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This book consists of eleventh chapters which introduces subsea production system which explores overview of drilling of subsea well in chapter 2, Blowout preventer in chapter 3, subsea field development in chapter 4, subsea distribution system in chapter 5, subsea wellhead in chapter 6, subsea tree in chapter 7, subsea jumper in chapter 8, subsea pipeline end structures in chapter 9, manifold in chapter 10, subsea umbilical system in chapter 11 and challenges of deep water subsea production system in the last chapter.

This book was designed for engineering education purposes only. Many pictures and illustrations are enclosed to assist the readers’ understanding. It should be noted that some pictures and contents are borrowed from companies’ websites and brochures, without written permit, even though the exact sources is listed in the references. 
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Chapter 1
[bookmark: _Toc520208051]1.0. Subsea Production System

[bookmark: _Toc520208052][bookmark: _Toc449018696]1.1. Oil & Gas Exploration
When an oilfield is developed, the hydrocarbon stream being produced contains a variety of products from oil through to liquid petroleum gases (propane () or butane ()), and natural gases (methane () and ethane ()). 
Globally, 500 billion bbl of oil have been discovered, of which 200 billion bbl have been produced which represents 41% of the total oil discovered (OGJ). The oil and gas exploration has expanded consistently from onshore to offshore as shown in Figure 1.1. Market analysis reveals over 800 oilfields globally, onshore and offshore.
The offshore exploration using barges was began to be used in 1950, deep-water drill-ships in 1956, and semisubmersible rigs in 1964. In the 1980s, the deep-water exploration meant 250 m of water. Currently, 500 m of water is considered shallow, 500 to 2000 m is considered deep water, and over 2000 m is called ultra-deep water. 

[image: ]
Figure.1.1: Global oil production in onshore and offshore.
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Figure.1.2: Global offshore oil reservoir.

[image: ]
Figure.1.3: Global Well and Trees Installation.

[bookmark: _Toc520208053]1.2. Offshore Reservoir
[bookmark: _Toc520208054]1.2.1. Oil and Gas Traps
Geologically the earth consists of two layers such as mantle and core. The reservoir of the hydrocarbon is trapped in lithosphere as shown in Figure1.4. When an oilfield is developed, the hydrocarbon stream being produced contains a variety of products from oil through to liquid petroleum gases (propane () or butane ()), and natural gases (methane () and ethane ()). 
[image: http://easyscienceforkids.com/wp-content/uploads/2014/02/Fun-Earth-Science-for-Kids-on-Earths-Crust-Schematic-of-the-Earths-Crust-and-Layers-Image.png]
Figure.1.4: Geologically layer of the earth

Hydrocarbon (oil and gas) traps are below ground traps where a permeable reservoir rock is covered by some low permeability cap rock. This combination of rock can take several forms, but they all prevent the upward migration of oil and natural gas up through the reservoir rock. Once oil and natural gas are in the reservoir rock, they continue to migrate upwards through the pore spaces of the rock until blocked by some sort of seal with a cap rock. The low permeability cap rocks are generally shale or low permeability sandstones and carbonate rocks. There are two major categories of traps, and are classified based on how the petroleum accumulates. The two main groups are structural traps and stratigraphic traps as shown in Figure 1.5
[image: ]
Figure.1.5: Diagram showing the structure of several different types of oil and gas traps
Structural Traps
These traps are types that form as a result of some structural deformation - a bend or dip - of rock. These traps take on several forms and shapes as a result of different types of deformation.
Anticline Traps
These types of traps are formed by a folding of rock. Specifically, a sandstone bed covered with low permeability shale is folded into a trap that contains petroleum products. Hydrocarbons are trapped in the peak of this fold.
Fault Traps
These types of traps are formed when reservoir rock is split along a fault line. Between the walls of the split reservoir, clay traps oil and prevents it from leaving the trap.
Salt Domes
Salt dome traps are formed as a result of below ground salt - which is less dense than the rock above it - moving upwards slowly. This upward migration of the salt can deform and break up rock along the way.
Stratigraphic Traps
These traps are formed as a result of the deposition in sedimentary rocks. When the sediment that creates the reservoir rock is deposited in a discontinuous layer, the seals are created beside and on top of the reservoir. In some cases, these seals are made of impermeable or low permeability shale deposited around the reservoir, blocking the oil and gas inside. The seals themselves may also be source rocks.
[bookmark: _Toc520208055]1.2.2. Offshore Accusation Data
Location of the oil and gas reservoir in offshore can simply be identified using offshore seismic survey as shown in Figure 1.6. Seismic data can be collected by permanent and retrievable sea-floor and well-bore seismic. The time series acquisition data is then transformed using FFT/DFT to find frequency of oil and gas trapping.  
[image: ]
Figure.1.6: 3D Offshore Seismic Survey.
[bookmark: _Toc520208056]1.2.3. Water Saturation in Reservoir
After finding the reservoir, wetting surface and water saturation in reservoir rock is calculated. Water saturation () is the fraction of formation water in the undisturbed zone. Water saturation can be categorized in three as follows: low, intermediate and high as shown in Figure 1.7. Water saturation determination is the most challenging of petrophysical calculations and is used to quantify its more important complement, the hydrocarbon saturation (). Complexities arise because there are a number of independent approaches that can be used to calculate Water saturation (). F from porosity of reservoir can be calculated as follows:

 										(1.1)

Where;  is formation factor,  is brine-water resistivity, and  is rock resistivity with zero oil and gas saturation (100% PV ).
[image: http://www.gly.uga.edu/railsback/PGSG/OilWetWaterWetWaterSatn4Some4.jpg]
Figure.1.7: Water Saturation in petroleum reservoir.

[bookmark: _Toc520208057]1.3. Subsea Production System
Due to the depleted oil and gas supplies, the oil and gas companies expanded their operational domains into the deep and deep seas. This move strongly challenges the performance and operational integrity of conventional subsea technology, as it greatly compromises the company's value proposition and increases the downside risks to stakeholders.
The tendency to use electronic-based equipment in subsea and the high impact of unscheduled downtime caused by any failure of this electronic equipment and associated instrumentation, in terms of loss/deferred production and environmental issues, increase the necessity to consider reliability concepts not only during the operational stage of the field, but more importantly, during the conceptualization, design, and execution of the development.
Some efforts have been made to consider reliability during the design stage of a subsea development. In some cases, by defining generic reliability goals while in other cases by imposing arbitrary reliability targets. In most cases, these requirements are limited to the component level (e.g. electronic-based equipment such as trees, BOP, and HIPPS). At this level, some of the techniques and approaches used to embed reliability into the design aim to evaluate the product itself. Some other approaches look at the process by which the product is created. Probably the more integrated and holistic approach includes not only the product and the process, but also the people and the resources (e.g. tools and work processes) used to design, manufacture, install, and commission the equipment.

[bookmark: _Toc520208058]1.4. Typical Subsea Production System
The Subsea Production System (SPS) is associated with the overall process and all equipment involved in the arrangement. It is designed in such a way that safety, environment protection, and flow assurance and reliability are taken into consideration for all subsea oil and gas exploitation. 
A subsea production system consists of as follows: 
1. Subsea completed well, 
2. Subsea drilling systems,
3. Subsea processing, 
4. Seabed wellhead,
5. Subsea trees,
6. Subsea manifolds, 
7. Subsea tie-in to flowline system, and 
8. Subsea equipment and control facilities to operate the well. 
The subsea production system of a single well with a flowline can be linked to a fixed platform or Floating Production, Storage and Offloading (FPSO), or onshore facilities, to several wells on a template or clustered around a manifold that transfer to a fixed or floating facility or directly to onshore facilities as shown in Figure.1.6.

[image: ]
Figure.1.8: An example of typical subsea production system [Statoil].

[bookmark: _Toc449018697][bookmark: _Toc520208059]1.5. Segments of Subsea Production System
As the oil and gas fields move further offshore into deeper water and deeper geological formations in the quest for reserves, the technology of drilling and production has advanced dramatically. Conventional techniques restrict the reservoir characteristics and reserves that can be economically exploited in the deep waters now being explored. The subsea production system associated with the overall process and all the equipment involved in drilling, field development and field operation, as shown in Figure.1.7.
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Drilling
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Field development
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Subsea distribution systems in operation


Figure.1.9: All Segments of a Subsea Production System

[bookmark: _Toc449018698][bookmark: _Toc520208060]1.6. Components of Subsea Production System
The subsea production system consists of the following components as shown in Figure.1.10:


[image: ]
Figure.1.10: Components of Subsea Production System

[bookmark: _Toc449018699][bookmark: _Toc520208061]1.7. Integration of Subsea Production System Components
In operation, the subsea wellhead and tree connect to manifold and jumper system which is controlled from topside. They also related to drilling interface in chapter 2 and workover system and its installation. Figure.1.9 illustrates the detailed relationship among the major components of a subsea production system.
[image: ]Drilling Interface Chapter 2
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Figure.1.11: Integration of among the major components of a subsea production system.

In the oil and gas upstream exploration, there are two conventional disposal options for associated gas:
· Flaring: The unwanted gas is burnt off into the atmosphere. Flaring represents a massive resource waste and is also a considerable environmental problem.
· Reinjection: The gas is re-injected into the reservoir. Gas is often re-injected with the intention of preserving adequate reservoir pressure to ensure sustained, or sometimes increased, oil production. Where there is excess gas, however, “forced” reinjection can occur where there is no other option for disposing of the gas. In many situations, re-injection for gas disposal may not be technically feasible and can also complicate reservoir management, in the worst case carrying risks of damaging reservoir performance.


[bookmark: _Toc449018701]Chapter 2
[bookmark: _Toc520208062]2.0. Drilling of Subsea Wells

[bookmark: _Toc449018702][bookmark: _Toc520208063]2.1. Drilling Offshore
Drilling offshore began near the turn of the 20th century when shallow water fixed platforms were used to access offshore reservoirs. Offshore drilling and production did not really develop to be widely viable until after 1947 when the first offshore well was drilled at a location completely out of site of land. Since then, offshore production, particularly in the US Gulf of Mexico, has resulted in the discovery and delivery of a significant contribution to the total US energy production, with about 35% of crude oil production in the US coming from offshore developments.
Offshore drilling has considerably higher costs than for land-based drilling, depending on water depth and well complexity, which requires a larger volume of hydrocarbon reservoirs that can be economically justified. Despite an increase in complexity, improvements in drilling technology have allowed more complex well patterns to be drilled to a greater depth such that additional hydrocarbon resources can be developed at a greater distance from the drilling or production structure, allowing more energy to be produced with less environmental impact. Some of these improved capabilities include complex directional and horizontal drilling, ultra-HTHP drilling (for high-temperature, high-pressure environments), and extreme extended-reach drilling.
As drilling extended further offshore into deeper water, offshore drilling rigs have become larger and more complex with workers who are more highly skilled. International oil companies do not normally own fleets of drilling rigs; instead they contract or lease them from a drilling contractor. The drilling contractor provides the drilling rig and people to supervise, operate and maintain the equipment.

[bookmark: _Toc449018703][bookmark: _Toc520208064]2.2. Categories of Offshore Drilling 
There are two basic categories of offshore drilling rigs as shown in figure.2.1: 
1. Platform rigs are complete drilling rigs that are assembled on a production platform and may be temporary or permanent installations. Some production platforms are built with a drilling rig that is used for the initial development and completion then may be “cold stacked” for a period of time until it is again needed to drill or workover a well. For drilling from permanent installations and for drilling from a jack-up rig, a conductor pipe is installed and secured to the seabed for circulation of the drilling fluid to remove cuttings. For those applications the blowout preventers (BOPs) are installed just below the drilling rig.
2. Mobile Offshore Drilling Unit (MODU) are drilling rigs that are used exclusively to drill offshore and that float either while drilling or when being moved from location to another. They fall into two general types:
a. Bottom-supported drilling rigs are barges or jack-ups
b. Floating drilling rigs include submersible and semi-submersible units and drill ships.

[image: ]
Figure.2.1: Types of drilling subsea wells

[image: ]
Figure.2.2: Examples of drilling platforms.

[bookmark: _Toc449018704][bookmark: _Toc520208065]2.3. Well Construction Operations
Drilling is performed using a MODU or a FPU. Drilling operations begin in open water and continue through a riser. Figure 3-1 contains a schematic showing a simplified example of a well construction sequence, specifically though a drilling riser operated from a MODU. 
Well construction starts by first spudding the well in open water with the conductor casing, which may involve use of a template and/or other reinforcing structures. The conductor casing is set to a sufficient depth below the mudline to support the weight of the wellhead, subsea stack and internal casing strings. The conductor casing may be installed by jetting, driving, or by drilling and cementing. 
After the conductor casing with low pressure housing (LPH) is installed, drilling continues and the surface casing with high pressure housing (HPH) is installed and cemented. In some instances, open water operations may include additional casing between the conductor casing and the surface casing. Cementing level/quality can have a significant impact on the fatigue response of the wellhead/casing system.
After cementing of the surface casing with HPH, the riser and drilling equipment are then connected to the HPH. From this stage onwards, fatigue loading is transmitted to the wellhead/casing system for the remainder of the drilling operations until the lower package is disconnected
The sequence of drilling operations involves: 
· drilling a large diameter hole first and
· running a large diameter conductor casing then
· drilling progressively smaller hole sizes as downhole pressures increase. 
· As drilling progresses, successively smaller and stronger casings are installed (if they extend back to surface) or liners, rather than casings, if the liner extends back to the previous casing.
· For deep-water operations after drilling the first casing interval, a drilling riser is attached to the wellhead and used to circulate drilling fluid to remove cuttings. 
· The BOPs and riser are installed at the seafloor onto a wellhead system. 
· The wellhead system is run while attached to the first string of casing run inside a large diameter conductor pipe that accommodates the jetting or drilling action. 
· The first string of casing is usually conducted as “riserless drilling”, namely, with no riser connection and therefore with fluid and cuttings exhausted to the seafloor. 

[image: ]
Figure.2.3: Examples of drilling subsea wells.

Figure.2-5 shows the riser and subsea BOP for a floating semi-submersible rig.

[image: ]
	Figure.2.4: Drilling of subsea well from semi-submersible.

When the hole was pulled out, a trip sheet must be monitored all time. It is required to know how much fluid will fill the hole each stand of drill pipe pulled out. If the volume of displacement less than theoretical displacement value, we may have problem due to swabbing formation into wellbore.

Pipe Displacement in bbl/ft = (OD in2 – ID in2 ) ÷ 1029.4

Example: 
Determine pipe displacement in bbl/ft of 9-5/8” casing 40 ppf, OD = 9.625 in, ID = 8.835 in
Pipe Displacement of 9-5/8” casing 40 ppf in bbl/ft = (9.6252 – 8.8352 ) ÷1029.4
Pipe Displacement of 9-5/8” casing 40 ppf in bbl/ft = 0.01417 bbl/ft

	· For each drilled interval, the drill bit is rotated either from a surface-located mechanical motor or by a downhole mud motor. 
· The hole is drilled into subsurface formations as high-pressure drilling fluid (mud) is pumped down the inside of the drill string to circulate downward and lift the drilling cuttings upward through the casing annulus. 
· Once the drilling fluid and cuttings reach the drilling rig, the cuttings are removed by vibrating shale shakers and the drilling fluid is processed and chemically treated to sustain continuous recirculation. 
· Efficient processing and proper treatment are important because they limit the quantity of drilling fluid required and the volume of waste generated.
· Each depth interval of the well is evaluated and designed in the planning stages and re-evaluated for modification during the wellbore construction process.
· The length of each interval, the drilling fluid density, the drilling assembly, the casing to be run, the type and quantity of cement to be used, the type of drilling fluid used and many other processes are decided based on the anticipated subsurface pressures, equipment limitations, actual  wellbore conditions and other factors
	[image: ]

	
	

	· The number and type of casing strings and the depth for each string is determined by evaluating each interval for the subsurface rock stress and pore pressure, the strength of the casing that will be run, anticipated hole problems, required hole size at total depth, and the type of completion to be used.
· The figure illustrates the number and sizes of casing strings that might be needed for a deep-water Gulf of Mexico well.
· Well control (which is treated in a separate topic paper) is established by having barriers to prevent unwanted influxes of formation fluids into the wellbore.
· The most basic barrier is to use a drilling fluid of sufficient density that its hydrostatic pressure will prevent the influx of subsurface fluids.

	[image: ]


[bookmark: _Toc449018706]

Chapter 3
[bookmark: _Toc520208066]3.0. Blowout Preventer

[bookmark: _Toc449018707][bookmark: _Toc520208067]3.1 Introduction
A blowout preventer is a large, specialized valve usually installed redundantly in stacks, used to seal, control and monitor oil and gas wells. Blowout preventers were developed to cope with extreme erratic pressures and uncontrolled flow (formation kick) emanating from a well reservoir during drilling. 
Early warning signs of a well kick are:
· Sudden change in drilling rate;
· Change in surface fluid rate;
· Change in pump pressure;
· Reduction in drill pipe weight;
· Surface mud cut by gas, oil or water;
· Connection gases, high background gas units, and high bottoms up gas units in the mud-logging unit 

[bookmark: _Toc449018708][bookmark: _Toc520208068]3.2. Types of BOP
BOPs come in two basic types, ram and annular. Both are often used together in drilling rig BOP stacks, typically with at least one annular BOP capping a stack of several ram BOPs. The ram BOP and was brought to market in 1924 by Cameron Iron Works.
Four common types of ram BOP: 
1. Pipe, 
2. Blind, 
3. Shear and
4. Blind shear 
[bookmark: _Toc449018709][bookmark: _Toc520208069]3.2.1. Ram BOP
A ram-type BOP is similar in operation to a gate valve, but uses a pair of opposing steel plungers, rams. The rams extend toward the center of the wellbore to restrict flow or retract open in order to permit flow. The inner and top faces of the rams are fitted with packers (elastomeric seals) that press against each other, against the wellbore, and around tubing running through the wellbore
[image: ]
Figure.3.1: Ram type of BOP: a (pipe), b (blind) and c (shear)

[bookmark: _Toc449018710][bookmark: _Toc520208070]3.2.2. Annular BOP
The annular blowout preventer is often around the rig it is called the "Hydril“. The original type of annular blowout preventer uses a “wedge-faced” (conical-faced) piston as shown in figure.3.2. As the piston rises, vertical movement of the packing unit is restricted by the head and the sloped face of the piston squeezes the packing unit inward, toward the center of the wellbore.

	[image: ]
Open condition
	[image: ]
Close condition



Figure.3.2: Diagram of an annular blowout preventer in open and fully closed configurations. 

The flexible annulus (donut) in blue is forced into the drillpipe cavity by the hydraulic pistons

[bookmark: _Toc449018711][bookmark: _Toc520208071]3.3. Deep water BOP Control
In deeper offshore operations with the wellhead just above the mudline on the sea floor, there are four primary ways by which a BOP can be controlled. The possible means are:
· Electrical Control Signal: sent from the surface through a control cable;
· Acoustical Control Signal: sent from the surface based on a modulated/encoded pulse of sound transmitted by an underwater transducer;
· ROV Intervention: remotely operated vehicles (ROVs) mechanically control valves and provide hydraulic pressure to the stack (via “hot stab” panels);
· Deadman Switch / Auto Shear: fail-safe activation of selected BOPs during an emergency, and if the control, power and hydraulic lines have been severed. 

[bookmark: _Toc449018713]

Chapter 4
[bookmark: _Toc520208072]4.0. Subsea Field Development

[bookmark: _Toc449018714][bookmark: _Toc520208073]4.1 Introduction
Subsea production systems are generally arranged as shown in Figure.4.1. Some subsea production systems are used to extend existing platforms. For example, the geometry and depth of a reservoir may be such that a small section cannot be reached easily from the platform using conventional directional drilling techniques or horizontal wells. Based on the location of the tree installation, a subsea system can be categorized as a dry tree production system or a wet tree production system. Water depth can also impact subsea field development. For the shallower water depths, limitations on subsea development can result from the height of the subsea structures. Christmas trees and other structures cannot be installed in water depths of less than 30 m. For subsea development in water depths less than 30 m, jacket platforms consisting of dry trees can be used.

[image: ]
Figure.4.1: Typical Subsea Production System with Wet Tree [H.J. Bjerke]’

The goal of subsea field development is to safely maximize economic gain using the most reliable, safe, and cost-effective solution available at the time. Even though wet well systems are still relatively expensive, their attraction in reducing overall capital expenditures has already been made clear. Subsea tie-backs are becoming popular in the development of new oil and gas reserves in the 21st century. With larger oil and gas discoveries becoming less common, attention has turned to previously untapped, less economically viable discoveries.
In subsea field development, the following issues should be considered:
•	Deep-water or shallow-water development; 
•	Dry tree or wet tree; 
•	Stand alone or tie-back development; 
•	Hydraulic and chemical units; 
•	Subsea processing; 
•	Artificial lift methods; 
•	Facility configurations (i.e., template, well cluster, satellite wells, manifolds). 

[bookmark: _Toc449018715][bookmark: _Toc520208074]4.2. Subsea Surveys
The subsea survey for positioning and soil investigation is one of the main activities for subsea field development. As part of the planned field development, a detailed geophysical and geotechnical field development survey together with soil investigation is performed. The purpose of the survey is to identify the potential man-made hazards, natural hazards, and engineering constraints of a proposed subsea field area and pipeline construction; to assess the potential impact on biological communities; and to determine the seabed and sub-bottom conditions. Subsea survey includes the following issues: 
1. Establishing vertical route profiles, a contour plan, and the seabed’s features, particularly any rock outcrops or reefs; 
2. Obtaining accurate bathymetry, locating all obstructions, and identifying other seabed factors that may affect the development of the selected subsea field area including laying, spanning, and stability of the pipeline; 
3. Carrying out a geophysical survey of the selected subsea field and route to define the shallow sub-seabed geology; 
4. Carrying out geotechnical sampling and laboratory testing in order to evaluate precisely the nature and mechanical properties of soils at the selected subsea field area and along the onshore and offshore pipelines and platform locations; 
5. Locating existing subsea equipment (e.g., manifold, jumper, and subsea tree), pipelines, and cables, both operational and redundant, within the survey corridor; 
6. Determining the type of subsea foundation design that is normally used for subsea field development. 

[bookmark: _Toc449018716][bookmark: _Toc520208075]4.3. Cost Estimation
When considering a subsea system as a development option for a specific reservoir and number of wells required, the subsea cost is relatively flat with increasing water depth. For the rigid platform case, however, costs increase rapidly with water depth. Therefore, deeper water tends to favor the use of subsea systems. Conversely, for a given water depth and location, platform costs are less sensitive to an increasing number of wells; well drilling from a platform is relatively inexpensive, and the platform structure cost is governed more by water depth, process requirements, and environment. The use of mobile drilling units for subsea wells increases drilling costs. Therefore, situations where a relatively small number of wells are needed favor the use of a subsea system.
Subsea costs refer to the cost of the whole subsea project and generally include capital expenditures (CAPEX) and operating expenditures (OPEX). CAPEX is the total amount of investment necessary to put a project into operation and includes the cost of initial design, engineering, construction, and installation. OPEX is the expenses incurred during the normal operation of a facility, or component after the installation, including labor, material, utilities, and other related expenses. OPEX contains operational costs, maintenance costs, testing costs, and other related costs. Chapter 6 covers cost estimates in detail.

[bookmark: _Toc449018717][bookmark: _Toc520208076]4.4. Installation and Vessels
The development of subsea production systems requires specialized subsea equipment. The deployment of such equipment requires specialized and expensive vessels, which need to be equipped with diving equipment for relatively shallow equipment work, and robotic equipment for deeper water depths. Subsea installation refers to the installation of subsea equipment and structures in an offshore environment for the subsea production system. Installation in an offshore environment is a dangerous activity, and heavy lifting is avoided as much as possible. This is achieved fully by subsea equipment and structures that are transmitted to the installation site by installation vessels.
Subsea installation can be divided into two parts: installation of subsea equipment and installation of subsea pipelines and subsea risers. Installation of subsea equipment such as trees and templates can be done by a conven-tional floating drilling rig, whereas subsea pipelines and subsea risers are installed by an installation barge using S-lay, J-lay, or reel lay. The objective of Chapter 5 is to review existing vessels used for the installation of subsea equipment such as trees, manifolds, flowlines, and umbilicals. This includes special vessels that can run the trees and rigless installation. Subsea equip-ment to be installed is categorized based on weight, shapes (volume versus line type), dimensions, and water depth (deep versus shallow).

[bookmark: _Toc449018718][bookmark: _Toc520208077]4.5. Project Execution and Interfaces
The success of any project depends significantly on project execution. Project execution will allow for timely corrective action or redirection of the project. Once the project execution plan has been defined, a formal process of regular reports and reviews is required. Project execution is relevant at all stages of a project but the issues become more intense and complex as activities increase in number, diversity, and geographical spread. The project manager must set the expectation that the project management team understand its project execution system and the quality of data avail-able. Project execution does not have its own momentum and it is, there-fore, critical that it be proactively driven by the project manager.

[bookmark: _Toc449018720]

Chapter 5
[bookmark: _Toc520208078]5.0. Subsea Distribution System

[bookmark: _Toc449018721][bookmark: _Toc520208079]5.1 Introduction
Subsea distribution systems consist of a group of products that provide communication between subsea controls and topside controls for all equipment via an umbilical system.
 Subsea distribution systems may include, but not be limited to, the following major components [International Standards Organization]:
1. Topside umbilical termination assembly (TUTA); 
2. Subsea accumulator module (SAM); 
3. Subsea umbilical termination assembly (SUTA), which includes: 
4. Umbilical termination head (UTH); 
5. Hydraulic distribution manifold/module (HDM); 
6. Electric distribution manifold/module (EDM); 
7. Flying leads. 
8. Subsea distribution assembly (SDA); 
9. Hydraulic flying leads (HFLs); 
10. Electric flying leads (EFLs); 
11. Multiple quick connector (MQC); 
12. Hydraulic coupler; 
13. Electrical connector; 
14. Logic caps. 

[bookmark: _Toc449018722][bookmark: _Toc520208080]5.2. Subsea Control
The subsea production control system is defined as the control system operating a subsea production system during production operations according to ISO 13628-6 [International Standards Organization]. The subsea control system is the heart of any subsea production system, and it is a relatively low-cost item compared to the cost of drilling, line pipe, installation, etc. Therefore, control systems are usually low on the list of initial project priorities. However, ignoring the complexity, the number of components and interfaces can lead to problems with installation and commissioning and to long-term reliability issues.


[bookmark: _Toc449018723][bookmark: _Toc520208081]5.3. Subsea Power Supply
Power supply is a key factor in subsea processing. The subsea power supply is an important component in the systems necessary for processing the well stream at the seabed close to the wells. Not having the power supply system in place can stop the development of subsea processing.
Subsea power supply focuses on the following three main areas:
•	Electrical power unit (EPU); 
•	Uninterruptible power supply (UPS); 
•	Hydraulic power unit (HPU). 

[bookmark: _Toc449018725]

Chapter 6
[bookmark: _Toc520208082]6.0. Subsea Wellhead

[bookmark: _Toc449018726][bookmark: _Toc520208083]6.1. Introduction
A wellhead is the component at the surface of an oil or gas well that provides the structural and pressure-containing interface for the drilling and production equipment. The Wellhead provides the interface for drilling, completion, and testing of all subsea operation phases.  Offshore, where a wellhead is located on the production platform it is called a surface wellhead, and if located beneath the water then it is referred to as a subsea wellhead or mudline wellhead. Figurre 4-1 shows typical an example of wellheads. 

[image: ]
Figure.6.1: Subsea Wellhead [FMC]

The primary purpose of a wellhead is to provide the suspension point and pressure seals for the casing strings that run from the bottom of the hole sections to the surface pressure control equipment.
While drilling the oil well, surface pressure control is provided by a blowout preventer (BOP). If the pressure is not contained during drilling operations by the column of drilling fluid, casings, wellhead, and BOP, a well blowout could occur. Once the well has been drilled, it is completed to provide an interface with the reservoir rock and a tubular conduit for the well fluids. The surface pressure control which is provided by a tree is installed on top of the wellhead, with isolation valves and choke equipment to control the flow of well fluids during production
Wellheads are typically welded onto the first string of casing, which has been cemented in place during drilling operations, to form an integral structure of the well. In exploration wells that are later abandoned, the wellhead may be recovered for refurbishment and re-use.
[bookmark: _Toc449018727][bookmark: _Toc520208084]6.2. Components of Wellhead
The primary components of a wellhead system as shown in Figure.6.2 are:
1. Casing Head
2. Casing Spools
3. Casing Hangers
4. Packoffs (Isolation) Seals
5. Bowl Protectors / Wear Bushings
6. Test Plugs
7. Mudline Suspension Systems
8. Tubing Heads
9. Tubing Hangers
10. Tubing Head Adapters 

[image: ]
Figure.6.2: Components of subsea wellhead.



[bookmark: _Toc449018728][bookmark: _Toc520208085]6.3. Functions of Wellhead
A wellhead serves numerous functions, some of which are:
· Provide a means of casing suspension. (Casing is the permanently installed pipe used to line the well hole for pressure containment and collapse prevention during the drilling phase).
· Provides a means of tubing suspension. (Tubing is removable pipe installed in the well through which well fluids pass).
· Provides a means of pressure sealing and isolation between casing at surface when many casing strings are used.
· Provides pressure monitoring and pumping access to annuli between the different casing/tubing strings.
· Provides a means of attaching a blowout preventer during drilling.
· Provides a means of attaching a Christmas tree for production operations.
· Provides a reliable means of well access.
· Provides a means of attaching a well pump.

[bookmark: _Toc449018729][bookmark: _Toc520208086]6.4. Types of Wellhead
[bookmark: _Toc449018730][bookmark: _Toc520208087]6.4.1 Satellite Wells
Subsea wells can be classified as either satellite wells or clustered wells. Satellite wells are individual and share a minimum number of facilities with other wells. They are usually drilled vertically. Satellites wells can produce directly to a surface facility (the platform of a floating vessel) or through a subsea manifold that commingles the production of several satellite wells. The primary advantage of satellite wells is the flexibility of individual well location, installation, control, and service. Each well is handled separately, so that its production and treatment can be optimized. Exploration or delineation wells in a field can also be reused by completing them as satellite wells, thereby eliminating the drilling costs associated with a new well.
[bookmark: _Toc449018731][bookmark: _Toc520208088]6.4.2 Clustered Wells
When several subsea wellheads are located on a central subsea structure, the system is referred to as a clustered system. This arrangement provides the possibility of sharing common functions among several wells, such as manifolded service or injection lines and common control equipment, which then require fewer flowlines and umbilicals, thus reducing costs. In addition, because maintainable components are centralized on a clustered system, it is possible to service more than one well with a single deployment of a service vessel, thereby saving mobilization costs. On the other hand, shared functions can reduce the capability to treat each well separately. Clustered systems, however, introduce the need for subsea chokes to allow individual well control. Other disadvantages of clustered systems are that drilling or workover operations on one well of the cluster may interrupt production from others and special simultaneous drilling and production procedures need to be implemented.
[bookmark: _Toc449018732][bookmark: _Toc520208089]6.5. Design Specification
The oil industry specifications for wellhead systems (materials, dimensions, test procedures and pressure ratings etc.) are :
1. API 6A Specification for Wellhead and Christmas Tree Equipment
2. ISO 10423 Wellhead and Christmas Tree Equipment

In general well heads are five nominal ratings of wellheads: 2, 3, 5, 10 and 15 (x1000) psi working pressure. They have an operating temperature range of -50 to +250 degrees Fahrenheit. They are used in conjunction with ring type seal gaskets. In general the yield strength of the materials is range from 36000 to 75000 psi.

[bookmark: _Toc449018734]

Chapter 7
[bookmark: _Toc520208090]7.0. Subsea Tree

[bookmark: _Toc449018735][bookmark: _Toc520208091]7.1. Principle of Tree
A tree is an assembly of valves, spools, and fittings used for an oil and gas wells and connections placed on top of a wellbore as shown in figure.7-1. The tree is installed on top of the wellhead. When the well and facilities are ready to produce and receive oil or gas, tree valves are opened and the formation fluids are allowed to go through a flow line. 
[image: ]
Figure.7.1: Typical of tree installed on top of wellhead.

Schematically, a tree consists of the following components
· Production Master Valve (PMV) 
· Production Wing Valve (PWV)
· Annulus Master Valve (AMV)
· Annulus Wing Valve (AWV)
· Annulus Circulation Valve (ACV)
· Cross Over Valve (XOV)
· Surface Controlled (SCSSV)
· Subsurface Safety Valve
· Pressure/Temperature Transmitter (PTT)

[bookmark: _Toc449018736][bookmark: _Toc520208092]7.2. Function of Trees
Basically a stack of valves installed on a subsea wellhead to provide a controllable interface between the well and the production facilities. The primary function of a tree is to control the flow, usually oil or gas, out of the well.
A tree often provides numerous additional functions including: 
· Chemical injection points, 
· Well intervention means, 
· Pressure relief means, 
· Monitoring points such as pressure, temperature, corrosion, erosion, sand detection, flow rate, flow composition, valve and choke position feedback, 
· Connection points for devices such as Down Hole Pressure and Temperature transducers (DHPT). 
· Safely stop produced or injected fluid
· Injection of chemicals to well or flowline
· Allow for control of downhole valves
· Allow for electrical signals to downhole gauges
· To bleed of excessive pressure from annulus
· Regulate fluid flow through a choke (not mandatory)
· Allow for well intervention

Specific functions of a subsea tree:
· Sealing the wellhead from the environment by means of the tree connector
· Sealing the production bore and annulus from the environment
· Providing a controlled flow path from the production tubing, through the tree to the production flow line. Well flow control by means of tree valves and/or a tree-mounted choke valve.
· Providing access to the wellbore via tree caps and/or swab valves.
· Providing access to the annulus for well control, pressure monitoring, gas lift, etc.
· Providing a hydraulic interface for the down hole safety valve.
· Providing an electrical interface for down hole instrumentation, electric submersible pumps etc.
· Providing structural support for flow line and control umbilical interface

On producing wells, chemicals or alcohols or oil distillates may be injected to preclude production problems such as blockages. Functionality may be extended further by using the control system on a subsea tree to monitor, measure, and react to sensor outputs on the tree or even down the well bore. While the tree acts as an attachment and conduit means of the control system to the Down Hole Safety Valve, the control system attached to the tree controls the:
· Down Hole Safety Valve (DHSV)
· Sub-Surface Safety Valve (SSSV)
A subsurface safety valve is essentially a shutdown valve installed at the upper wellbore for emergency shutdown to protect the production tubings and wellhead in case of overpressure. Purpose of a subsurface safety valve (SSSV) is to avoid the ultimate disaster which can result in release of reservoir fluids to the surroundings  A subsurface safety valve is typically a uni-directional flapper valve, directed in such a way that the flappers open downwards when pressure is applied from an upward direction. The flapper can only open in the downward direction. So even if high pressure is applied by the well fluids from a downward direction, a safety valve can remain closed 
· Surface Control Sub-surface Safety Valve (SCSSV)

[bookmark: _Toc449018737][bookmark: _Toc520208093]7.3. Types of Trees
Two main types of subsea trees are used in modern offshore technology:
1. Dual Bore tree (Conventional / Vertical XT)
2. Horizontal XT
[image: ]
Figure.7.2: Typical subsea trees used in offshore 

Table.7.1: Comparison between horizontal and vertical trees
	Horizontal tree
	Vertical tree

	Production master valve (PMV) in horizontal bore
	Production master valve (PMV) in vertical bore

	Single, concentric bore
	Dual bore (production + annulus)

	Production bore up to 7”
	Production bore up to 5”

	Must pull the production tubing to retrieve the tree
	Must pull the tree to retrieve the production tubing

	Workover riser on tree
	Requires landing string to secure well before workover

	Both barriers fail if the tree is accidentally removed
	Primary barrier is maintained if the tree is accidentally removed

	Designed to take the load from a BOP (increased weight)
	Not designed to take the load from a BOP

	Batch-wise completion possible
	



· Horizontal trees have gained popularity in Norwegian waters for the past 10 years. This is mainly due to the complex reservoir structure, which promote a solution for easy access to heavy workover and subsequent production tubing retrieval. 
· Probably the most important selection criteria is the HXT possibility to accommodate 7” production tubing, whilst the conventional tree hardly accommodate larger than nominal 5”. 
· Recent field developments where simultaneously gas injection/oil production are required have been with conventional trees.

[bookmark: _Toc449018738][bookmark: _Toc520208094]7.3.1. Vertical Tree
The master valves are configured above the tubing hanger in the vertical Xmas tree (VXT). VXTs are applied commonly and widely in subsea fields due to their flexibility of installation and operation. The production and annulus bore pass vertically through the tree body of the tree. Master valves and swab valves are also stacked vertically. The tubing hanger lands in the wellhead, thus the subsea tree can be recovered without having to recover the downhole completion.
[image: ]
Figure.7.3: Typical an example of vertical tree 

[bookmark: _Toc449018739][bookmark: _Toc520208095]7.2.1. Horizontal Tree
· The valves are mounted on the lateral sides, allowing for simple well intervention and tubing recovery. This concept is especially beneficial for wells that need a high number of interventions. Swab valves are not used in the HXT since they have electrical submersible pumps applications. The key feature of the HXT is that the tubing hanger is installed in the tree body instead of the wellhead. This arrangement requires the tree to be installed onto the wellhead before completion of the well. 
· “Side valve tree” or Spool Tree.
· Most obvious distinction from the dual bore tree: the production and annulus bores branch horizontally out of the side of the tree body /valves on a horizontal axis.
· No production or annulus swab valves. Access to the wellbore by removing the internal tree cap, or a wire-line plug within the internal tree cap.

Other distinguishing features of the horizontal tree:
· The tubing hanger is installed in the tree itself, rather than in the wellhead and
· The top of the tree is designed so the BOP may be landed onto the tree. This arrangement allows the tubing string to be recovered without first retrieving the tree.
[image: ]
Figure.7.4: Typical an example of horizontal tree 

[bookmark: _Toc449018740][bookmark: _Toc520208096]7.3. Components of Tress
[bookmark: _Toc449018741][bookmark: _Toc520208097]Valves, Main principles
The tree assembly contains the following valves:
· Production (or Injection) valves (typ. 5-7” gate valves) for controlling the process medium 
· Annulus (or Injection) valves (typ. 2” gate valves) for annulus access. 
· Service valves (typ. 3/8” to 1”) for chemical injection. 
· Isolation valves (typ. 3/8” to 1”) for pressure test and downhole lines 
· Check Valves (typ. ½-1”) for preventing back-flow of well fluid to service lines

Valve principles
· Valve Product Verification testing in principle described in API 6A with additions in API 17D. Pay attention to pressure classification and verification to max/min pressures at rated sea water depth. 
· According to standards, valve and actuators can be qualified separately. However, the simplest way of actuating the valve in the test is often by using the dedicated actuator. 
· Principles, pressures, force balance, seawater depth effects, see previous slide. 
· Do not forget that Subsea Production Control Codes may influence your valve/actuator design parameters.
[image: ]

[bookmark: _Toc449018742][bookmark: _Toc520208098]Chokes, Main principles
· The choke is used to control the production rate and downstream pressure from the well. The subsea choke is located on the XT, or as with resent projects, on a ’choke bridge’ on the template. 
· In both scenarios, downstream the PWV.

[image: ]

Different concepts exist:
See ISO 13628-4 for main principles
· 3 Major suppliers 
· Cameron Willis 
· Master Flo 
· Kent Introl 
· Other suppliers of similar equipment not currently serving the subsea business area: 
· Mokveld 
· Hydril 
· Wood Group Pressure Control 
· N-Line

[bookmark: _Toc449018743][bookmark: _Toc520208099]Tree Connector
The tree connector is the element that allows the tree to be installed and securely connected to the wellhead.
Normal requirements are:
· 25 % increased capacity to unlock compared to lock 
· Mechanical lockdown function (both on hydraulic and mechanical connectors) 
The hydraulic connectors are getting its hydraulic pressure from WOCS through the TRT. 
The mechanical connectors are mechanically functioned through the TRT.


[image: ]
[bookmark: _Toc449018744][bookmark: _Toc520208100]Tubing Hanger
· The TH have its own lockdown mechanism, with additional mechanical lockdown functions. 
· To save one trip and therefore also rig time is todays trees often equipped with a combined Tree Cap / Tubing Hanger. The TH then provides two set of lockdown profiles internally for plugs. 
· Safe setting of ITC have been troublesome 
· Normally a pup pieces is installed onto the Tubing Hanger. This pup is normally CPI and the threaded connector type are controlled through contract or project interface.

From ISO 13628-4
[image: ]

From ISO 13628-4
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[bookmark: _Toc449018745][bookmark: _Toc520208101]7.3. Standard Code Practices
Main codes for Tree Equipment:
· API 6A/ISO 10423 Specification for Wellhead and Christmas Tree Equipment
· API 17D/ISO 13628-4 Subsea wellhead and tree equipment
· ISO 13628-1 General Requirements and recommendations
· ISO 13628-6 Subsea Production control System
· API 16A / ISO 13533 Specification for Drill-through Equipment
· + ASME, ISO, BS
 
[bookmark: _Toc449018746][bookmark: _Toc520208102][bookmark: _Toc449018747]7.3. Selection Criteria
· The cost of an HXT is much higher than that of a VXT; typically the purchase price of an HXT is five to seven times more. 
· A VXT is larger and heavier, which should be considered if the installation area of the rig is limited. 
· Completion of the well is another factor in selecting an HXTor VXT. If the well is completed but the tree has not yet been prepared, a VXT is needed. Or if an HXT is desired, then the well must be completed after installation of the tree.
· An HXT is applied in complex reservoirs or those needing frequent workovers that require tubing retrieval, whereas a VXT is often chosen for simple reservoirs or when the frequency of tubing retrieval workovers is low.
· An HXT is not recommended for use in a gas field because interventions are rarely needed. 

[bookmark: _Toc449018748]

Chapter 8
[bookmark: _Toc520208103]8.0. Subsea Jumpers

[bookmark: _Toc449018749][bookmark: _Toc520208104]8.1. Introduction
In subsea oil/gas production systems, a subsea jumper is a short pipe connector that is used to connect manifold systems to wells, sleds to wells and/or manifolds to sleds. Another word the subsea jumper is used to transport production fluid between two subsea components, for example, a tree and a manifold, a manifold and another manifold, or a manifold and an export sled, as shown in Figure 8-1. 
The jumper may also connect other subsea structures such as Pipeline End Manifods (PLEM) or Pipeline End Termination (PLET) and riser bases. In addition to being used to transport production fluid, a jumper can also be used to inject water into a well. The offset distance between the components (such as trees, flowlines, and manifolds) dictates the jumper length and characteristics. 
Commonly, subsea jumper is classified into two categories which are flexible and rigid jumpers. The flexible jumper systems provide versatility, unlike rigid jumper systems, which limit space and handling capability.

[image: ]
Figure.8.1: Subsea Rigid Jumper [Aker Solution].

Design of subsea jumper design includes several considerations as follow:
· Strength analysis
· Slugging
· Cross-flow and in-line VIV
· Riser base excitation
· Soil damping
· Flow induced vibration
· Installation procedures
· Connector installation, sealing and capacity
· Erosion and corrosion
· Manufacturing quality
· Material choice
· Insulation and coating
· Design codes and standards
[bookmark: _Toc449018751]

Chapter 9
[bookmark: _Toc520208105]9.0. Subsea Pipeline End Structures

[bookmark: _Toc449018752][bookmark: _Toc520208106]9.1. Introduction
As the oil/gas field developments move further away from existing subsea infrastructures, it becomes advantageous to consider a subsea tie-in of their export systems with existing deep-water pipeline systems offering spare transport capacity. This necessitates incorporating Pipeline End Manifolds (PLEMs) at both pipeline ends to tie in the system. 
A PLEM serves as a manifold to split the product flow into multiple routes that may feed into an FPSO, refinery and holding tanks concurrently. A PLEM will contain such components as hubs, wyes, ball valves, ROV-interface panels and jumper systems that may include collet connectors, remote inline or articulating connectors (RIC/RAC), male end closures, etc.
A Pipeline End Termination (PLET) is the end or termination of a pipeline. The PLET is especially to serve as a support for one pipeline valve and one vertical connector. The skid typically contains a male hub that serves as an attachment point for a jumper. The jumper utilizes a collet connector to make a permanent connection. There may also be other components on the skid such as ROV interface panels, ball valves and associated mud mats. Figure 9-1 shows a typical subsea PLET in operation.

[image: ]
Figure.9.1: Subsea PLET in operation [Yutaek Seo].

A PLET can generally be categorized as following:

1. Midline connection
2. Horizontal connection
3. Pull-in and connect method
4. Subsea connection

[bookmark: _Toc449018753][bookmark: _Toc520208107]9.2. PLET Installation
Two examples of PLETs were designed by GE Oil & Gas. The main difference between the two is that they comprise different connection systems. Figure 9.2 and Figure 9.3 shows examples of PLET installation for the PLET (movable end) and the PLET (fixed end), respectively and the configuration before and after the connection operation. The pool termination is landed on the PLET, close to the Porch or main alignment structure (MAS). A ROV operated connection tool executes the pull-in operation by pulling the termination towards the Porch. A torque tool operated by the ROV closes the clamp connector.

[image: ]
Figure.9.2: Installation of a subsea PLET (movable end) [Muhammad Deha Den]

Figure 2 (overleaf) shows the PLET (fixed end), the termination (movable end) and the configuration before and after the connection operation. The termination is landed on the seabed in proper distance from the Porch. A ROV operated connection tool lands on the Porch, attaches a rope to the termination, and executes the pull-in operation. The termination is aligned towards the Porch. Closing of the clamp connector is also executed by the same tool (integrated pull-in and connection tool )
[image: ]
Figure.9.3: Installation of a subsea PLET PLET (fixed end) [Muhammad Deha Den]
[bookmark: _Toc449018755]

Chapter 10
[bookmark: _Toc520208108]10.0. Subsea Manifolds

[bookmark: _Toc449018756][bookmark: _Toc520208109]10.1. Introduction
Subsea manifolds have been used in the development of oil and gas fields to simplify the subsea system, minimize the use of subsea pipelines and risers, and optimize the flow of fluid in the system. The manifold, as shown in Figure 4-5, is an arrangement of piping and/or valves designed to combine, distribute, control, and often monitor fluid flow. Subsea manifolds are installed on the seabed within an array of wells to gather production or to inject water or gas into wells. The numerous types of manifolds range from a simple pipeline end manifold (PLEM/PLET) to large structures such as a subsea process system. The manifold may be anchored to the seabed with piles or skirts that penetrate the mudline. Size is dictated by the number of the wells and throughput, as well as how the subsea wells are integrated into the system.
[image: ]
Figure 10.1: Subsea Manifold [M. Faulk]

[bookmark: _Toc449018757][bookmark: _Toc520208110]10.2. Components of Manifolds
· Valves
· Gate and Ball Designs
· Chokes
· Sleeve / Cage Designs
· Control Modules
· On tree or Manifold
· No of Connections
· Instrumentation
· Pressure/Temperature
· Flow
· Position Indication
· Leak Detection 
· Piepwork and Materials
· C arbon Stell, Duplex , CRA
· Seals Surfaces in Laid
· Thermal Expansion
· E rosion / Corrosion
· Insulation
· Connections
· Bolted, Clamped, Hydraulics, Screwed

[image: ]
Figure 10.2: Subsea Manifold in operation

[bookmark: _Toc449018759]Chapter 11
[bookmark: _Toc520208111]11.0. Subsea Umbilical System

[bookmark: _Toc449018760][bookmark: _Toc520208112]11.1. Introduction
An umbilical, as shown in Figure 4-6, is a bundled arrangement of tubing, piping, and/or electrical conductors in an armored sheath that is installed from the host facility to the subsea production system equipment. An umbilical is used to transmit the control fluid and/or electrical current necessary to control the functions of the subsea production and safety equipment (tree, valves, manifold, etc.). Dedicated tubes in an umbilical are used to monitor pressures and inject fluids (chemicals such as methanol) from the host facility to critical areas within the subsea production equipment. Electrical conductors transmit power to operate subsea electronic devices.

[image: ]
Figure.11.1: Subsea Steel Umbilical [P. Collins]

Umbilical dimensions typically range up to 10 in. (25.4 cm) in diameter. The umbilical will include multiple tubings normally ranging in size up to 2 in. (5.08 cm); the number of tubes is dependent on the complexity of the production system. The length of an umbilical is defined by the spacing of the subsea components and the distance these components are located from the host facility.


Chapter 12
[bookmark: _Toc520208113]12.0. Challenges of Deepwater Subsea Production System

 
[bookmark: _Toc520208114]12.1. Operational Integrity and Performance
Oil and gas companies are extending their operational domain to deep and ultra deepwater; which challenge the performance and operational integrity of conventional subsea technology. The tendency to use electronic-based equipment in subsea and the high impact of unscheduled downtime caused by any failure of this electronic equipment and associated instrumentation, in terms of loss/deferred production and environmental issues, increase the necessity to consider reliability concepts not only during the operational stage of the field, but more importantly, during the conceptualization, design, and execution of the development. 
Some efforts have been made to consider reliability during the first stage of a subsea development. In some cases, by defining generic reliability goals while in other cases by imposing arbitrary reliability targets. In most cases, these requirements are limited to the component level (e.g. electronic-based equipment such as trees, BOP, and HIPPS).

[bookmark: _Toc520208115]12.2. Risk Management Analysis
During the design stage of a subsea development, the emphasis should be on the system level, because the ultimate goal is to meet enterprise value proposition, which depends not only on the independent behavior and performance of individual components but on the system (integrated development) as a whole.
At the system level it is important to define how reliable the infrastructure that supports the production system should be. Not all applications require the same level of reliability and availability. Reliability requirements for the entire system, and for critical system components, should be defined progressively during development to align the design, manufacturing, and execution of these requirements.

Subsea field development
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Rules & Regulations
Risk Acceptance 
Criteria
Prevention and mitigation actions to avoid risk










Figure 12.1: Risk management framework of oil and gas deepwater exploration 

One way to address the level of reliability/availability is the use of a risk-based approach, in which the reliability is allocated in order to maintain the level of technical risk “As Low as Reasonably Practicable” (ALARP).
This traditional risk management framework is based on the estimation of the risk associated with the subsea development of interest, the comparison of the assessed risk to the risk acceptance criteria pre-established, and the identification and implementation of prevention, control, and mitigation actions to reduce the level of risk as low as reasonably practicable. This framework has been used not only in the safety arena, but it also has been applied in decision making processes involving environmental, health, and financial risks.
[bookmark: _Toc520208116]12.2.1. Rules and Regulation Definition
The first step of this approach is the system definition. This involves developing a clear definition of the subsea development under consideration. This should include, but not be limited to, defining the system in terms of physical boundaries, objectives, regulatory requirements, environmental and operational context, and maintenance and intervention philosophy.

[bookmark: _Toc520208117]12.2.2. Risk Assessment
The second step is assessment of the subsea development technical risk. This may be addressed by systematic brainstorming sessions, formal risk identification techniques, and/or prior experience. Risks associated with the particular project should be identified and the likelihood/probability of occurrence and consequences associated with each one of the undesirable events should be assessed. Risk can be estimated as:

		(12.1)

This should use a qualitative and/or quantitative approach. Initially, a qualitative approach based on a criticality matrix may be implemented. When a better understanding of the system is obtained the approach can become more quantitative. Typically, an initial screening is based on a qualitative (e.g. risk matrix) and the quantitative or semi-quantitative approach is used to analyze the events identified in the initial screening as medium to high risk.
In this context, undesirable events refer to any event or scenario associated with the design, operation, and maintenance equipment failure and/or operational context with the potential of affecting the performance and integrity of the subsea production system.

[bookmark: _Toc520208118]12.2.3. Risk Acceptance Criteria
The third step must have a reference to compare against the risk. This reference or risk acceptance criteria, which should be set before risk assessment is performed, must reflect if applicable legal or statutory requirements and/or requirements of the stakeholders regarding the level of risk they will accept. The risk acceptance criteria are meaningful benchmarks that ensure consistent application of the risk management framework.

[bookmark: _Toc520208119]12.2.4. Identification Different Options
The fourth step is identification of the different options/mechanisms available to reduce the risk according to ALARP. An effective mechanism to reduce the assessed risk, and consequently reduce the gap between the assessed risk and the risk acceptance criteria, is through the improved reliability.
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Figure 12.2: Criticality matrix: severity versus likelihood

Reliability at the system level can be improved by increasing the inherent reliability of the system constituents; by implementing a quality assurance program during the manufacturing, installation, and commissioning stages; and by providing competent people in an organizational climate that enables their synergy.
During design, reliability can be improved by incorporating redundancy. However, redundancy does not necessarily significantly improve reliability, particularly a “common cause failure” (CCF) can jeopardize overall system reliability. One powerful aspect to consider when improving reliability is diversity. Diversity is defined as the use of different means to perform a required function.
For subsea production, application of this concept depends on the target reliability goal and the availability and readiness of existing technology. The concept of diversity can be extended to installation, commissioning, operational, and maintenance activities, where the main goal is to reduce the likelihood of CCF.
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Figure 12.3: Availability of equipment and system

The interrelation between risk and reliability is obvious. Undesirable events triggered by equipment or system failures can be reduced by improving component and system reliability. The key is the specific nature of risk involved in subsea developments. Risks associated with subsea equipment are varied, and in some cases such as BOP or HIPPS, the risks are safety and environmental related. In cases such as multiphase meters or wellbore intelligent instrumentation, risks are associated more with loss of revenues or costs arising from lost production. Regardless of the nature of these risks, they can be characterized as a combination of probability consequence, and as such the risk management framework can be applied.
The level of reliability required is driven by the gap between the assessed risk and the risk acceptance criteria. As a result of the comparison, system reliability goals and requirements in terms of Mean Time To Failure (MTTF), Mean Time To Repair (MTTR), production availability, reliability, and/or availability can be defined. It provides a clear understanding of the performance requirements in place. High-risk field developments will require a highly reliable subsea production system and, consequently, more resources and effort should be put in place during their development.
Effort should achieve the required level of reliability, but considering that the subsea production system may fail eventually, appropriate maintenance/ intervention strategies have to be in place to restore operations efficiently and effectively. To achieve a high level of system availability, both the reliability and maintainability should be addressed.
All aspects of maintenance resources, mobilization delays, spare part constraints, intervention philosophy, and diagnostic capacity are key to reach an appropriate level of maintainability. In subsea applications, consideration should be given to the intervention strategy and the availability of intervention vessels (e.g. intervention vessel mobilization time), which usually drive the overall availability of the field.
The effort to improve subsea system availability and to achieve the risk reduction demanded by the application will be justified by reduced risk expenditures in each of the cost elements (capex, drillex, and opex). These unexpected expenditures, referred to as riskex, represent the cost of unwanted events not commonly considered in conventional life cycle cost analysis.
Overall system reliability/availability, which represents a key driver for riskex, can significantly impact the affected party, jeopardize the value proposition of the enterprise, and increase the downside risk to stakeholders. This emphasizes the importance of improving the overall reliability/availability of the system as much as reasonably practicable.
An immediate consequence of the lifecycle cost analysis is that subsea enterprises focus on capex, drillex, and opex rather than on lifecycle cost (LCC) analysis, where the financial impact of unwanted events (riskex) are evaluated and the value of reliability/availability are considered in the economic model (reliability-value analysis).
 
[bookmark: _Toc520208120]12.3. Lifecycle versus Risk
 
Once the reliability/availability requirements for the subsea development are defined during the first stages of the enterprise, specific reliability and availability requirements can be allocated progressively to systems, subsystems, components, and procedures as the enterprise progresses (reliability allocation process).
It is important to mention that the implementation of a framework to assess and improve the reliability of a system, subsystem, component, or procedure, and ultimately work toward the fulfillment of a subsea development reliability goal, involves a series of interacting activities during the complete project/asset lifecycle, from the feasibility and concept design to the decommissioning phase, passing through engineering design, manufacture, and operation.
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