação de Monte Carlo; Disponibilidade de produção. 
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1 Introduction 

1.1 Motivation 

Ways to improve of the production in offshore oil and gas fields have always been studied. One of the 

main objectives of the solutions applied in offshore fields is to increase efficiency in the production. Also, 

in the past few years the operational risk assessment in the offshore oil and gas installations has resulted 

in a major reduction in the number of fires, spills and incidents recorded per year. Each production 

concept requires a risk assessment of its facility. The results of this assessment might have several 

implications such as replacing certain equipment, adding protective devices, modifying existing 

processes, developing and implementing procedures for maintaining and monitoring of process in the 

facility and sometimes it is used as a feedback to the design engineers for a new installations or upgrade.  

Moreover, using the adequate approach, the availability of the oil and gas plant might be evaluated to 

support decision making on design and operational improvements. For that, a simplified model of the 

critical components of a facility and stochastic Petri Nets might be applied to compute the production 

availability of different concepts, supporting decision making and production enhancement. 

Finally, for new types of installations it is important to identify potential production design flaws as early 

as possible, so that sufficient time can be given to the study and evaluation of the design flaws before 

determining the optimized solution. It is always easier to make modifications early in the design stage 

of a project, when changes can be made with reduced effect on cost and schedule.  

 

1.2 Problem 

In new offshore oil and gas concepts, risk assessment and production availability evaluation are key 

elements to ensure safety and optimize performance. The purpose of risk analysis in the concept phase 

is “screening and prioritizing the different concepts in terms of risk level, as well as the selection between 

alternative scenarios and optimizing the configuration of the selected concept” (Abdelmalek and Guedes 

Soares 2018). 

Different concepts also require evaluation of availability. Since some equipment might be new or applied 

in a different manner into the system, computing its availability shows how the production is affected by 

a different solution. Also, an analytical approach for availability computation is unfeasible since oil and 

gas production systems are multi-state systems and an oil and gas processing plant has complex 

operational conditions. 
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1.3 Objectives 

The objective of this work is to perform a preliminary risk assessment and to evaluate the production 

availability of a Gas-to-Wire offshore oil and gas production concept, which generates electricity through 

an Allam Cycle process. 

The work developed comprises the following objectives: 

 Characterize different offshore production system concepts; 

 Using a classic approach, perform a risk assessment of production concepts studied; 

 Describe the critical equipment used in a production system; 

 Develop a simplified Petri Net model for the critical equipment used in the Gas-to-Wire 

concept which uses Allam Cycle process for electric power generation; 

 Evaluate the availability of the Gas-to-Wire production concept using the Petri Net model and 

Monte Carlo simulation. 

 

1.4 Work Structure 

This dissertation has 7 chapters. Chapter 1 introduces this work with background information and 

presents the objectives  

Chapter 2 describes the foundation for this work quoting several authors that have studied, directly or 

indirectly, topics related with risk assessment of offshore oil and gas production systems, availability 

evaluation and simulation techniques. 

Chapter 3 is entirely devoted to the characterization of offshore systems in terms of water depth, 

production exportation and how the production is processed. Then, it classifies different concepts of 

offshore production systems, which are considered the most common used worldwide. 

Chapter 4 states different methods and tools for risk assessment focusing of Failure Mode and Effects 

Analysis. It also describes the function of the most common components in offshore production systems 

and illustrates a Failure Mode and Effects Analysis application to the most critical of them. 

In the chapter 5, tools and methods used for availability analysis and the type of data needed for the 

model are presented. Also, discussions on how simulations are performed and how availability models 

are created are presented. 

In the chapter 6 a description of an oil and gas facility used as case study is provided. Also, it describes 

the approach used to assess its availability and it investigates different systems conditions and their 

impact on the availability of the system. 

The chapter 7 provides the conclusions and suggests future research works in this topic. 
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2 Literature Review 

2.1 Risk Assessment of offshore oil and gas production systems 

Risk assessment is the process of estimating the likelihood of an occurrence of specific consequences 

(undesirable events) of a given severity. This usually includes the identification of starting events, 

identification of possible accident sequences, estimation of the probability of accident sequence’s 

occurrence and assessment of the consequences. Then, the acceptability of the estimated risk must be 

assessed based upon previously stated criteria.  

In offshore oil and gas production systems, risk assessment methods have been used by to minimize 

or eliminate hazardous in offshore facilities (Harmony 1998). Veland and Aven (2015) addressed risk 

assessments of offshore critical operations aiming to improve it by better reflecting uncertainties and the 

unforeseen using an adjusted risk assessment approach. Choi and Chang (2016) proposed a seabed 

storage tank as a concept of a subsea production systems as an alternative to conventional floating 

facilities and performed its risk assessment using fault tree method. Also, to support decision of the 

parties involved for selecting the production concepts to be developed, Abdelmalek and Guedes Soares 

(2018) introduced a method of performing a semi-quantitative risk assessment of subsea production 

systems and applied it to a case study. 

Brandsæter (2002) described the implementation and usage of risk assessment in the offshore industry 

focusing on safety of the crew and the installation, prevention of environmental damage and production 

regularity. The development of this risk assessment was leaded by a mutual influence and interaction 

between the regulatory authorities for the UK and Norwegian sectors of the North Sea and the oil and 

gas operators in this area. 

Failure mode and effects analysis (FMEA) was also used to perform risk assessment on offshore 

systems. Developed to study malfunction problems from military systems in 1950’s. FMEA is a tool 

created by reliability engineers and it is one of the first techniques for failure analysis. FMEA is usually 

performed in the beginning of the project and it comprises reviewing as many components and 

subsystems as possible to recognize failure modes, causes and their effects on the system (Rausand 

and Høyland 2004).  

FMEA does not guarantee that all critical component failures have been acknowledged. The main 

reasons for this are lack of information and knowledge about the design and operation of components 

and system. Among the benefits of FMEA in early design stages, one can mention FMEA’s capacity to 

identify the design areas where improvements are needed, meet reliability requirements and assist in 

selecting design alternatives with high reliability and safety potential (Aven 1992). 

FMEA has been used in offshore structures by Shafiee and Dinmohammadi (2014), who applied FMEA 

to offshore wind turbine systems to evaluate and compare risk assessment with onshore wind turbine 

systems. Also, Adamowicz et al. (2016) used FMEA to identify failure modes in Christmas-trees in order 

to improve safety in oil and gas production. In the work of Ioannis et al. (2013), FMEA was applied to  a 
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wind turbine that provides power to desalination potable water production unit installed on a floating 

offshore structure. FMEA was conducted in a subsea multiphase pump by Oluwatoyin et al. (2014) who 

designed a questionnaire to elicit the failure mode and effect of each equipment group of subsea 

multiphase pumping equipment. 

 

2.2 Production availability of offshore oil and gas system 

According to Anon (1970), availability is defined as “A measure of the degree to which an item is in an 

operable and committable state at the start of a mission when the mission is called for at an unknown 

(random) time”. System availability methods have been developed to deal with systems which can be 

rationally represented by logical/functional structures of components. In this representation, the failures 

of the components are seen with respect to their consequence on the system’s function. However, real 

world systems’ components (communication systems, electric power transmission and distribution 

systems', rail and road transportation systems, water/oil/ gas production systems) are constituted by 

networks which have an additional dimension of complexity related to the difficulty of representing, 

modelling and quantifying the effects on the system of a failure component.  

Methods for analysing availability of systems can be categorized as being either static or dynamic. Static 

models include reliability block diagrams and fault trees methodology; these are suited for treating 

systems whose structures do not change over time. Dynamic models comprise Markov models and 

simulation methods (e.g. Petri Nets with Monte Carlo Simulation) and they are able to treat time-

dependent problems (Deoss and Siu 1989). Cowing et al. (2004) presented the dynamic modelling of 

the trade-off between productivity and safety in long-term operation for offshore oil facilities using 

Markov assumptions. 

According to Santos et al. (2018), Markov models have two main limitations: first the number of states 

increases quickly with complexity and system size leading to state-explosion, second it cannot model 

events that are not deterministic delays neither exponentially distributed. On the other hand, Petri net 

modelling combined with Monte Carlo Simulation (MCS) can deal with larger and more complex systems 

and it allows modelling non-exponential events. Due to these limitations using Markov models, Petri Net 

combined with Monte Carlo Simulation is a more appropriate tool than the Markov approach to evaluate 

system’s availability. 

In the subsea production level, Granhaug and Norge (1986) developed a simulation approach to 

estimate production availability for large field developments, which by generating random failures, the 

model estimated production downtime based on its parameters. In offshore production systems, 

Brissaud et al. (2012) discussed the concepts of production availability (definitions, objectives) and 

presents a procedure to perform production availability analysis. Also, Yasseri and Bahai (2018) 

presented a framework for the availability assessment of subsea distribution systems during the 

functional design phase.  

Furthermore, the study of the availability of a system brings numerous advantages (Aven 1987): 
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 Predicts production levels and regularity for financial planning, cost/benefit evaluations and sales 

contract negotiations; 

 Evaluates maintenance and operating policies to see their effect on field performance; 

 Identifies system bottlenecks, vulnerabilities and components with unnecessary over-capacity; 

 Evaluates the availability effects of system modifications, e.g. equipment redundancy and capacity 

modifications; 

 Contributes to the achievement of target levels of reliability of production. 

Petri Nets (PN) were first introduced by Carl Adam Petri (Petri 1962) in his Ph.D. dissertation, in which 

the problem of representing co-operating, concurrent, or competing processes by a graphical modelling 

formalism was discussed. Since then it has been modified and applied to several fields of study such as 

production systems, communication, traffic control and automation.  

Since its creation, Petri Nets have been developed to meet requirements of several industrial fields. 

Dutuit et al. (1997) proposed an approach using stochastic Petri Nets to model system behaviour and 

to evaluate some of their dependability and safety characteristics. 

To achieve the temporal performance analysis, several extended Petri Nets with "time" have been 

proposed by assigning firing times to the nodes of Petri Nets creating the Timed Petri Nets. Timed Petri 

Nets provide a suitable framework for describing discrete event dynamic systems and for generating the 

underlying stochastic processes. Furthermore, Timed Petri Nets have a well-defined semantics which 

unambiguously defines the behaviour of each net. The presence of the semantics makes it possible to 

implement simulators for duration of system’s activities i.e. implementation of time (Wang 1998).  

More recently, Generalized Stochastic Petri Nets (GSPN) with predicates were proposed. This approach 

has Boolean, integer, or float type variables that may be associated with functions which can be used 

to validate and update transitions. GSPN with predicates were applied by Santos et al. (2012) for 

assessing regularity of system’s production, quantified by its throughput capacity distribution of real 

systems. 

Petri Nets were applied to compute availability of offshore production systems as dynamic model with 

Monte Carlo simulation by Briš and Kochaníčková (2006). Some years later, Briš (2013) increased the 

complexity of the system and characteristics such as a degradation of components, corrective and 

preventive maintenance with stochastic or deterministic durations and a limited number of repair teams. 

Meng et al. (2018) used GSPN to compute production availability of a Floating Production Storage and 

Offloading (FPSO) by propounding a set of modelling patterns devoted to production availability 

analysis. Liu et al. (2015) applied Petri Nets to evaluate the performance of subsea blowout preventer 

(BOP) system. The availability of an electric power production system utilizing the Allam Cycle was 

modelled and analysed Bhardwaj et al. (2018) also using PN. 

Petri Nets have advantages for the modelling of systems that are well known such as (Girault and Valk 

2003; Santos et al. 2012): 

 They provide a graphically and mathematically founded modelling formalism; 
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 Can handle large and complex systems since is less disposed to state-explosion as the 

complexity increases; 

 It is possible to model stochastic and determinist events within the same MCS; 

 The comprehension of the system’s dynamic behaviour is more intuitive due to its graphic 

interface; 

 Different variants of Petri net models have been developed allowing to meet the needs in 

different application domains; 

 The accuracy of the results obtained can be easily checked and improved by increasing the 

number of simulations; 

 Plan and manage maintenance strategies more effortlessly and efficiently; 

 Production level’s calculations can be more easily accomplished for any kind of system 

complexity, while it gets quite laborious analytically as the system’s complexity increases. 

 

2.3 Monte Carlo Simulation 

The Monte Carlo Simulation is a method of uncertainty propagation and probability evaluation that 

consists of simulating a number of variables and running a model in order to determine different 

outcomes. By using Monte Carlo simulations, decision makers are able to determine the range of 

possibilities and probability of occurrence or any choice of actions.  

A Monte Carlo Simulation works by creating a mathematical model of the decision that is being 

considered, then the simulation or any uncertain aspects of that model is run. Different random variables 

are put into these uncertain parts of the model until there are enough outcomes to plot on a probability 

distribution curve. This is typically done in computers since the Monte Carlo Simulation requires a large 

number of model evaluations to cover all possible outcomes. Based on the shape of the probability 

distribution curve created by the Monte Carlo Simulation, decision makers will know where their ultimate 

decision falls within variant probabilities. Finally, they make their decision based on the risk they are 

willing to take to get the outcome they want.  This technique is often used to comprehend the impact of 

risk and uncertainty in forecasting and prediction models. MCS can be used to approach a range of 

problems in almost every fields, such as engineering, supply chain and science (Zio 2013). 

Monte Carlo Simulation was used by Zio et al. (2006) to evaluate the availability of multi-state and multi-

output offshore plant under realistic operation and maintenance conditions. Matsuoka (2013) applied 

MCS to solve reliability repair problems in system reliability analysis. Borgonovo et al. (2000) applied 

MCS to perform an availability assessment of a complex system subjected to periodic maintenance and 

within the economic constraint of limited resources. Petri Nets coupled with Monte Carlo Simulation is 

also used in operation and maintenance activities by Santos et al. (2013) to assess the offshore wind 

turbine performance. 
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3 Offshore Production Systems 

In the oil and gas industry, the term ‘production’ covers all the operations that are executed within the 

wellbore to make the reservoir fluids flow to the surface or the well head and the subsequent operations 

that are performed at the surface to ultimately deliver oil, gas and/or power to its destination. Offshore 

oil and gas production systems can be developed using different technologies. Technologies applied 

varies in hardware design, installation requirement, umbilical design, intervention, maintenance and 

repair.  

 

3.1 Offshore Oil and Gas Production Systems  

Oil or gas reservoirs produce a mixture of hydrocarbon gases, oil and water with dissolved minerals 

such as: salt, other gases, including nitrogen, carbon dioxide (CO2), hydrogen sulphide (H2S) and solids. 

In order to be sold, those fluids and gases must be separated, measured to meet requirements and then 

exported. For offshore fields, transportation occurs by pipelines or ocean tankers for oil. Gas is usually 

restricted to pipeline transportation but can also be shipped in pressure vessels on ships as compressed 

natural gas or converted to a liquid and sent as a liquefied natural gas (LNG). For oil, the goal is to 

meets the purchaser’s specifications that define the maximum allowable water, salt, or other impurities. 

Also, the gas must be processed to meet purchaser’s water vapour and hydrocarbon dew point 

specifications. Finally, the produced water must meet reservoir requirements, for injection into an 

underground reservoir to avoid plugging the reservoir, and regulatory requirements, for disposal in the 

ocean. 

Typically, an offshore oil and gas field is categorized according to its water depth: 

 Shallow water: a field in which the water depth is less than 200m. In practice, it is a depth that divers 

can reach; 

 Deepwater: a field in which water depth ranges between 200 and 1500 m; 

 Ultra-Deepwater: those fields in which the water depths are greater than 1500 m. 

Also, another category that those systems have is regarding how production trees are installed. Well 

completion incorporates the steps taken to transform a drilled well into a producing one. These steps 

include casing, cementing, perforating, gravel packing and installing a production tree. Offshore wells 

can be completed by two different types of trees: dry and wet trees. 

In dry completion, trees are positioned on or close to the platform making the wells essentially extended 

to a surface platform where personnel have ready access to the production tree for operations, 

maintenance and inspections. The size of the topside facility depends mainly upon the number and 

space of wells. This type of system is designed to have a full reservoir shut-down capacity from the 

surface trees. The most common type of platform used in this technology are: tension leg platform (TLP) 

or spars for deep water and fixed platforms for shallow water. For deep water developments, TLP and 

spars are used due to the requirement of motion stabilization. Dry completion is also considered limited 
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in water depth applications and development flexibility. On the other hand, it is widely applied in shallow 

water developments. For the wet completion, the production tree is located on the sea floor. The wet 

tree system usually operates through remotely controlled subsea tree installation tool for well 

completions. Platforms have a moonpool which is used for running risers, flowlines, trees and used to 

install other equipment. This system has a larger flexibility than dry completion in terms of the type of 

platforms that can be used and it is suitable for widespread reservoir configurations. Flexibility is also 

provided for the vessel and field expansion with simplified riser interfaces (Bai and Bai 2010). 

 

3.2 Offshore Production Platforms Types 

According to SPE (2015), more than 9,000 offshore platforms are in service worldwide, operating in 

water depths ranging from 3m to greater than 2000m. Topside payloads range from 5 to 50,000 tons, 

producing oil, gas, or both. A massive array of production systems is available today and the concepts 

range from fixed platforms to subsea compliant and floating systems, Figure 3.1 shows the concepts 

available. 

1, 2) conventional fixed platforms;  

3) compliant tower;  

4) vertically moored tension leg platform (TLP); 

5) mini-tension leg platform (mini-TLP); 

6) spar;  

7, 8) semi-submersibles;  

9) floating production, storage, and offloading facility (FPSO);  

10) sub-sea completion and tie-back to host facility. 

 

Figure 3.1 - Offshore platform concepts (NOAA 2008) 
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3.3 Production Concepts 

This work characterizes three different concepts of offshore production systems which are considered 

the most common used worldwide. Due to the concept characteristics, each production system is 

classified in: traditional, subsea to shore and Gas-to-Wire. The classification used are based on the 

characteristics of the method used to export the produced fluids and how it is produced i.e. what type of 

trees are applied. 

 

3.3.1 Offshore Storage Concept 

In this concept, Stationary Production Units (SPU) are used to produce oil and gas offshore. Production 

trees can be either installed in seabed or at the surface (i.e. dry or wet completion). For dry completion 

systems, five types of platforms can be used: fixed platform, compliant tower, TLP, mini-TLP and spar. 

Usually those units are used because dry completion requires motion stabilization. For wet completion, 

all offshore production platforms can be applied. The oil is stored in tanks offshore and the gas is either 

flared or sent back down a riser for reinjection in the producing reservoir or some other nearby 

subsurface structure. 

The oil can be stored in two ways: either by the oil processing platform or by a floating structure. Oil 

processing platforms are provided with storage facilities in addition to separation and treating equipment 

as shown in Figure 3.2. Also, vessels from small barges to large tankers are considered as the main 

storage units for storing crude oil in offshore water, which the large tanker installations are normally 

considered permanent storage facilities while barges usually provide temporary or emergency storage 

only as shown in Figure 3.3. This storage is necessary since the location of fields, which is far away 

from the shore, where transportation by pipeline becomes very costly. The amount of storage needed 

differs with the number of well platforms served by the processing platform. About five days’ storage is 

normally required for efficient operation. 

 

 
Figure 3.2 - FPSO offloading operation. Adapted from (Shipseducation 2003). 
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Figure 3.3 - Offshore oil storage with permanent tanker. Adapted from (Arabianoilandgas.com 2017) 

 

Then, the produced oil is exported through a tanker. These tankers have to be berthed near the process 

platforms in a sort of port loading/unloading facility called ‘offshore terminal’ or directly connected to the 

platform. Offshore terminals are responsible for handling and transportation crude oil, petroleum 

products and other liquid cargo. The developments of those terminals were all directed toward shifting 

port facilities to offshore areas where the natural water depth was adequate to allow plying and 

manoeuvring of the ships. 

Shuttle tankers were initially used in the North Sea in the 1970s. A shuttle tanker is a specialized ship 

designed to transport oil from offshore oil fields to onshore refineries. Shuttle tankers are often used as 

an alternative to pipelines in harsh climates, remote locations or deep-water. They have flexibility of 

loading oil and transporting it to any destination they want as opposed to pipelines that are fixed to one 

receiving terminal. Also, shuttle tankers have the advantage of segregating the oil, since pipelines often 

blend crude oil from various fields. Shuttle tankers are also easier to maintain and they have a back-up-

system in place if they require maintenance in opposite of a pipeline - which requires the whole network 

to be shut down when it needs maintenance. Offshore terminals may be classified as sea-islands, 

multibuoy moorings and single-point moorings. Each type has three major components (Laik 2017): 

 a means to hold the tanker in position; 

 a means to transfer cargo to/from the tanker’s manifold from/to a manifold on a loading/unloading 

platform or on the sea-bed; 

 a pipeline between the manifold on the sea bed and the process platform or the shore.   

Offshore terminal’s types differ mainly in their means to hold the tanker in position, which ultimately 

determines the effectiveness and usefulness of the terminal in a specific environment. 
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3.3.2 Subsea-to-Shore Concept 

The development of subsea tie-back systems to onshore facilities, also known as subsea to shore or 

subsea to beach, is a concept in which the oil and gas produced is exported through submarine 

arrangement installed at the bottom of the sea, while professionals control the entire process on the 

ground. The purpose of this system is to eliminate the SPUs reducing the high capital expenditure 

CAPEX and operational expenses (OPEX) associated with offshore production platforms thus making 

feasible the production of wells that were not previously attractive from the economic point of view. 

Subsea systems are arrangements compounded of equipment installed on the seabed. They are 

currently being employed at depths over 2500m. A subsea typical production system consists of a 

submarine well with wellhead, wet tree and a manifold to collect the production of different wells. But in 

some cases, they may contain other underwater equipment, such as separator and pumps. In special 

scenarios, submarine equipment is also responsible for separation, compression and pumping of the 

fluids produced up to the next processing plant (Porto 2013). 

Figure 3.4 shows fields where the subsea to shore concept is applied worldwide for oil and gas 

production systems. This concept advances with emphasis on gas fields, in which low density, high 

reservoir pressure and low water production make its implementation simpler.  

 

 
Figure 3.4 - Oil and Gas production systems that use subsea to shore concept. Adapted from (Porto 

2013). 
 

Snohvit's development was the first of the subsea to shore type in the world and holds the current record 

of tie-back extension to the coast. It is located in the Norwegian Sea, the development project has the 

Snohvit field itself and two other marginal ones, Albatross and Askeladden, totalizing 20 producing wells 

and 1 gas injector as it is showed in Figure 3.5. Production is exported to the coast through a 28-inches 
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pipeline, in the processing plant occurs the separation of the CO2 which is sent back for reinjection 

purposes (Witting and Gray 2006). 

 

 
Figure 3.5 - Snohvit production concept (GE 2010). 

 

The advantages of this concept compared to the traditional are: 

 it has reduced time associated to construction and installation; 

 it eliminates costs related to the transportation of cargo and workers to the SPUs that are significant 

high for long-term exploration fields; 

 reduction of workers at sea, increasing safety related to environmental aspects; 

 the production is exported in single-phase or multiphase condition. 

On the other hand, the equipment needed in the configuration of a typical concept of subsea to shore 

system are complex. The application of the subsea to shore concept currently meets three major 

challenges: 

 technological one, that implies in the necessity of development of new submarine equipment for the 

feasibility of this system; 

 flow assurance in the phase of production, mainly when it is a multiphase flow; 

 subsea oil and water separation with mean to provide power to that equipment. 

 

3.3.3 Gas-to-Wire Concept 

As gas flaring becomes more unacceptable from a political and environmental viewpoint, oilfields with 

no viable associated gas solution may be required to limit production, in the extreme case, entirely 
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terminate production. There is evidence that this is starting to occur and proposals for new oilfield 

projects in remote or deep-water locations must increasingly demonstrate how the associated gas will 

be processed without continuous flaring (Paschoa 2013). 

When fields have a high level of gas, one alternative concept for field development that might be applied 

is Gas-to-Wire (GTW). GTW is an example of a formerly land-borne type of facility moving to offshore 

sites. GTW means onsite electric power generation by produced reservoir gas, power can be an 

intermediate product or an end product that is distributed into a large utility power grid by high-voltage 

alternating current (HVAC) transmission lines. In this concept, power plants installed at SPUs are linked 

via transmission lines to platform clusters and/or shore, allowing bi-directional energy transfer via sea 

cable and de-bottlenecking the energy balance of onshore grids (Siemens 2008).  

The oil produced in such fields might be exported either by pipelines or tankers. The completion for this 

system could be dry, wet or a so-called hybrid which dry and wet trees are installed. The type of SPU 

will depend on what is suitable for the local conditions but generally FPSO type will give the greatest 

deck area with relatively good seakeeping performance. Other alternatives comprise a TLP, SPAR or 

seafloor mounted platform for shallower depths and a semi-submersible platform, for deeper waters, 

which will be able to cope with more severe weather conditions. 

Offshore power generation, either on stationary platforms or floating vessels, is considerably more 

expensive in terms of unit cost, primarily because of the increased cost of the support structure and 

other infrastructure costs. The most common method to generate power from natural gas uses gas 

turbine generators (GTG), either in simple-cycle or combined-cycle configurations. Gas-turbine-based 

power generation has proven to be the lowest-life-cycle-cost alternative to date for large-scale electric 

power generation from natural gas (SPE 2015a). Also, Allam Cycle can use natural gas as fuel creating 

another alternative for offshore power generation with high-efficiency.  

Offshore electric power transmission is made by marine or subsea cabling. The transmission of limited 

power capacity over limited distances may use an alternating current (AC) cable system; however, AC 

cabling has limitations. Moderate to long-distance marine transmission systems use high-voltage direct 

current (HVDC) systems to manage the technical and cost issues as it can be seen in Figure 3.6. 

An example of submarine power cable application is the Johan Sverdrup oil field in Norway. On October 

2018, the installation of power cables to supply power to the offshore facilities was finished. It has two 

HVDC converter stations, onshore at Haugsneset and offshore at the Johan Sverdrup field centre. At 

Haugsneset, the electric current is converted from AC to direct current (DC), enabling the transmission 

of electricity for 200 km offshore, while minimizing loss. Then, offshore, the electric current is converted 

back to the alternating current needed to run the field centre equipment (Subsea World News 2018). 
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Figure 3.6 - Cost Comparison of Transmission Facility (Watanabe et al. 2006). 

 

GTW concept has benefits like: the ability to exploit stranded gas reserves, flaring reduction and 

eliminates the need to transport CO2 from the point of capture to the storage location. Finally, GTW is 

convenient for the marginal gas and/or associated gas within certain distance from a power market. 

Though, to select the GTW system instead of not using a subsea-to-shore or other available concepts, 

the GTW systems should be more attractive in availability, economics, and reliability (Watanabe et al. 

2006). 

 

3.4 Allam Cycle 

The Allam Cycle uses a highly recuperative, oxyfuel, high-pressure, supercritical CO2 cycle that makes 

carbon capture part of the core power generation process. The result is high-efficiency power generation 

that fundamentally produces a pipeline-quality CO2 by-product at low cost to the system’s performance. 

The Allam Cycle was first presented at Greenhouse Gas Control Technologies GHGT-11. The cycle 

exploits the special thermodynamic properties of carbon dioxide as a working fluid by eliminating the 

energy losses that steam-based cycles have due to the heat of vaporization and condensation. Also, it 

has low projected capital and operation and maintenance costs, which are the result of utilizing only a 

single turbine, having a smaller plant, and requiring fewer, smaller components than comparable fossil-

fuel systems (Allam et al. 2013). 

The Allam Cycle has been developed by 8 Rivers Capital since late 2009. The specific development of 

the novel system is being performed by NET Power, CB&I, Toshiba, and Exelon which have partnered 

to develop a 50MWth NET Power natural gas demonstration plant. According to NET Power’s website; 

NET Power is responsible for overall project development and systems engineering; Toshiba is 

developing a new combustor and turbine for the NET Power system, and they successfully tested the 
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combustor in July 2013; CB&I is providing engineering, procurement, and construction services; and 

Exelon is providing development, permitting, siting, and commissioning services and support. A plant 

will be a generation which is connected to the grid and contains all the components of the system. 

The Allam Cycle power system offers a pathway to the continuing application of hydrocarbon fuels for 

the generation of power at low cost with near complete capture of greenhouse gases. The 50MW 

Demonstration Plant construction has already started and is planned to be operational in 2018. The first 

full-scale commercial plant should enter operation in 2020 (Allam et al. 2017).  

Finally, the Allam Cycle might be applied as alternative for fields which have a high CO2 concentration 

supporting GTW concept for the following reasons: 

 due to its high efficiency, it has the potential to produce electricity at low cost substituting the 

produced gas exportation by an electricity exportation (Gas-to-Wire system) for commercial 

purposes; 

 reduce the weight and occupied area at the topsides of floating production units; 

 an additional advantage in the gas production is the potential for sequestration of CO2 under 

reinjection conditions, at no additional cost with membrane removal units and as an alternative of 

water injection. 

 

3.4.1 Allam Cycle to Natural Gas Fuel 

The description below is adapted from (Allam et al. 2017). The basic schematic employing natural gas 

as fuel is showed in Figure 3.7. The cycle starts at a single turbine that has an inlet pressure of 

approximately 300 bars and a pressure ratio of 10. A pressurized gaseous fuel (14) is combusted in the 

presence of gases: first a hot oxidant flow containing a mixture of CO2 and nominally pure oxygen (13), 

which is provided by an Air Separation Unit (ASU), second a hot CO2 diluent recycle stream (9) at 

approximately 300 bars under lean combustion conditions. The exhaust flow exiting the combustor is 

expanded through a turbine to approximately 30 bars, reducing the temperature to above 700°C (1) and 

then generating power. Following the turbine, the exhaust flow enters a recuperating heat exchanger 

which transfers heat from the hot exhaust flow to the above-mentioned high-pressure CO2 recycle 

stream which acts as diluent quench for the combustion products, lowers the turbine inlet temperature, 

as well as the oxidant flow, providing oxygen to the combustor flame zone. Exiting the primary heat 

exchanger (2), the turbine exhaust flow is cooled to near ambient temperature and combustion derived 

water is separated (3). The predominantly CO2 fluid stream is then recompressed (4), cooled (7), and 

pumped to approximately 300 bars pressure where it then re-enters the cold end of the recuperative 

heat exchanger. At a point before entering the recycle pump, a portion of the recycle CO2 (10) is mixed 

with oxygen (11) to form an oxidant mix stream (12) which is fed separately to the heat exchanger and 

turbine. Within the main process heat exchanger, the recycle flow reheats using the hot turbine exhaust 

before returning to the combustor. Finally, to maintain mass balance within the semi-closed cycle, a 

portion of the high purity CO2 process gas is exported (6) at a point within recompression to a high-
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pressure CO2 pipeline for sequestration or utilization. This net export is approximately 5% of the total 

recycle flow, meaning the majority of the process inventory is recirculated. The result is a power cycle 

with advantages over conventional systems that do not capture CO2, reaching 59% LHV (lower heating 

value) efficiency, which is comparable to the best-in-class Natural Gas Combined Cycle power plants 

that not captures CO2. 

 

 
Figure 3.7 - Process schematic of a simplified commercial scale natural gas Allam Cycle (Allam et al. 

2017) 

 

  



17 

 

4 Preliminary Risk Analysis 

Preliminary risk analysis is a qualitative assessment of the risk levels involved in a defined situation that 

contains a potential hazard. The risk analysis is carried out preceding the activity in order to state all 

potential problem areas and set a plan to meet any challenges that may arise. Several methods and 

tools can be used to perform this analysis: Failure Mode and Effects Analysis (FMEA), Failure Mode, 

Effects and Criticality Analysis (FMECA), Hazard Analysis and Critical Control Points (HACCP), Hazard 

and Operability Analysis (HAZOP) and Preliminary Hazard Analysis (PHA) (Rausand and Høyland 

2004). 

As a preliminary risk assessment, FMEA is used because it documents current knowledge about the 

risks of failures of components of the system, enabling the use of this information in the future for 

continuous improvement. Also, FMEA is appropriate in the initial design process when considering new 

equipment for new processes (ASQ 2018), which is the case of the Allam Cycle process components. 

Finally, FMEA is used to define the most critical components for a GTW system operation (Carazas and 

De Souza 2009). 

4.1 FMEA Method 

The procedure adopted is the one described in (Aven 1992) in which the execution is performed in 

worksheet using columns that contain the following: 

 Identification: specification of the component or subsystem that is being analysed. 

 Function / operational state: the function of the entity and its state when the system is in normal 

operation. 

 Failure Mode: explain all possible manner which by entity can fail to perform its function. 

 Effect on other units in the system: description on how the failure mode might affect other units of 

the system. 

 Effect on system: explanation on how the specific failure mode affects the system. 

 Corrective measures: describe what can be done to correct the failure or what has been done, or 

what might reduce the consequences of the failure. It might be also listed actions that are aimed to 

reduce the probability that the failure will occur. 

 Failure frequency: states the estimated frequency for the specific failure mode and its 

consequence. 

 Failure effect ranking: the failure effect is ranked according to its effect, with respect to reliability, 

the possibilities of mitigating the failure, the length of repair time using a qualitative scale. 

 Remarks: assumptions and suppositions are stated. 

4.2 Typical Offshore Facility Equipment  

An oil and gas facility contain the equipment between the wells and the final exportation method. The 

process in a facility consists in some phases: mixture separation, temperature changes and pressure 
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changes. The design flow rates are estimated from well logs and reservoir simulations. Even if the 

estimates are good, the composition, flow rates, pressures, and temperatures change over the life of 

the field. Facilities have a design rate that is a best-guess maximum flow which is mainly based on the 

number of wells, production profiles, and total oil or gas that can be produced from the reservoir. The 

actual production rates for a facility increase as the wells are completed up to the design rate. This rate 

will be maintained as long as possible by drilling additional wells. After that, oil and gas rates will decline, 

water rates will increase, and flowing pressure will decrease as the reservoir is depleted.  

The equipment contained in a facility must be designed to operate over a range of flow rates with 

uncertain compositions and temperatures. Recognizing the various equipment that compound a 

production system and understanding the functioning of each of them improves the overall production 

of the entire system. Among the several equipment used in all oil and gas plant for evaluation of the 

availability of a multi-state, multi-output offshore installation, some of the following equipment are 

described in several works like (Zio et al. 2006), (Briš and Kochaníčková 2006) and (Briš 2013). 

Christmas tree – For dry completion systems, it is installed in the platform at the well bay and it is 

composed by a set of valves in which the main function is control well’s flow. A typical Christmas tree is 

typically composed of a master gate valve, a pressure gauge, a wing valve, a swab valve and a choke. 

Since its installed at the surface, it provides direct intervention to the well. Where subsea trees are fixed 

to the wellhead of a completed well, subsea trees can also manage fluids or gas injected into the well. 

They are used in offshore field developments worldwide, from shallow to ultra-deep waters. The deepest 

subsea trees have been installed in in the offshore waters of Brazil and US Gulf of Mexico, and many 

are rated for waters measuring up to 3000m deep. 

Separator - Once reservoir fluids are brought to the surface, the oil, gas, and water must be separated 

for ease of measurement and transportation. A separator is basically a vessel used to separate liquid 

from gas. In some cases, the oil and water mixture may be additionally separated into individual streams. 

The design of a particular separator depends on the nature of the flow stream to be separated. For a 

gas well, the separator usually separates a small amount of liquid from the gas. In general, the well 

stream separator must separate the mostly liquid fluids from the mostly gas fluids. Furthermore, the 

separator must separate liquid water from liquid hydrocarbon and remove maximum of the entrained 

liquid mist from the gas.  

Dehydrate Unit - To avoid water condensing in the gas pipeline with resulting corrosion and hydrate-

formation problems, pipeline specifications usually limit the amount of water vapour in the gas. Water is 

often removed from gas with a glycol dehydration system, but other methods include: solid-desiccant 

adsorption, refrigeration and membrane permeation. 

Generator – A machine by which mechanical energy is changed into electrical energy. In offshore 

production plants, power is typically provided by local gas turbines or diesel generator sets. 

Compressor – A compressor is a mechanical device that increases the pressure of a gas by reducing 

its volume. Compressors are used in many parts of the oil and gas process, from upstream production 

to gas plants, pipelines, LNG and petrochemical plants. Several types of compressors are used for gas 

http://petrowiki.org/Dehydration_with_glycol
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compression, each with different characteristics such as operating power, speed, pressure and volume; 

the choice will depend upon the function that wanted to be performed. 

Pump – A pump is a device that moves fluids by mechanical action. It can be driven by an electric motor, 

steam turbines, expansion turbines, gas turbines and internal combustion engines which will depend 

upon the plant installation.  

Oil treatment unit - No separation is perfect, in order the remove the residual water out of the oil, the 

oil is processed through an oil treater or a treating system. An oil treatment unit is like a separator, but 

with special features to aid separation of the water from the oil. To reduce oil viscosity, treating systems 

or treaters typically provide heat to the oil and large settling sections allow the water to settle from the 

oil. Also, this system may provide an electrostatic grid to promote coalescing of the water droplets. In a 

conventional treater, the water contained in the oil can be reduced to less than 1%. An electrostatic 

treater, which is a conventional treater with an electrostatic grid in the settling section, can reduce the 

water content from 0.3 to 0.5% by volume. 

Water treatment unit – The oil must be removed from the water to acceptable levels before the water 

can be disposed of. The amount of oil left in the water after the separation is normally between 100 and 

2,000 ppm by mass. The regulatory requirements for oil-in-water content for overboard water disposal 

vary from place to place, and some locations do not allow any discharge of produced water. Equipment 

used for water treatment include: water skimmers, plate coalesces, gas flotation devices, and hydro 

cyclones. Also, additional equipment such as desanders and filters, may be needed to remove solids 

before injection.  

Gas Turbine – A gas turbine is a machine that produces power by expanding hot gases produced by 

burning fuel. It is applied to offshore production since it has some advantages over another solution 

(mainly diesel engines) like: smaller size, higher power to weight ratio and higher availability which turns 

it into a compelling solution for the challenging requirements of offshore applications. 

Heat Exchanger – It is a device used to transfer heat between fluids. The fluids are usually separated 

by a solid wall to prevent mixing or they may be in direct contact. In offshore plants they are installed at 

the topside and are widely used during the oil processing, cooling or heating the fluid. Furthermore, they 

are installed in combustion engines and gas turbines for several applications. Also, it helps to increase 

efficiency for cost-effective energy production and ensures safety of personnel and facilities. 

 

4.3 FMEA Application 

A preliminary FMEA assessment is carried out for the critical equipment considered in an offshore 

production facility, including the ones adopted in the GTW concept. In this assessment, five main 

components are considered: gas turbine, compressor, pump, separator and heat exchanger.  

Table 4.1 presents the failure modes, effects and causes identified for the main components of the 

facility. Since the functions of the equipment are presented in section 4.2, they are omitted in the FMEA 

table. All possible causes and effects are classified to the related failure modes. From Table 4.1, is 
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possible to identify similar failure modes such as: fail to start and leakage, as well as similar causes and 

effects among components. 

Table 4.1 - FMEA Application to GTW Offshore Facility 

Equipment Failure Mode Effect Possible Causes 

Separator 

Malfunctioning 
valves  

Reduced safety, 
Overfilling 

Wear 

Fatigue 

Control failure 

Loss of equipment 
casing 

Reduced safety, Poor 
flow separation 

Corrosion 

Erosion 

Low quality of the insulation coating 

Pitting 

Leakage  Reduced safety 

Low quality of the insulation coating 

Cavitation 

Hydro-abrasive 

Surface wear 

Heat 
Exchanger 

Tube failure No cooling Corrosion from fluids (shell side) 

Relief valve fails 
open 

Reduced safety 
Mechanical failure 

 External impact 

Relief valve fails 
closed 

No cooling 
Mechanical failure 

Gasket Failure 
Fluid Leakage, No 
cooling 

Wear 

Insufficient Heat 
Transfer 

No cooling 
Wear 

Leakage through 
flow plates 

Production stop 
Corrosion from fluids 

Structural 
Deficiency 

Reduced safety 
Corrosion 

Vibration 

Pump 

Fail to start Production stop Electrical Failure 

Low output 
Reduced efficiency, 
Vibration 

Pump cavitation 

Wear of blades 

Shaft deflection Misalignment High radial thrust on pump Rotor 

Shaft unbalance Vibration Impeller wear  

Air leak Reduced safety 

Damaged gasket 

Wear gasket 

Mechanical noise 
Reduced efficiency, 
Reduced safety 

Worn bearing 

Unbalance impeller 

Bent shaft 

Weak Foundation 

Cavitation 

Damaged impeller 
Reduced efficiency, 
Reduced safety 

Contaminants in the fluid 

Flow rate 
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Equipment Failure Mode Effect Possible Causes 

Compressor 

Insufficient flow Reduced efficiency 
Control failure 

Out of adjustment 

Inadequate 
discharge pressure 

Reduced efficiency 

Insufficient inspiratory pressure 

Low operating speed 

Pressure gauge meter failure 

Clogged inlet filter 

Discharge 
pressure 
fluctuations 

Loss of control 
Insufficient flow 

Flow regulating failure  

High gas 
temperature 

Reduced safety 
Insufficient cooling 

Fluid contamination 

Seal failure 
Reduced safety, 
Reduced efficiency 

Low sealing pressure 

Mechanical seal damage 

O-ring failure 

Sealing medium containing 
impurities 

Misalignment  Vibration 

Critical speed 

Out of adjustment 

Rotor imbalance 

Damaged cushion 

Weak foundation 

Bending shaft 

Control failure 

Gas Turbine 

Fracture 
Reduction of output 
power, Reduced safety 

Loss of coating by thermal and 
centrifugal stresses 

Fatigue 

Erosion 

Gas leakage 
Reduction of output 
power 

Cracking of cases 

Vibration of Rotor Loss of control Inadequate flow  

Degradation of 
Stators 

Reduced efficiency 
Corrosion 

Fatigue 

Fail to Start Production not start 

Control failure 

General electric failure 

Faulty signal/alarm 

Low temperature 
output 

Reduction of output 
power 

Liner Blockage 

Wear 

Shaft seized 
Reduction of turbine 
speed, Reduction of 
output power 

Rubbing of rotor blades with turbine 
casing 

Failure of rotor 
blades and disc 

Equipment damage, 
Production stop 

Erosion 

Vibration induced Fatigue  

Centrifugal load  
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5 Production Availability Assessment 

5.1 Availability Assessment Model 

A major factor that affects the economic feasibility for offshore production systems is the production 

availability. Extensive production experience is not available to forecast availability for new systems or 

to evaluate the impact of an addition of new components, so other methods are needed (Granhaug and 

Norge 1986). 

A commonly adopted assumption underlying availability assessment methods is that systems are 

assumed to have binary components (entities can be in two states: functioning or faulty). However, there 

are many systems whose overall performance can settle on different levels (e.g. 100%, 75%, 50% of 

the nominal capacity), according to operative conditions. Moreover, in real cases when one component 

of the system is reconfigured, some of its others components are changed to new operative states in 

which they may experience stress and ageing processes which has effect in the overall availability of 

the system. Such physical dependencies among the system state and the operation of its components 

are quite difficult to represent by analytical modelling due to the complexity involved. Yet their modelling 

has become fundamental in the computation of the realistic production availability of systems, such as 

the oil and gas production plants and others. A complication of the modelling task comes when trying to 

represent those phenomena in a model (Zio 2009) 

When creating a model for availability assessment, it is necessary to define the scope of the study. First 

by defining the production availability for a single product, which has to be clearly defined with 

specifications. Then, set up all the data and assumptions that are required for modelling the system and 

analysing its production availability (Rausand and Høyland 2004). 

Then the system description is defined in terms of: units included in the scope, the system’s design rate, 

system’s design life, operating phases (e.g. start-up, normal operation, production plateau period, 

operation with partial loads, operation with new facilities). Next, a detailed description of each unit 

included in the scope is provided. When relevant, a unit can be divided in series/parallel branches. 

These descriptions shall also explain failure mode and effect analysis designed for production systems, 

that cover all the equipment items. Finally, the system description has to specify the general operational 

conditions. These features include especially possible ramp-up (from the production starting point until 

reaching its design rate), turndowns (rate below which the system cannot produce), general shutdowns 

(turnarounds, modifications), and specific regulation constraints (e.g. maximum quantities for flaring and 

venting) (Brissaud et al. 2012). 

 

5.2 Reliability and Maintainability Data 

Reliability data are needed when creating an availability model of a production system. Reliability terms 

based on methods and procedures such as MTTR (mean time to repair) and MTTF (mean time to 

failure), are used for lifecycle predictions. 
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The mean time to mobilization (MTTM) is defined as the time from failure occurrence until the repair 

team arrives at location. Depending on mobilization requirements, this might include contracting of the 

repair team, equipping and possibly modifying the transportation method. Factors that might significantly 

influence MTTM are: weather conditions, place of mobilization and transportation time (Granhaug and 

Norge 1986). 

MTTR is defined as the time from the repair team arrives on site until the malfunctioning system or 

component is back in operation. The major repair tasks that usually compound a MTTR are: preparation, 

fault isolation, disassembly, repair/replacement, reassembly, alignment, check- out and start-up 

(Rausand and Høyland 2004). 

MTTF is defined as the mean time interval between each anticipated failure and provides a reliability 

measure for components. MTTF might be estimated based on a combination of existing test and field 

data, manufacturer’s predictions, and engineering judgement. Historically, most offshore developments 

were prototype developments. Although many of these systems utilized existing technology or a 

reasonable extension of existing offshore technology, many components were yet to be designed, built 

or tested at this stage of the field development. These increase – at least qualitatively – the uncertainty 

associated with reliability estimation (Rausand and Høyland 2004). 

When a lack of knowledge exists, to accomplish the values of those terms, the OREDA handbook might 

be used for process equipment items (mostly for offshore applications). Applying it, a special attention 

has to be paid on the boundary definition of the equipment items (what parts are assumed in the given 

data) and also on the definition of the failure modes. Furthermore, it might be necessary to apply 

corrective coefficients, for example, to the given failure rates in order to take influencing factors into 

account (Brissaud et al. 2010). 

 

5.3 Maintenance Policy 

Maintenance is a complex discipline, involving many parties and many processes. In offshore production 

systems, maintenance is challenging and expensive due to the deep-sea location. Therefore, engineers 

are trying to improve their performance to carry out more effective strategies in order to reduce 

interventions due to failures.  

One of the main operational challenges is to avoid failures. Maintenance costs are included in the field 

exploitation costs, and managers have designed and executed a maintenance strategy that reduces the 

need as much as possible for maintenance in deep water (Moreno-Trejo and Markeset 2011). 

Maintenance policy tasks may be classified in many ways. In order to correct or prevent systems’ 

failures, two main types of maintenance can be used: preventive maintenance (PM) and corrective 

maintenance (CM). 

PM is planned maintenance made when an item is functioning properly in order to prevent future failures. 

PM’s main objective is to reduce the probability of failure of the item. Several measures such as: 

inspections, adjustments, lubrication, parts replacement, calibration, and repair of items that are 
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beginning to wear-out can be used to perform PM. The purpose of these measures is to eliminate the 

effects of aging, wear, corrosion, fatigue or other degrading phenomena which increase probability of 

failure. It is generally performed on a regular basis, regardless of whether functionality or performance 

is degraded or not. 

Corrective maintenance is frequently called repair and is carried out after an item has failed. The 

purpose of corrective maintenance is to bring the item back to a functioning state as soon as possible, 

either by repairing or replacing the failed item or by switching in a redundant item. 

 

5.4 Model Development 

Production availability analysis aim at generating sufficient indicators that define production 

characteristics of the system. They are based on the time-dependent system production expressed by 

a model and commonly on the reference production level. The model development is performed using 

the information from the scope and system’s description.  

According to Brissaud et al. (2015), to compute the production availability of a system, behavioural 

modelling is a flexible approach when modelling focuses directly on the equipment states and when it is 

based on simulation. In this approach, for an equipment item a transition from one state to another state 

can occur randomly or deterministically, based on conditions and/or time.  

When a behavioural modelling is used, Monte Carlo Simulations are required to perform the production 

availability analysis. Production availability of the system is estimated by Monte Carlo Simulation 

obtained from several simulated histories. Each history simulation consists in moving step by step to the 

next instant of event occurrence (i.e. state transition). These time instants are determined by a 

pseudorandom generator, in accordance with the probability distributions of the random variables and 

the current values of these variables. A history stops when the system’s design life is reached, then 

each history is recorded. Finally, production availability is estimated (at each time t) as an average value 

using all the recorded histories. The confidence interval of this statistic estimation allows judging the 

sufficiency of the number of histories. 

 

5.4.1 Petri Nets 

A Petri Nets are specific types of modelling structures which are useful in data analysis, simulations, 

business process modelling, analysis techniques, graphical representations and other scenarios. This 

type of mathematical construct helps to plan workflows or present data on complex systems. 

Furthermore, the ease of conceptual modelling makes Petri Nets the model choice in many applications. 

Reisig and Rozenberg (1998) divided Petri Nets into three main layers since Petri Nets is a generic 

name for a whole class of net-based models. The first one is fundamental one which is an elementary 

net not suitable for practical applications. The second layer is an “intermediate” which models have 

place/transition representations, so repetitive features are presented helping to get compacted model 
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representations. The third layer is a high-level net, which have logical and algebraic tools that are suited 

to real-life applications. The best-known high-level models are Coloured Petri Nets and 

Predicate/Transition Nets. 

The basic elements consists of tokens, places, transitions and arcs showed in Figure 5.1. Places and 

transitions are linked by arcs that run from a place to a transition or opposite only. The places from which 

an arc runs to a transition are named the input places of the transition; the places to which arcs run from 

a transition are called the output places of the transition. Places may contain a discrete number of tokens 

that are used as marks. A transition of a Petri Nets may be fired if it is enabled, which means it has 

sufficient tokens in all of its input places. When a transition fires, it destroys the required input tokens 

and creates tokens in its output places. 

 

 

Figure 5.1 - Petri Net basics 
 

In production systems, places are used to model the state of the components and resources that they 

contain. Transitions are used to model events that are responsible for change the state of the 

components or manipulate the resources of the system according to the arcs. 

To increase the capability of system’s modelling, several features such as: fire rules, variable 

assignments, fire priorities, multiple arcs, logic operators (OR, AND, If-Then-Else, Min, Max) were added 

to Petri Nets. GRIF (Graphical Interface for Reliability Forecasting tool) (GRIF 2015) is an example of a 

software which have this capability in its module called Petri. GRIF is a software for systems analysis, 

which is used to determine the essential indicators of dependability: availability, reliability, performance 

and safety and it was developed within TOTAL S.A. The Petri module is used to model and evaluate the 

performances of dynamic systems based on stochastic Petri Nets with predicates and assertions (GRIF 

2015). 

Monte Carlo Simulation embedded in a Petri net model is a powerful tool to explore production systems 

(Zio et al. 2006). Petri Nets modelling provides the necessary flexibility to define the complexity of an 

offshore production system and the realistic aspects of system’s behaviour (Briš and Kochaníčková 

2006), such as: 

 components degradation; 

 corrective and preventive maintenance with stochastic or deterministic durations; 

 limited number of repair teams and associated component repair priorities, which determine the 

system stochastic evolution and which are not easily captured by analytical models. 

 

https://en.wikipedia.org/wiki/Graph_theory
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5.4.2 Simulation Result Convergence 

In order to identify the optimum number of simulation histories that should be used in the simulation 

process, the Confidence Intervals (CI) concept. According to Ang and Tang (2008), the CI of the mean 

with a known variance for the lower critical value: 

CILB𝟏−𝛂
= (�̅� + 𝑘𝛼/2

𝜎

√𝑛
; )  (5.1) 

and the upper critical value: 

CIUB𝟏−𝛂
= (�̅� + 𝑘(1−𝛼/2)

𝜎

√𝑛
) (5.2) 

where µ in the mean of the sample, n is the number of samples, σ is the standard deviation, (1-α) is the 

confidence level, and k(α/2) is the lower critical value and k(1-α/2) is the upper critical value that is equal to 

-1.96 and 1.96 for a confidence level of 95% and -1.65 and 1.65 for a 90% confidence level. 

Finally, the error associated with a given number of samples is given by: 

%𝐄𝐫𝐫𝐨𝐫𝐂𝐈𝟏−𝛂
=

|�̅� − 𝐶𝐼𝐿𝐵1−𝛼
|

�̅�
100 (5.3) 

 

5.4.3 Sensitivity Analysis 

A sensitivity analysis is an important tool in availability analysis since it identifies the contribution (either 

positive or negative) that each input variable has in the overall system’s performance. By doing so, the 

important input variables can have their values modified to improve the production availability (Saltelli 

et al. 2008).  

To perform a sensibility analysis on the model, the elasticity measure is adopted. This measure is used 

to evaluate the impact of an input parameter change over the production output of the system. Elasticity 

is a dimensionless expression of sensitivity defined as:  

 

𝐸 =
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑂𝑢𝑡𝑝𝑢𝑡

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐼𝑛𝑝𝑢𝑡
 (5.4) 
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6 Case study 

The case studied is based on the Gas-to-Wire production concept, described in section 3.3.3, which 

uses electric power generation through an Allam Cycle, described in section 3.4. The main goal of the 

case study is to compute the average availability and production levels for a general production facility 

that has multi production outputs: oil, water and electric power. The study assumes that there is no gas 

exportation since all gas are consumed to produce electric power. To compute availability of the facility, 

first the production system is described, then all the reliability data of components and their outputs are 

defined, assumptions for the simulations are stated, maintenance policy and strategies are defined and 

finally the relevant results are showed. 

 

6.1 System description 

Before going in depth into the system description, the scope of the study has to be specified in terms of 

events that are included or excluded in the modelling and production availability analysis. The facility 

has a design life of 20 years, which each year has 365 working days and 24 hours of working, which is 

175,200 hours of simulation time. Also, wells are assumed to have a constant fluid production over the 

design life of the facility. 

The facility is designed to extract the flow from well and divide it into three different flows: gas, oil and 

water, as it is showed in Figure 6.1. The mixture coming from the well first goes through a 3-phase 

separator unit and leaves it into three different streams. The water stream is fully handled by the water 

treatment unit and water pump and it is re-injected into the reservoir. The oil stream is fully processed 

by the oil treatment unit and pumped through exportation by the oil pump. The gas stream is compressed 

by two 50% capacity gas compressors then it is processed by the dehydrate unit and sent to be burned 

in order to produce electric power either by the Allam Cycle turbine or by the standby gas turbine, 

depending on the state of the system. For each component, a maximum capacity is assumed when the 

facility is working at full power as it is showed in Table 6.1.  

In this case study, not all components showed in Figure 6.1 are subjected to failure. For simplicity, it is 

assumed that only: CO2 compressor, gas turbine, Allam Cycle turbine, gas compressors and recuperator 

can fail. The components showed in Figure 6.1 that are not subject to failure are: separator, oil treatment 

unit, oil pump, dehydrated unit, water treatment, water pump, water separator and recycle pump. Finally, 

the maximum output of the system is 300MW of electric power, 23300 m3/d of oil and 7000m3/d of water. 

For power generation of the facility, turbines are considered to have different rates of power. The main 

power production system (i.e. the Allam Cycle) has a turbine which generates 300MW at its full capacity 

and the standby power generation system has a smaller gas turbine which is capable of generating 

120MW of power. It is assumed that the components inside the Allam Cycle (pump, turbine, recuperator, 

CO2 compressor and water separator) are able to process all the working fluid that is inside the “loop” 

of the cycle. As it is designed for the cycle, (section 3.4.1), part of the CO2 of the system is re-injected 

in the reservoir to keep the pressure. 
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Table 6.1 - Maximum Capacities of the Components 

Component Oil [m3/d] Gas [m3/d] Water [m3/d] 

Wells 26500 5x106 8000 

Separator 23300 4.4x106 7000 

Oil Treatment Unit and Oil Pump 23300 - - 

Dehydrated Unit - 4.4x106 - 

Water Treatment and Water Pump - - 7000 

 

The failure rate and repair rate are considered exponentially distributed with values showed in Table 

6.2. Both gas compressors are assumed to have the same failure and repair rate. 

Table 6.2 - Failure and Repair rates of the components 

Component Failure rate(h-1) Repair rate(h-1) 

Allam Cycle Turbine 9x10-4 0.0262 

Standby Gas Turbine 7.7x10-4 0.038 

Heat Exchanger 5.44x10-4 0.27 

CO2 Compressor 4.75x10-4 0.067 

Gas Compressors 7.4x10-4 0.048 

 

Since the technology of some equipment is new, actual failure rates for the components are difficult to 

set. For the sake of computation, heat exchanger and CO2 compressor are assumed to have the failure 

and repair rate from Bhardwaj et al. (2018). The values for maximum production and statistical 

description of the other components showed in Table 6.1 and Table 6.2 are based on Briš (2013). Finally, 

a failure rate for the Allam Cycle turbine is taken from similar turbines from OREDA (DNV 2002) which 

a failure rate based on all failure modes, rate of occurrence and critical failures is assumed. 

In the proposed case study, the components that are subjected to failure have two different states which 

are: “as good as new” and failed. It is assumed that when a component is at “as good as new” it is 

working and it works at its full capacity. A component is in the “failed” state when a critical failure has 

occurred. The critical failure is considered a failure that brings the total loss functionality of the 

component. Failed component must be repaired by corrective maintenance. Finally, failures are 

assumed to be independent form each other for simplification. 
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Figure 6.1 - Plant of the GTW Production System. 
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6.1.1 System Configurations  

In order to minimize the impact of a component failure in the system, the system is reconfigured first to 

minimize the impact in the power production, and secondly, the impact on export of oil production. 

Impact on water injection is supposed to not influence the system’s reconfigurations. Different 

component failures have different effects on the system production. 

 Gas Compressor failure: the two gas compressors are in parallel and one failure is assumed to not 

affect the other. When one gas compressor fails, the system is reduced to 50% of its full capacity 

which means that electric power production, oil production and water production will have 50% of 

its full capacity. When both gas compressors fail, the production is shutdown. 

 Allam Cycle Turbine failure: when it fails, the standby gas turbine runs and takes all production of 

power. Therefore, since the capacities of the two power generation turbines are distinct, it is 

assumed that the gas needed for the standby gas turbine is 40% of the full capacity of system’s 

gas production. This reconfiguration also decreases the production of oil and water to 80% of its 

full capacity. 

 CO2 Compressor failure: when it fails, the Allam Cycle production power is shut down and the 

system assumes the same configuration as the Allam Cycle Turbine failure. 

 Recuperator failure: when the recuperator fails, it is assumed that the Allam Cycle can still works 

but with its efficiency reduced. The production of power is reduced to 30% of full capacity and any 

excess of gas is flared. Water and oil production decrease to 70% of full capacity. If a gas 

compressor fails while the recuperator have failed, the standby gas turbine is responsible for the 

power generation of the system. 

 Standby Gas Turbine: When the standby gas turbine fails the production of electric power, oil and 

water is shutdown. 

Basically, when the Allam Cycle turbine and the CO2 compressor fail, the Allam Cycle production system 

is shutdown. Also, it is assumed that the Allam Cycle turbine and the standby gas turbine never work at 

the same time. Whenever the Allam Cycle turbine or CO2 compressor is brought back to as good as 

new condition, the standby gas turbine is shut down and the Allam Cycle turbines assumes the power 

generation of the plant.  

A flare is used for safety purpose flaring gas when excess of gas production is experienced and when 

the system changes from power production using Allam Cycle to power production using the standby 

gas turbine and the flare is not subjected to failure. 

 

6.1.2 Production Level 

To analyse the effect of component availability on the production capacity of the plant, it is required to 

consider the production at different levels. The production levels are distributed depending on the 
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production output for a given state (i.e. combination of each component stated of each component 

subjected to failure). 

The system has 26 = 64 combinations of component failures (2 states for each component and 6 

components subjected to failure). Through a physical analysis of the system, from the all possible 

combination of the individual product production 6 different levels of production are identified. All levels 

of production are presented in Table 6.3 in terms of percentage of the full capacity previously displayed 

in Table 6.1, where GC1 and GC2 stand for gas compressors 1 and 2, SGT is standby gas turbine, ALT 

is the turbine used in the Allam Cycle, CO2C is the CO2 compressor and RHE is the recuperator. Where 

the logical notation of ¬ means “not failed”, ∨ means “or” and ∧ means “and”. 

Table 6.3 - Production Levels 

Production Level Failure Power Oil Water 

0 ¬GC1∧¬GC2∧¬ALT∧¬CO2C∧¬RHE 100% 100% 100% 

1 (GC1∨GC2)∧¬ ALT∧¬CO2C∧¬RHE 50% 50% 50% 

 2 ¬GC1∧¬GC2∧(ALT∨CO2C) ∧¬SGT 40% 80% 80% 

3 

{[(ALT∨CO2C)∧GC1]∨ 

[(ALT∨CO2C)∧GC2]∨ 

[RHE∧(GC1∨GC2)]}¬SGT 

20% 40% 40% 

4 ¬GC1∧¬GC2∧¬ALT∧¬CO2C∧RHE 30% 70% 70% 

5 

(GC1∧GC2)∨ 

[(ALT∨CO2C)∧SGT)∨ 

[RHE∧SGT∧(GC1∨GC2)]} 

0 0 0 

 

It is assumed the 40% value on power production of the standby gas turbine on production level 2 since 

the standby gas turbine is running with two gas compressors (i.e. full capacity of gas production) and 

40% is a fraction of the full power production of the Allam Cycle power generation (i.e. 120MW of the 

standby gas turbine divided by 300MW of the Allam Cycle production). This value decreases to 20% 

when one gas compressor fails. 
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6.1.3 Corrective Maintenance 

As part of the costs, there must be given a special attention to maintenance tasks that should be properly 

managed. Hereafter, the corrective maintenance team must be sized according to the available and 

necessary resources to meet the system’s operation. 

In this case study, only corrective maintenance is investigated and scenarios with one and two 

maintenance teams available to perform repairs on the system’s components are investigated. The 

assumptions for the corrective maintenance are: 

 all components subjected to failure are considered to be repairable; 

 only one component at a time can be repaired;  

 in a state which more components are failed at the same time, the maintenance team starts to 

repair the component that has a higher repair priority; 

 once a repair is started, the component is brought to “as good as new” state even if another 

component with higher repair priority fails during the maintenance; 

The priority levels for the maintenance policy are defined to maintain the electric power production in its 

highest level and then the oil production. The priorities for the component’s corrective maintenance are 

defined in scale from 1 (highest priority) to 4 (lowest priority). Table 6.4 shows the priority adopted for 

each component; components that have the same impact on the overall production have the same 

maintenance priority. The main difference from the two policies adopted is the fact that policy 1 aims to 

bring the Allam Cycle to work first meanwhile policy 2 prioritizes to keep the SGT working 

Table 6.4 - Maintenance Policy 

Component Policy 1 Policy 2 

ALT 1 3 

CO2C 1 3 

GC1 2 2 

GC2 2 2 

SGT 3 1 

RHE 4 4 

 

6.1.4 Corrective Maintenance Strategies 

In order to evaluate different conditions, three different maintenance strategies are presented to 

investigate how the system behaves for each of them. The first is the one in which the team is at the 

facility with zero delay to response for a maintenance call, in the second one the team is onshore and 

in the third one the team is onshore and needs to wait for repair parts to start the corrective maintenance. 

Those are different cases but it is important to investigate them to understand the variability of the 

system from an “optimistic” to a worst-case scenario maintenance strategy. The models of CM strategies 

are showed in Appendix D - Corrective Maintenance Strategy Petri Nets Model and the description of 

each corrective maintenance are: 
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Strategy 1: one team is available at the offshore site, ready to work at initial time and has a zero-delay 

response when it is called. The team goes back to the ready work position after the repair is done.  

Strategy 2: one team is available onshore, ready to work at initial time and it takes 24 hours from 

preparation for maintenance, travel to the facility until the start of the maintenance. If another fail occurs 

between the mobilization time and repair time, the team has to go back onshore to prepare itself for the 

next work and then go back to the offshore facility. To return to the onshore base the team takes 12 

hours. 

Strategy 3: one team is available onshore, when a failure occurs, a total time of 1 week (168 hours) is 

needed for a repair part to arrive at the onshore base, then CM team travel to the facility and start the 

work. If another failure occurs while the team is traveling or busy repairing a component, the team has 

to go back onshore and wait one week to start the maintenance. Once the team finishes the repairing, 

it takes 12 hours to return onshore. 

 

6.2 Simulation Scenarios 

From the system’s description, the maintenance strategies and the maintenance policies were combined 

to generate several system’s scenarios which are described in Table 6.5. Under the maintenance policy 

1, one has also investigated scenarios in which two CM teams are available to perform maintenance on 

the system under the conditions previously stated for three strategies of corrective maintenance. The 

availability for each production level for each scenario is computed and conclusions are stated on 

section 6.4. 

Table 6.5 - Scenarios Simulated 

Scenario Maintenance Strategy Maintenance Policy Number of CM Teams 

A Strategy 1 

Policy 1 1 B Strategy 2 

C Strategy 3 

D Strategy 1 

Policy 2 1 E Strategy 2 

F Strategy 3 

G Strategy 1 

Policy 1 2 H Strategy 2 

I Strategy 3 
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6.3 Generalized Stochastic Petri Nets Model 

Availability analysis of an offshore production system is carried out using GRIF through Petri module 

(2013 version for the present study) which is used to model and evaluate the average availability, 

production levels and perform the sensitivity analysis of the case study. 

 

6.3.1 Simulation Histories 

To determine the optimum number of simulation histories in MCS, equations (5.1) and (5.3) are applied. 

An acceptable error of 1% with a CI of 90% is assumed as input. Then, using the same model for all 

simulations, different number of histories are simulated. The variables set as reference for the error were 

the six levels of production (from level 0 to level 5). So, when all variables have an error less than 1%, 

the optimum number of simulation histories is achieved.  

The steps considered for the simulation were 200 hours and Figure 6.2 shows error computed for each 

of the six reference variables. 

 
Figure 6.2 – Error(%) of each production level of a 90% CI for different number of histories 

 

As it is possible to verify, at 1500 histories, the error computed is less than 1%, therefore this number 

of histories is set for the simulations. Also, the production level 5 is the one with the maximum error for 

all the simulations. All simulated results are presented in a table format in Appendix A - Simulation 

Histories Results. 

 

0%

1%

2%

3%

4%

5%

6%

7%

8%

9%

10%

11%

12%

13%

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

%
 E

rr
o
r

Number of Histories (n)



37 

 

6.3.2 Initial State 

The initial conditions for the case study are: the facility has all equipment at the offshore production 

facility in operation and the CM team is ready to work either onshore or offshore (depending on the 

scenario). The input reliability data is inserted in the model in accordance with Table 6.2. The simulated 

time is equal to the design life of the project, which is 20 years, and the simulated time is given in hours, 

starting at zero and taking 175,200 hours to finish with intervals of 200 hours. The facility started 

simulation with full capacity, all components working except for the SGT, which is at standby position. 

6.3.3 Component, Corrective Maintenance and Production Level PN 

Model 

Offshore equipment is complex to represent, so modelling simplifications are needed. Since 

components are assumed to have 2 states, it is possible to represent all states for each equipment in a 

closed loop to characterize its behaviour. In the PN environment, this representation is performed by 

assigning each component with its respective failure rate and repair rate. Assignment of those 

parameters are made into Petri Nets’ transitions and states of components are represented by Petri 

Nets’ place. Figure 6.3 shows the model of one component (in this case the Recuperator) and the model 

of the CM team. The token at place 29 represents the working condition for the component, when an 

“RHE_Failure” transition is fired, token is destroyed and created at place 30 which represent the state 

of failure. Then the component waits for the CM team, which is mobilized by “Travel to Facility1” 

transition when the failed occurred, to arrive at place 5 (i.e. have a token at place 5) for repair to start. 

When it starts, the token is removed from place 30 and created in place 31, meaning that the component 

is under maintenance and whenever the transition “RHE:FinishRepair” is fired, the component comes 

back to the as “good as new condition” with a token at place 29. Lastly, the CM team is moved to place 

37 when the “Back to Onshore Transition” is fired. 
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Figure 6.3 - Component Representation 

 

To create the model of each production level stated in Table 6.3, a PN model is created using places to 

represent the production level and transitions with guards (i.e. fire conditions) for all possible states, 

from one production level to another based on the current components state. Once a component fails, 

production level changes from one level to another based on logical conditions. As a production level 

changes, it assigns the values of the electric power production, oil and water production of the current 

production level to the variables that account for the production output. The list of variables used and 

their description is presented in Appendix B – List of Variables of GRIF and the PN model of the 

production level is presented in Appendix C – Production Level Model in Petri Nets. 

Finally, to differentiate the component’s priority, the component’s maintenance priority is set in the 

“Wait_Repair” transition under field “Priority” on the Fire tab in the Petri software.  

 

6.4 Numerical Results 

At first, the results on the production levels for each scenario are presented and compared with each 

other. The average availability comparisons are performed for the electric power production output only 

since it is the main output of the system. 

 

6.4.1 Results for Corrective Maintenance Strategies 

First, for the CM policy 1 all three CM strategies were evaluated (scenarios A to C from Table 6.5) and 

the results for the average availability of the system is presented in Figure 6.4. 
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.  

Figure 6.4 - Average Availability of Power Production for the Policy 1 for each Maintenance Strategy 
 

As expected, since strategies are different from each other and one considers different aspects (like the 

waiting time for a repair part to be delivered), Strategy 1 has the highest availability whereas Strategy 3 

has the lowest. 

To investigate which production level is most affected by the maintenance strategy, the average 

availability for each production level is compared with each other and the results are presented in Figure 

6.5. From CM Strategy 1 to CM Strategy 2, full production level (i.e. Level 0) decreased 9% meanwhile 

production level 4 was the most affected, increasing its average availability 7 times. On the other hand, 

comparing CM Strategy 1 with CM Strategy 3, full production decreased 50% and the most affected 

production level is level 5 (i.e. system is totally shutdown) which increased 45 times in the Strategy 3. 

For components that have new technologies, which are utilized in the power plant, accounting for such 

delays in the CM (as Strategy 3 approach does), helps to understand the system’s behaviour. 
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Figure 6.5 – Production Level comparison for each CM strategy 
 

6.4.2 Results for Corrective Maintenance Priority Policies 

For the two priority policies assumed for the systems, the simulations are performed for the three CM 

strategies stated and under the same conditions of results from section 6.4.1. In Figure 6.6 it is possible 

to verify the difference in average availability caused by the two maintenance policies adopted for each 

maintenance strategy (scenarios A to F of Table 6.5).  
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Figure 6.6 – Comparison of Maintenance Policies in the Average Availability of Power Production 
 

For the CM Strategies 1 and 2, there is no significant difference on the system’s availability due to the 

policy adopted for maintenance. Meanwhile, the average availability of the power production for the CM 

Strategy 3 decreased almost 5% from maintenance policy 1 to policy 2, which indicates that a higher 

average availability is obtained by prioritizing the Allam Cycle power production over the standby 

system. 

Evaluating the impact of the maintenance policy in each production level, results are presented in Figure 

6.7. For the full production level, the maintenance policy does not have effect except for CM Strategy 3, 

in which a 4% difference was identified. 

CM Strategy 1 has the same production levels for both maintenance policies, since the team is on site 

and no delay is experienced by the components for maintenance. Furthermore, the two CM policies 

adopted show no effects on the production levels. 

For the CM Strategy 2, the maintenance policy starts to have some impact on some production levels 

like the production level 2 in which the SGT is running for more time. This is explained by the fact that 

SGT has higher priority on the maintenance policy 2. 

Production level 2 has its average availability greater when analysing the differences in the maintenance 

policies for CM Strategy 3. In this scenario, production level 2 increased its average availability by almost 

5% from policy 1 to policy 2. Meanwhile, production level 1 has decreased by almost 6% from policy 1 

to policy 2. Since the production level 1 has a greater electric power generation output than production 

level 2, the difference in the average availability identified in the maintenance policies for the CM 

Strategy 3 is mostly explained by this difference on production level 1 and 2 abovementioned. 
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Figure 6.7 - Production Level comparison for each CM policy for each CM strategy. 
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6.4.3 Results for 2 Maintenance Teams 

In the case study, for each CM strategy another CM team was added (scenarios G to I). The 

assumptions remain the same as stated in section 6.1.3, only one team performs CM per component 

and the other team is only called when the first team is busy (i.e. is not in the “Ready to Work” place in 

the model). 

Figure 6.8 shows the results obtained when adding the second CM team. It can be observed an increase 

in the average availability of the electric power production output in 0.2% for the CM Strategy 1, 1% for 

CM Strategy 2 and 11.2% for CM Strategy 3.  

 

 

Figure 6.8 – Comparison of the Average Availability of Power Production for different Number of CM 
Teams 

 

The number of calls that CM team number 1 and CM team 2 received during the simulation time 

increased from CM Strategy 1 to CM Strategy 3. This helps to explain the improvement obtained in the 

average availability since the addition of a second CM team is more effective on CM Strategy 3. The 

number of calls of each CM team are presented in Table 6.6. 

Table 6.6 – Average Number of Calls for Maintenance 

  CM Strategy 1 CM Strategy 2 CM Strategy 3 

CM Team number 1 Calls 557.2 503.3 382.1 

CM Team number 2 Calls 33.8 80.8 175.0 

Total Calls 591.0 584.1 557.1 
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6.4.4 Production Outputs 

The average production output over the system design life was computed using CM Policy 1 and 

evaluated for each case of the CM Strategy for 2 CM teams (scenarios H, h and I). Electric power 

generation, oil and water have their results showed in Figure 6.9, Figure 6.10 and Figure 6.11, 

respectively. Since oil and water have the same amount percentages in each production level, their 

average production curves are identical. For the case study, the CM strategy has a large influence on 

the final output obtained from simulation, reinforcing the idea that more data for such production concept 

are needed. 

 

 

Figure 6.9 - Average Electric Power Production for 2 CM teams 
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Figure 6.10 - Average Oil Production for 2 CM teams. 

 

 
Figure 6.11 - Average Water Production for 2 CM teams. 
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Finally, the production outputs for all scenarios in percentage of their maximum values (300MW for the 

electric power and 22300m3/day for the oil production) are shown in Table 6.7. This shows that for the 

electric power production the variability is highly influenced by the outside maintenance conditions. For 

electric power production, differences go up to 40% and for the oil production go up to 26%. 

Table 6.7 - Production Outputs 

Nº CM Team CM Policy CM Strategy Power Oil 

1 Team Policy 1 

Strategy 1 95.8% 97.4% 

Strategy 2 90.8% 94.1% 

Strategy 3 62.1% 72.0% 

1 Team Policy 2 

Strategy 1 95.8% 97.4% 

Strategy 2 90.8% 94.1% 

Strategy 3 57.4% 72.0% 

2 Teams Policy 1 

Strategy 1 96.0% 97.6% 

Strategy 2 91.8% 94.9% 

Strategy 3 73.2% 82.1% 

 

6.5 Sensitivity Analysis 

To identify the factors that most influence the availability of the system, a sensitivity analysis is 

performed for the scenario H and I for the power production output and for the oil production. To perform 

this analysis, the elasticity defined in 0 is used. The input values are the model parameters used over 

the entire case study, which includes MTTF and MTTR of all components of the system and the delay 

applied on the voyage time of the CM team. For both gas compressors, the analyses were conducted 

by changing the parameters of both components at the same time. 

A 10% increase in each parameter is considered to perform the sensitivity analysis for the system. The 

elasticity is then calculated as the ratio between the percentage change in the output and the 10% 

change in each input parameter. The simulations for the sensitivity analysis are performed under the 

same conditions of the stated scenarios (i.e. simulation time, number of histories and simulation step). 

Furthermore, it is not considered dependency between the input parameters since the inputs are 

analysed individually. 

 

6.5.1 Sensitivity Analysis Scenario I 

Figure 6.12 shows the results for each input parameter analysed for the electric power production. As 

can be seen, parameters can influence positively and negatively the power production capacity of the 

facility. The most influencing parameter was the Voyage Time to Offshore, since in this scenario there 

is an associated waiting time for repair parts and the delay for CM to start work is large (168h). A 10% 

increase in the overall delay to start the maintenance showed to have a negative influence which was 

expected.  

The MTTR parameters of the equipment have a negative or almost none influence on the production. 

On the other hand, the MTTF parameters influence positively the electric power production. The largest 
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one was the MTTF GC, since both GC are in parallel configuration an increase of the MTTF under the 

conditions stated is expected to have a positive effect and it is the largest one. 

 

Figure 6.12 – Results of Sensitivity Analysis applied to Scenario I for the Power Production Output. 
 

For the oil production output, the results are presented in Figure 6.13. The Voyage Time to Offshore 

has the largest negative influence for the same reasons previously mentioned. The MTTR of the 

components have a negative influence to almost none effect. On the other way, all MTTF parameters 

have a positive influence in the oil production output, especially the MTTF GC which appears to have 

the largest effect. 

 
Figure 6.13 - Results of Sensitivity Analysis applied to Scenario I for the Oil Production Output. 
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6.5.2 Sensitivity Analysis Scenario H 

The results of the sensitivity analysis for electric power and oil output are presented in Figure 6.14 and 

Figure 6.15, respectively. From the results, likewise the Scenario I result, the Voyage Time to Offshore 

is the parameter that most negatively influences the results. 

Analysing the influence of the MTTR of the components, it is found a negative influence of the output 

for both products. Meanwhile, MTTF appears to have smaller positive influence than the results from 

sensitivity analysis on Scenario I with the MTTF ALT being the largest influence, differently from that 

what was observed in Scenario H. 

 
Figure 6.14 - Results of Sensitivity Analysis applied to Scenario H for the Electric Power Production 

Output. 
 

 
Figure 6.15 - Results of Sensitivity Analysis applied to Scenario H for the Oil Production Output. 
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Figure 6.16 compares the sensitivity analysis results of both scenarios for the electric power production. 

The sensitivity analysis shows that the elasticities of the parameters are larger for Scenario I than for 

Scenario H, especially for the MTTF GC and Voyage Time to Offshore parameters. 

 

 
Figure 6.16 –Scenario Comparison for Sensitivity Analysis for Electric Power Production. 

 

A comparison of the sensitivity results for the oil output is presented in Figure 6.17. As it was observed 

before, the parameters in Scenario I have greater sensitivities than in Scenario H. This is clear for the 

MTTF parameters of Scenario I that show to be more important than in Scenario H. 

 
Figure 6.17 - Scenario Comparison for Sensitivity Analysis for Oil Production. 
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6.6 Parametric Study 

A parametric study provides an insight on the system’s output behaviour by a systematic variation of the 

input parameters. The parametric study is carried out for the scenario I. The parameters selected for 

analysis are: the Voyage Time to Offshore that presented the most negative influence from the sensibility 

analysis, the MTTR GC that showed the second most negative influence from the sensibility analysis 

for the electric power production and the MTTF GC that presented a positive influence in all scenarios 

studied. 

The study is carried out by varying the parameters in a range from -30% to +30% of their initial values 

in steps of 10%. The variation is applied to one parameter and the others are kept fixed. In the case of 

MTTR GC and MTTF GC the variation is applied for both gas compressors at the same time. The results 

are presented for the electric power and oil production in percentages of the full production and in terms 

of the absolute production output. 

For the electric power production output, the parametric study results are presented in Figure 6.18. The 

results show that the Voyage Time to Offshore parameter has the highest effect with 10.8% difference 

on the electric power output from a -30% to 30% parameter variation, which corresponds to 32.1 MW in 

absolute values, and with a linear variation for the range studied.  

The MTTF GC leads to 6.3% difference for the parameter range investigated, which is almost 19MW, 

and influences positively the system’s performance. Lastly, the results for the MTTR GC parameter 

show a small effect on the system with a 0.7% difference for the extreme ranges of the parametric study. 

 
Figure 6.18 - Parametric study results of the electric power production output. 
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For the oil production output, the results for the parametric study are presented in Figure 6.19. The 

Voyage Time to Offshore parameter is also the one with the largest difference on production in the range 

studied with 8.1% difference that is 1900m3/day of oil. The MTTF GC parameter leads to 6.9% output 

difference for the investigated range, which is 1600m3/day of oil.  

Finally, MTTR GC parameter corresponds to the same 0.7% variation in the electric power production 

parametric study. Their influences are different since the MTTF GC has more influence in the oil 

production and the Voyage Time to Onshore has a larger effect on the oil production. 

 

 
Figure 6.19 - Parametric study results of the oil production output. 
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7 Conclusions and Future Work 

7.1 Conclusion 

The objective of this study is the availability assessment of a GTW offshore production system. Since 

this type of system is dynamic and multi-state with operational loops, classical methods for availability 

assessment are unsuitable. So, to compute the system’s availability Generalized Stochastic Petri Nets 

and MCS were applied. 

Among the objectives of the thesis, a characterization of three main concepts of operations performed 

by oil and gas operators worldwide was performed considering aspects such as production process, 

equipment used in the facilities and means to export the final product. Then, a preliminary risk 

assessment using FMEA was performed in the equipment used in a GTW concept, which uses the Allam 

Cycle for electric power generation. 

Then, an availability analysis of a case study of a generic GTW facility using Allam Cycle as an electric 

power generation process was performed. The case study is a multi-output system with three different 

outputs: electric power, oil and water, which worked with a constant output from wells over the 20 years 

mission time. The main product output considered was the electric power production. The reliability data 

(MTTR and MTTF) of components were applied, components failure and repair time were modelled 

using exponential distributions, production configurations were stated and the average availabilities 

were computed over nine different combinations of CM policies and strategies. 

Due to the high complexity of the system, analytical techniques are not suitable and simulation-based 

ones were applied. So, a Petri Net approach is used because it has proved to be a useful tool for 

complex systems like offshore production facilities. Commonly, a downturn of simulations methods is 

the large computational time as the number of simulations increases. However, a great number of 

simulations were performed by the Petri module from GRIF software and for a 4-core computer each 

simulation took in average 30 seconds.  

The case study conducted showed a variability in the results for the adopted scenarios, ranging from 

57% to 96% in the average availability of electric power production. Also, the results showed that the 

number of teams used for CM only have significant influence if a response delay is considered for the 

CM team to start the repair after a component failure. As the Allam Cycle is a new power generation 

process, large variability is expected, since two extreme CM strategies were assumed. With more data 

on this concept, it is possible to perform a cost/benefit analysis choosing the best CM strategy that 

reduces costs while complying with production needs. 

A sensibility analysis was conducted to Scenario I and G, which identified the parameters that mostly 

contribute for the electric power and oil production outputs. The results showed that the CM team delay 

to start a repair is the parameter that most negatively influences the system for the two outputs. Also, 

for the 10% variation applied to the model’s parameters, the MTTF parameters of the components have 

a greater influence in the output of the system in both scenarios than the MTTR parameters. Finally, a 
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parametric study was carried out to characterize the effect of the most influencing parameters identified 

in the sensibility analysis. The results showed that the MTTF GC and the Voyage Time to Offshore have 

the largest influences in the system’s performance. 

 

7.2 Future Work 

Since several simplifications were adopted to develop the study due the lack of information, some 

improvements on the production concept characterization and case study development can be made. 

The characterization of the production concepts can be improved by taking into consideration more 

aspects and variables such as: general characteristics of the reservoir (i.e. inside pressure, temperature, 

API gravity, amount of gas reserve, CO2 percentage in the gas field), environmental characteristics of 

development site would help to choose what type of SPU would be used. Those characteristics would 

contribute for improving the characterization of the production concepts, providing more realistic results. 

Furthermore, applying different risk analysis tools such as FMECA would help to quantitatively identify 

failure modes and critical failures of components.  

Since the Gas-to-Wire production concept and in particular the electric power generation process lack 

of reliability and performance data, several simplifications had to be made in the PN model. A limitation 

present in this study is the repair and failure rates assumed, which do not reflect the real characteristics 

of the components, especially for the Allam Cycle process, since specific historical data do not exist. By 

conducting further studies, analysing the elements of the process, deviations, possible causes and 

consequences, more reliable information can be obtained, increasing the confidence in the results 

obtained. Moreover, important areas such as human factors and physical modelling are considered to 

introduce uncertainties in the results, therefore suitable techniques could be applied to deal with them. 

In the case study, not all components of the facility were considered subjected to failure. Considering 

all components present in GTW facility would achieve more sound results. Equipment such as different 

levels of fluid separation, pumps, oil and water treatment units could be modelled to account for the 

system’s dynamics. Furthermore, various aspects of the reservoir production phases (i.e. ramp, plateau 

and declination) might be introduced since during a lifetime of a field development it is known that it 

does not have a constant output. Also, taking realistic aspects such as equipment degradation with the 

appropriate failure model (i.e. Weibull model) as well as preventive maintenance would provide more 

realistic aspects. Finally, several others aspects such as waiting for repair parts, weather window and 

supply vessels availability for operations might be introduced in the Petri net model. 
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APPENDIX 

Appendix A - Simulation Histories Results 

Production 
Level 

n CI �̅� σ k(α/2) k(1-α/2) LB UB %Error 

Level 0 10 0.9 7.82E-01 5.50E-03 -1.64 1.64 0.78 0.79 0.37% 

Level 1 10 0.9 4.89E-02 3.39E-03 -1.64 1.64 0.05 0.05 3.61% 

Level 2 10 0.9 1.45E-01 6.52E-03 -1.64 1.64 0.14 0.15 2.34% 

Level 3 10 0.9 9.89E-03 1.14E-03 -1.64 1.64 0.01 0.01 5.98% 

Level 4 10 0.9 9.89E-03 1.00E-03 -1.64 1.64 0.01 0.01 5.27% 

Level 5 10 0.9 4.34E-03 1.03E-03 -1.64 1.64 0.00 0.00 12.34% 

Level 0 50 0.9 7.82E-01 5.80E-03 -1.64 1.64 0.78 0.78 0.17% 

Level 1 50 0.9 4.82E-02 3.63E-03 -1.64 1.64 0.05 0.05 1.75% 

Level 2 50 0.9 1.45E-01 5.63E-03 -1.64 1.64 0.14 0.15 0.90% 

Level 3 50 0.9 1.01E-02 1.37E-03 -1.64 1.64 0.01 0.01 3.17% 

Level 4 50 0.9 1.04E-02 1.13E-03 -1.64 1.64 0.01 0.01 2.52% 

Level 5 50 0.9 4.34E-03 9.89E-04 -1.64 1.64 0.00 0.00 5.30% 

Level 0 100 0.9 7.82E-01 6.79E-03 -1.64 1.64 0.78 0.78 0.14% 

Level 1 100 0.9 4.81E-02 3.58E-03 -1.64 1.64 0.05 0.05 1.22% 

Level 2 100 0.9 1.45E-01 6.40E-03 -1.64 1.64 0.14 0.15 0.73% 

Level 3 100 0.9 9.99E-03 1.48E-03 -1.64 1.64 0.01 0.01 2.44% 

Level 4 100 0.9 1.03E-02 1.19E-03 -1.64 1.64 0.01 0.01 1.90% 

Level 5 100 0.9 4.33E-03 1.05E-03 -1.64 1.64 0.00 0.00 4.01% 

Level 0 200 0.9 7.83E-01 6.68E-03 -1.64 1.64 0.78 0.78 0.10% 

Level 1 200 0.9 4.83E-02 3.44E-03 -1.64 1.64 0.05 0.05 0.83% 

Level 2 200 0.9 1.45E-01 6.27E-03 -1.64 1.64 0.14 0.15 0.50% 

Level 3 200 0.9 1.00E-02 1.45E-03 -1.64 1.64 0.01 0.01 1.69% 

Level 4 200 0.9 1.01E-02 1.19E-03 -1.64 1.64 0.01 0.01 1.37% 

Level 5 200 0.9 4.33E-03 1.02E-03 -1.64 1.64 0.00 0.00 2.74% 

Level 0 300 0.9 7.82E-01 6.85E-03 -1.64 1.64 0.78 0.78 0.08% 

Level 1 300 0.9 4.84E-02 3.51E-03 -1.64 1.64 0.05 0.05 0.69% 

Level 2 300 0.9 1.45E-01 6.50E-03 -1.64 1.64 0.14 0.15 0.43% 

Level 3 300 0.9 9.95E-03 1.42E-03 -1.64 1.64 0.01 0.01 1.36% 

Level 4 300 0.9 1.01E-02 1.17E-03 -1.64 1.64 0.01 0.01 1.10% 

Level 5 300 0.9 4.38E-03 9.99E-04 -1.64 1.64 0.00 0.00 2.16% 

Level 0 500 0.9 7.82E-01 6.81E-03 -1.64 1.64 0.78 0.78 0.06% 

Level 1 500 0.9 4.82E-02 3.50E-03 -1.64 1.64 0.05 0.05 0.53% 

Level 2 500 0.9 1.45E-01 6.34E-03 -1.64 1.64 0.14 0.15 0.32% 

Level 3 500 0.9 9.96E-03 1.47E-03 -1.64 1.64 0.01 0.01 1.08% 

Level 4 500 0.9 1.02E-02 1.18E-03 -1.64 1.64 0.01 0.01 0.85% 

Level 5 500 0.9 4.37E-03 9.84E-04 -1.64 1.64 0.00 0.00 1.65% 

Level 0 750 0.9 7.83E-01 6.77E-03 -1.64 1.64 0.78 0.78 0.05% 

Level 1 750 0.9 4.81E-02 3.45E-03 -1.64 1.64 0.05 0.05 0.43% 
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Production 
Level 

n CI �̅� σ k(α/2) k(1-α/2) LB UB %Error 

Level 2 750 0.9 1.45E-01 6.23E-03 -1.64 1.64 0.14 0.15 0.26% 

Level 3 750 0.9 1.00E-02 1.48E-03 -1.64 1.64 0.01 0.01 0.89% 

Level 4 750 0.9 1.01E-02 1.20E-03 -1.64 1.64 0.01 0.01 0.71% 

Level 5 750 0.9 4.35E-03 9.83E-04 -1.64 1.64 0.00 0.00 1.36% 

Level 0 1000 0.9 7.83E-01 7.21E-03 -1.64 1.64 0.78 0.78 0.05% 

Level 1 1000 0.9 4.75E-02 3.48E-03 -1.64 1.64 0.05 0.05 0.38% 

Level 2 1000 0.9 1.45E-01 6.56E-03 -1.64 1.64 0.15 0.15 0.23% 

Level 3 1000 0.9 1.00E-02 1.37E-03 -1.64 1.64 0.01 0.01 0.71% 

Level 4 1000 0.9 1.01E-02 1.24E-03 -1.64 1.64 0.01 0.01 0.64% 

Level 5 1000 0.9 4.37E-03 1.01E-03 -1.64 1.64 0.00 0.00 1.20% 

Level 0 1250 0.9 7.82E-01 7.03E-03 -1.64 1.64 0.78 0.78 0.04% 

Level 1 1250 0.9 4.81E-02 3.52E-03 -1.64 1.64 0.05 0.05 0.34% 

Level 2 1250 0.9 1.45E-01 6.43E-03 -1.64 1.64 0.14 0.15 0.21% 

Level 3 1250 0.9 1.00E-02 1.46E-03 -1.64 1.64 0.01 0.01 0.68% 

Level 4 1250 0.9 1.01E-02 1.21E-03 -1.64 1.64 0.01 0.01 0.56% 

Level 5 1250 0.9 4.33E-03 9.91E-04 -1.64 1.64 0.00 0.00 1.07% 

Level 0 1500 0.9 7.82E-01 7.10E-03 -1.64 1.64 0.78 0.78 0.04% 

Level 1 1500 0.9 4.81E-02 3.49E-03 -1.64 1.64 0.05 0.05 0.31% 

Level 2 1500 0.9 1.45E-01 6.47E-03 -1.64 1.64 0.14 0.15 0.19% 

Level 3 1500 0.9 1.00E-02 1.45E-03 -1.64 1.64 0.01 0.01 0.61% 

Level 4 1500 0.9 1.01E-02 1.21E-03 -1.64 1.64 0.01 0.01 0.51% 

Level 5 1500 0.9 4.32E-03 9.86E-04 -1.64 1.64 0.00 0.00 0.97% 
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Appendix B – List of Variables of GRIF 

Domain Name 
Initial 
Value 

Description 

Bool ALT TRUE Used to keep track of ALT failure. 

Bool Call FALSE 
Identifies when a call for maintenance is 
performed. 

Bool CO2C TRUE Used to keep track of CO2C failure 

Float Full_Oil 23300 Identifies the full production level of Oil 

Float Full_Power 300 Identifies the full production level of Power 

Float Full_water 7000 Identifies the full production level of Water 

Bool GC1 TRUE Used to keep track of GC1 failure 

Bool GC2 TRUE Used to keep track of GC2 failure 

Int N_Fails 0 Count the number of components failures 

Float Oil_Production 23300 
States the current oil production of the system 
based in its production level 

Bool Part FALSE 
Identifies when a call for CM is made (only for 
scenarios with 2 CM teams) 

Bool Part_OK1 FALSE 
Identifies when CM team performed 
maintenance (only for scenarios with 2 CM 
teams) 

Bool Part_OK2 FALSE 
Identifies when CM team performed 
maintenance (only for scenarios with 2 CM 
teams) 

Float Power_Production 300 
States the current power production of the 
system based in its production level 

Bool RHE TRUE Used to keep track of RHE failure 

Bool SGT TRUE Used to keep track of SGT failure 

Bool StandByALT FALSE Used to stated when SGT should turn on 

Bool StandByCO2C FALSE Used to stated when SGT should turn on 

Float Water_Production 7000 
States the current water production of the 
system based in its production level 

Bool Work_done TRUE 
States when a team perform a CM in a 
component 
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Appendix C – Production Level Model in Petri Nets 
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Appendix D - Corrective Maintenance Strategy Petri Nets Model 

Appendix D.1 – Corrective Maintenance Strategy 1 

 

Appendix D.2 – Corrective Maintenance Strategy 2 and Strategy 3 
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Appendix D.3 – Corrective Maintenance Strategy 3 with 2 Teams 

 

 


