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ABSTRACT

Well integrity is defined as:” the application of technical, operational and organizational
solutions to reduce risk of uncontrolled release of formation fluids, throughout the life
cycle of a well”” (1).

An uncontrolled release of hydrocarbons to the surroundings may have devastating
consequences involving loss of lives, environmental damage and huge economic impact.
Therefore it is extremely important that the integrity is assured at all times. A two barrier
criterion is required for all the wells on the Norwegian Continental Shelf in contact with an
over pressured reservoir. The dual barrier envelopes shall reduce the risk of a hydrocarbon
leak to the surroundings.

The highest risk for a major accident is experienced and considered to be during drilling
and well operations, and not in the production / injection phase. However, history clearly
shows the risk for a blowout / well release from wells that have been in production with the
Bravo and Snorre A blowouts as serious examples. With today’s extended well lifetime, the
integrity in the operational phase needs increased focus as the failure rate in old wells may
become more frequent.

To have overview and control of the wells in operation a categorization system for well
integrity was developed in Norwegian Oil and Gas Recommended Guidelines 117, chapter
4. This system is based on the condition and number of barriers in a well, thus it is in direct
association with the probability of a leak to the surroundings. Operators on the Norwegian
Continental Shelf have used this system as a basis when developing their own risk status
codes, but there is a common interest for a categorization system that captures the total risk
picture in a better way. By only looking into the physical barrier status of the wells, an
important part of the overall risk is left out. The leak is not quantified (above the
acceptance criteria), if it is serious or insignificant, and the potential consequences of the
leak are not taken into consideration. Statoil is one of the operators realizing the need for a
risk status code that includes these aspects. They have experienced difficulties when
ranking and prioritizing wells outside the dual barrier criterion, and are interested in a
system for further differentiation of the most critical wells. In this way the most risky wells
can be prioritized first and evaluated in a more detailed risk assessment.



The main scope of this thesis is suggesting a categorization system describing the overall
risk in a better way than the existing. This is done by implementing the potential
consequences as a second dimension in addition to the barrier status. Risk can be defined as
the combination of the probability of an event and the associated consequences, and a status
including both these elements will give a better description of the overall risk. As the main
task is producing a new classification system for the consequences, this will be the part
emphasized in the suggested models. In combination with the existing barrier status codes
(based on the color codes in Norwegian Oil and Gas Recommended Guidelines 117 for
Well Integrity) this gives a status which represents a more complete risk picture.

This thesis suggests several systems for consequence categorization, and the one most
representative is presented as model 3. By testing it on 5 field cases, the results clearly
show why the new system gives a better description of the overall risk contra the existing.
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1. INTRODUCTION

The importance of well safety has been recognized and accepted for a long time, and
improvements concerning design and operating procedures have been made. Despite this,
failures still occur and will continue to occur in the future. The gas blowout on the Snorre
tension leg platform in 2004 exemplifies the need for continued focus on well safety.
According to the Petroleum Safety Authority (PSA) the blowout could have resulted in a
major accident with the loss of many lives. Deficient assessment of overall risk and breach
of requirements to well barriers were two of the conclusions drawn from the PSA
investigation (2).

A number of serious well failures in recent years, with the Snorre event in 2004 as a major
contributor, have led to an increased focus on well integrity. In 2006 PSA performed a pilot
well integrity survey on the Norwegian Continental Shelf (NCS). This survey was based on
supervisory audits and requested input from seven operating companies - one of them being
Statoil ASA. 12 preselected offshore facilities and 406 production and injection wells, with
variation of age and development categories, were investigated.

PSA had experienced shortcomings in the industry’s handling of well integrity
management, and the scope of the survey was to analyze how comprehensive the well
integrity problems on the NCS were. Main issues and challenges, especially related to the
barrier status of the wells, should be brought to light.

The common report from the pilot survey showed that the findings and improvements
identified were the same for all the operators, and some of the key results were (3):

e 18 % of the investigated production and injection wells were to some degree
impaired by well integrity issues, including 7 % full shut in. The impairments
clearly represented a generous potential for improvements both to health, safety and
environment (HSE) and production.

e Each company generally needed to improve focus on well integrity issues.

e Well integrity and the dual barrier concept needed common attention from the
industry in order to comply with the regulations, and thereby reducing the potential
for well related accidents.



e Improved attention on verification and monitoring of well barriers was needed.

e There was a need to align with a common way of documenting well integrity within
the industry. The methods for describing the well barriers / envelopes varied in the
industry and even within the same operating company.

The operating companies were positive to the PSA findings, and there was a common
understanding and agreement that well integrity was an arena that required improved
attention.

Based on the findings and identified improvements submitted in the pilot survey report
from the PSA, the operators initiated an operators cooperation forum called Well Integrity
Forum (WIF). WIF has been active since 2007 and is facilitated by Norwegian Oil and Gas
Association and reports to Drilling Managers Forum (DMF). Since 2007 WIF has
developed Norwegian Oil and Gas (NOG) Recommended Guidelines 117 for Well
Integrity.

The NOG Guidelines 117, chapter 4, describes a system for classifying a well based on its
integrity status. Operators benefit from this categorization system as a method of ranking
well integrity for wells in operation, whereas the PSA use it to summarize well integrity
across the entire NCS. A common categorization system also promotes a level of
consistency among the various operators when evaluating the integrity of their wells.

The system principle is based on number of well barriers, thus it has a direct association
with the probability of a leak to surface / environment. However, it does not quantify the
leak (above the acceptance criteria), if it is insignificant or serious or the potential
consequences of the leak. In this way it does not give a total risk picture for the different
wells. For instance, two wells with only one remaining barrier can pose different levels of
risks if one is a high rate gas well on a manned platform whereas the second is a subsea
water injector.

Statoil has developed several systems based on the NOG Guidelines 117, included the
newly implemented system Intetech Well Integrity Toolkit (iWIT), but none of them seems
to capture the total risk picture in a good enough way. Operators, with Statoil in the lead,
and the PSA realize the need for an improved system for well categorization reflecting the
total risk picture for a well in operation and not only the barrier status.

The scope of this thesis will be to describe and evaluate the existing systems for well
integrity well categorization for the operational phase. Improvements for defining risk



status codes and how to perform specific risk assessments for the most critical wells will be
suggested. Hopefully this will contribute to a better way of ranking and prioritizing the
most critical wells with regards to well integrity issues and to an improved understanding
of the risks that can cause undesirable events.



2. THEORY

2.1 Well system description

This chapter will give a short description of the main characteristics of an offshore well in
the operational phase.

2.1.1 Well operational phase

The operational phase of a well is considered to extend from handover of the well after
construction to handover prior to abandonment and is illustrated in figure 1. Handover is
the process of transferring responsibility for operating a well from one party to another,
including both custody to operate and the data and documents which describe the well
construction (4). The operational phase (production / injection) starts after the well
construction organization has handed the well over to the production organization and ends
with a handover back to drilling and well (D&W) organization for intervention, workover
or abandonment (1). Figure 1 shows the cycle of handovers in a well’s lifetime.

Operational
Phase

Figure 1: Well operational phase (4).



2.1.2 Well system

The main components of a well are casing program, well completion, wellhead and x - mas
tree (5):

e The casing program consists of all casings and liner strings, including hangers and
cement.

e The wellhead is the seabed / surface termination of a wellbore with facilities for
installing casing hangers during the well construction phase and for hanging the
production tubing and installing the x - mas tree.

e The x - mas tree is an assembly of valves, pressure gauges and chokes controlling
well flow.

e The well completion is the assembly of tubing hanger, tubing, safety valve,
production packer, and other equipment placed inside the production casing / liner
giving access to the reservoir.

On a surface well the wellhead, x - mas tree and production control system are positioned
on the platform. On subsea wells these systems are located at seabed and the produced
fluids are transported to the platform through a flowline and riser.

All wells contain valves which are constructed to shut in the well in an emergency situation
- emergency shutdown (ESD) valves. These are typically the surface controlled subsurface
safety valve (SCSSV), annulus master valve (AMV), production master valve (PMV) and
production wing valve (PWV). The well safety valves are fail - safe, meaning they will
close when hydraulic pressure or signal is lost. During production / injection they are kept
in an open position, and it is critical that they automatically close in situations when power
or hydraulic support is lost or if a fire occurs (5).

Figure 2 illustrates a typical oil producing surface well.
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2.1.3 Well types

A well in operation may either be a producer or injector. Production wells produce
reservoir fluids, while injection wells are used to inject gas or water into the reservoir to
maintain / increase the pressure.

The production well transports fluids from the reservoir to the process facilities on the
installation. Typical fluids produced are oil, gas, condensate and water. In a naturally
flowing production well the reservoir pressure is sufficient to produce hydrocarbons in a
commercial rate. However, after a period of time the pressure may decrease and it is
required with artificial lift to continue production. Artificial lift is when a system adds
energy to the fluid column in a wellbore with the objective to improve production from the
well. The most common principles used are gas lift and electrical submersible pumps.

In a gas injection well, separated gas from production wells or imported gas is injected into
the upper gas section of the reservoir. Water injection wells use filtered and treated
seawater or produced water to inject into the lower water bearing section of the reservoir.
The main purpose of the injectors is to maintain / increase reservoir pressure in order to get
a higher recovery.

The production and injection wells on the NCS must follow standards, laws and regulations
for well integrity in order to be operated in a safe and legal way. These will be described in
the following chapters.



2.2 Standards, laws and regulations for well integrity in
Norway

A standard is a publication that provides rules, guidelines or characteristics for activities or
their results, for common and repeated use (6).

International (developed by ISO), American (developed by API) and European standards
(developed by CEN) form the basis of all activities in the petroleum industry. Experts from
a wide range of Norwegian companies participate in the development of these, in order to
define safe and economical design and processes. However, Norwegian safety framework
and climate conditions may require own standards, or additions and supplements to
International, (ISO), American (API) and European Standards (EN) (7). The NORSOK
standards are developed to fulfil these needs.

NORSOK D-010 “Well integrity in drilling and well operations” is developed by the
Norwegian petroleum industry to ensure adequate safety, value adding and cost
effectiveness for well integrity in Norway. It is a functional standard and sets the minimum
requirements for the equipment / solutions to be used in a well, but leaves it up to the
operating companies to choose the solutions that meet the requirements. In this way the
companies develop their own sets of requirements and work processes that in minimum
must follow NORSOK D-010. The preparation and publication of NORSOK D-010 is
supported by Norwegian Oil and Gas Association and Federation of Norwegian Industries,
and is issued by Standards Norway.

Figure 3 illustrates that above all standards are the Norwegian laws, regulations and
guidelines which are the overriding requirements to be followed. Petroleum activity in
Norway is based on the “Regulations relating to Health, Environment and Safety in
petroleum activities” (Framework Regulations) issued by PSA. PSA serve as regulator for
technical and operational safety, emergency preparedness and the working environment in
all phases in the petroleum industry. They are subordinate to the Ministry of Labor and
Social affairs as figure 3 shows.

Regarding well integrity aspects the Facilities Regulations (relating to design and outfitting
of facilities in the petroleum activities) and the Activity Regulations (relating to conducting
petroleum activities) are the most important.
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Figure 3: Laws, regulations and guidelines controlling the petroleum industry in Norway and the national
organization of the petroleum sector in Norway.



For the operators on the NCS there is a requirement of having a system in place for
managing the well integrity for the life cycle of all their wells. The intention with this
system is to control and reduce the risk of incidents related to the wells. A well integrity
management (WIM) system is a combination of technical, operational and organizational
processes to assure a well’s integrity (8). A description of elements required in a WIM
system can be found in Norwegian Oil and Gas Recommended Guidelines 117 and is
shown in figure 4. Whereas the Norwegian regulations refer to management systems in
general, the specifics are left to each operator. The NOG Guidelines 117 provides some
minimum criteria for WIM system based on a review of the Norwegian regulations and is
intended as a supplementation to these.

Statoil follows the ARIS management system, which contains a complete set of technical
requirements, guidelines and description of work processes developed for onshore and
offshore facilities engineering, including the well integrity discipline. ARIS describes how
well integrity for the entire life cycle of a well shall be managed; however, the focus in this
thesis is well integrity in the operational phase of a well.

Well
Integrity
Management
System

Figure 4: Elements in a WIM system (8).
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2.3 Well Integrity fundamentals

Well integrity is defined in NORSOK D-010 as:” the application of technical, operational
and organizational solutions to reduce risk of uncontrolled release of formation fluids,
throughout the life cycle of a well”. The primary purpose of well integrity is to maintain
full control of fluids at all times to prevent unintended flow.

2.3.1 Well barrier (WB)

A well barrier (WB) is the corner stone of managing well integrity, and is an envelope of
one or several dependent well barrier elements (WBE). These physical elements do not
prevent flow alone, but form a closed system in combination with others. This system shall
prevent fluids from flowing unintentionally from the formation into the wellbore, another
formation or to the external environment. The well barriers shall be defined before an
activity or operation by identifying the required well barrier elements to be in place, their
specific acceptance criteria and monitoring method (1). This is also impaired in Norwegian
law, in the regulations relating to conducting petroleum activities governed by the PSA.
The Activities Regulations § 85 — Well barriers says (9):

“During drilling and well activities, there shall be tested well barriers with sufficient
independence. If a barrier fails, activities shall not be carried out in the well other than
those intended to restore the barrier. When handing over wells, the barrier status shall be
tested, verified and documented”

Similar is found in The Facilities Regulations § 48 — Well barriers (10):

“Well barriers shall be designed such that well integrity is ensured and the barrier
functions are safeguarded during the well's lifetime. Well barriers shall be designed such
that unintended well influx and outflow to the external environment is prevented, and such
that they do not hinder well activities. When a well is temporarily or permanently
abandoned, the barriers shall be designed such that they take into account well integrity for
the longest period of time the well is expected to be abandoned. When plugging wells, it
shall be possible to cut the casings without harming the surroundings. The well barriers
shall be designed such that their performance can be verified™.
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Primary well barrier is closest to the pressurized reservoir, and is the first envelope that
prevents flow from a source. Secondary well barrier is the second envelope that prevents
flow from a source if the primary fails. A simple sketch illustrating the barrier principle is
shown in figure 5. The main rule states that two independent barrier envelopes against
uncontrolled blowout from reservoirs shall at all times be in place if there are hydrocarbon -
bearing over pressured formations (11). Two defined barriers shall to the extent possible be
independent of each other without common barrier elements (12). Wells with no source of
inflow / reservoir shall as a minimum have one mechanical well barrier (1).

The well barriers shall be designed, selected and constructed with capability to (1):

e Withstand the maximum differential pressure and temperature it may become
exposed to (taking into account depletion or injection regimes in adjacent wells).

e Be pressure tested, function tested or verified by other methods.

e Ensure that no single failure of a well barrier or WBE can lead to uncontrolled flow
of wellbore fluids or gases to the external environment.

e Re - establish a lost well barrier or establish another alternative well barrier.

e Operate competently and withstand the environment for which it may be exposed to
over time.

e Determine the physical position / location and integrity status at all times when such
monitoring is possible.

e Be independent of each other and avoid having common WBEs to the extent
possible.

An addition to the dual barrier principle seen in figure 5 is the requirement of a double
block when the barrier element is in contact with the external environment. Valves in
contact with the external (e.g. x - mas tree and annulus access valves) need to be in series of
two preventing hydrocarbons from escaping the well.
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Secondary barrier

Primary barrier

* .. Hydrocarbons

Figure 5: Dual barrier principle.

2.3.2 Well barrier element (WBE)

For a well barrier element to be considered operational, it should be verified and
maintained through regular testing and maintenance. The location and integrity status of
each well barrier element should be known at all times (11).

For a well in operation, the primary well barrier envelope typically constitutes the
following well barrier elements (4):

e Cap rock above reservoir.
e Casing cement.

e Casing.

e Production packer.

e Tubing.

e SCSSV.

The secondary well barrier typically constitutes the following well barrier elements (4):

e Formation above production packer.
e Casing cement.
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e Casing with hanger and seal assembly.

e Wellhead with valves.

e Tubing hanger with seals.

e Annulus access valve / line.

e X -mas tree with valves and x - mas tree connection.

The main WBEs for the operational phase are further described (function and failure mode)
in appendix A.

2.3.3 Well barrier schematic (WBS)

A well barrier schematic (WBS) is a static illustration of the well and its main barrier
elements, where the primary and secondary well barrier elements are marked with different
colors. One of the PSA findings from the spring 2006 well integrity audit was the
requirement for the creation of WBS for the operational phase of each individual well on
the NCS. Each operating company worked to fulfil this requirement, and used the WBS
presented in NORSOK D-010 as a basis.

There shall be a well specific WBS for any planned drilling or well operation, for each
operational phase and where there is a change to barrier envelope. The WBS shall describe
planned position and method of verification for each well barrier element, since the actual
position and status of the barrier / barrier element shall be known at all times. Any
deviations or changes to the status shall be reflected in an updated schematic (12).

NORSOK D-010 describes when a new WBS should be made:

e When a new well component is acting as a WBE.

e For illustration of the completed well with x —mas tree.
e For recompletion or workover on wells.

e For final status of permanently abandoned wells.

NORSOK D-010 also describes what information the WBS should contain:

e A drawing illustrating the well barriers, with the primary well barrier shown with
blue color and secondary well barrier shown with red color.
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e The formation integrity when the formation is part of a well barrier.

e Reservoirs and potential sources of inflow.

e Tabulated listing of WBESs with initial verification and monitoring requirements.

e All casings and cement. Casing and cement (including TOC) defined as WBEs
should be labelled with its size and depth (TVD and MD).

o Well information: field / installation, well name, well type, well status, well /
section design pressure.

¢ Revision number and date, “Prepared by”, “Verified / Approved by”.

e Clear labelling of actual well barrier status — planned or as built.

e Any failed or impaired WBE to be clearly stated.

e A note field for important well integrity information (anomalies, exemptions, etc.).

Well barrier schematics shall contain tables showing the WBEs that are found as primary or
secondary barriers. A typical production well WBS from NORSOK D-010 with indicated
WABEs and envelopes is illustrated in figure 6. The blue line indicates the primary barrier
and includes cap rock, casing cement, casing, production packer, completion string and the
SSCSV. The red line envelope indicates the secondary barrier and includes the formation at
the intermediate casing, casing cement, casing, wellhead, annulus valves, tubing hanger and
production tree with connectors and valves.

Through this kind of illustration it is possible to verify the status of the barriers and identify
issues. Future operation of the well is greatly dependent on these assessments and control
and monitoring may be planned based on the schematics. Therefore it is very important that
the WBSs are updated and quality checked at all times, especially during handovers.
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Figure 6: WBS for a typical production well (1).
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2.3.4 Well barrier element acceptance criteria

Well barrier element acceptance criteria are technical and operational requirements and
guidelines that need to be fulfilled in order to qualify the WBE for its intended use. These
criteria could be leak rates, time to valve closure, fail - safe specification; etc. (4).Well
barrier element criteria shall be in place for all WBEs used, and NORSOK D-010 has
collated them in an element acceptance criteria - table (EAC - table). This table contains the
minimum standards to be fulfilled, and does not replace the technical and functional
requirements that the operating company specify for the equipment. Table 1 shows an
example of a general EAC - table, and section 15 in NOROSK D-010 describes the criteria
for each WBEs used throughout the lifecycle of a well. Appendix B in this thesis contains
an excerpt from this, showing the most common WBES during the operational phase.

Table 1: General EAC - table (1).

Features Acceptance criteria See
A. Description This is a description of the WBE
B. Function This describes the main function of the WBE
C. Design (capacity, | For WBEs that are constructed in the field (e.g. drilling fluid, cement), this Name of
rating, and should describe specific
function), a) design criteria, such as maximal load conditions that the WBE shall | references
construction and withstand and other functional requirements for the period that the
selection WBE will be used,

b) construction requirements for the WBE or its sub-components, and
will in most cases consist of references to normative standards.
For WBEs that are pre-manufactured (production packer, DHSV), the focus
should be on selection parameters for choosing the right equipment and
proper field installation

D. Initial test and This describes the methodology for verifying the WBE being ready for use

verification and being accepted as part of a well barrier

E. Use This describes proper use of the WBE in order for it to maintain its function
during execution of activities and operations

F. Monitoring This describes the methods for verifying that the WBE continues to be intact

(regular and fulfils the design criteria

surveillance, testing
and verification)

G. Common WBE This describes additional criteria to the above when this element is a
common WBE

In general the acceptance criteria for leaks through seals that are defined as barrier elements
are zero (unless specified otherwise in the EAC) to have a qualified WBE. However, in
reality it would be impossible to maintain a zero rate of leakage under all circumstances
and as time goes by. Acceptable leak rates shall satisfy at least all the following acceptance
criteria (4):
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e Leak across a valve, leak contained within the envelope or flow path: requirements
in ISO 10417 need to be fulfilled (13).

e Leak across a barrier envelope, conduit to conduit: not permitted unless the
receiving conduit is able to withstand the potential newly imposed load and fluid
composition.

e No leak rate from conduit to conduit exceeding the leak rate specified in 1ISO 10417
/ API RP 14B { (13), (14)}.

e No unplanned or uncontrolled leak of hydrocarbons to the surface or subsurface
environments.

API RP 14B (bullet point 3) states acceptance criteria for leakage rate through a closed
subsurface safety valve system (14):

e 0.4 liters / min for liquid.
e 0.42 m3 / min for gas.

Statoil uses the API RP 14B criteria for all their WBEs. Leakage rates below these criteria
have been assessed to have acceptable and manageable consequences. However, a leak
directly to the external environment (seabed, surface) is not acceptable, and there is a zero
rate requirement.

From a leakage rate perspective a WBE can be failed, degraded or intact. The term failed is
used when the WBE is leaking above the acceptance criteria, degraded when there is a leak
below the acceptance criteria and intact when there is no leak through the barrier element.

2.3.5 Well barrier element testing

There are different tests to verify and monitor the WBEs, and these are described in the
bullet points in this section (4):

e Verification testing is a check whether a component meets its acceptance criteria,
and includes (but is not limited to) function testing and leak testing.

e Function testing is a check to whether or not a component or system is operating
correctly. For example, the function test of a valve indicates that the valve opens
and closes correctly. It does not provide information about possible leaking of the
valve.
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e Leak testing is the application of differential pressure to assure the integrity of the
sealing system of the component. This can either be done by pressure or inflow
testing.

e Pressure testing is the application of a pressure from an external source (hon-
reservoir pressure) to assure the mechanical and sealing integrity of the component.

e Inflow testing uses the tubing or casing pressure to perform leak testing of for
example a valve. The valve that is tested is closed, the pressure downstream of the
valve is reduced to create a pressure differential across the valve, and the volume
downstream is monitored for a pressure increase that indicates a leak.

2.3.6 Verifying well barriers

Initial verification involves verifying the different WBEs being ready for use and accepted
as a part of the well barrier.

Initial verification of a well barrier shall be performed directly after it has been constructed
or installed, and the function and integrity shall be verified by means of (12):

e Leak testing by application of differential pressure.
e Function testing of WBEs that require activation.
e Verification by other specified methods.

Re - verification of a well barrier shall be performed when (12):

e The condition of the barrier could have been changed since the initial / previous
testing.

e There is a change in worst case loads / well design pressure (WDP) for the
remaining life cycle of the wells.

WDRP is the highest pressure expected at surface / wellhead and shall be established based
on reservoir pressure minus the hydrostatic pressure of gas plus kill margin, or maximum
injection pressure for injection wells (1).
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2.3.7 Monitoring well barriers

Well barrier integrity during the production life of the well is monitored by registration of
annulus pressure and frequent leak testing of WBEs.

NORSOK D-010 specifies the following requirements:

e Downhole safety valves, production tree valves and annulus valves shall be
regularly leak tested. Leak test acceptance criteria shall be established and available.

e The pressure in all accessible annuli shall be monitored.

e Registered anomalies shall be investigated to determine the source of anomaly and
if relevant, quantify any leak rate across the well barrier.

e Upon confirmation of loss of the defined well barrier, the production or injection
shall be suspended and shall not re - commence before the well barrier or an
alternative well barrier is re - established.

NORSOK D-010 states that pressures in all accessible annuli shall be monitored and
maintained within minimum and maximum operational pressure range limits. Well
parameters such as temperatures and rates shall also be monitored to give a correct picture
of pressure trends and identification of abnormal pressure behavior. Any change of annulus
pressure, increase or decrease, can be indicative of an integrity issue. The well operating
pressure limits should be based on the specifications of the components that make up the
well. Any changes in well configuration, condition, life cycle phase or status requires the
well operating limits to be checked and potentially updated.

The maximum allowable annulus surface pressure (MAASP) is the greatest pressure that an
annulus is permitted to contain, as measured at the wellhead, without compromising the
integrity of any barrier element or exposed formation. MAASP shall be determined for each
annulus of the well, and the calculations documented (4).

There are three types of annular pressure that can occur during the well’s life cycle (8):

e Imposed annulus pressure: pressure applied to an annulus by operator as part of
the well operating requirements; typically this can be gas lift in the A - annulus.

e Thermally induced annulus pressure: pressure created by thermal changes
occurring within the well.

e Sustained annulus pressure (SCP): pressure in any well annulus that is
measurable at the wellhead and rebuilds when bled down, not caused solely by
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temperature fluctuations or imposed by the operator. SCP can arise for a variety of
causes, including degradation or failure of well barriers.

A bleed - down / build - up test performed on the annulus is one method to confirm the
nature of the pressure source, and the well operator should establish a procedure for
conducting these tests (11). When the temperature and flow rates are stable, the annuli
pressures should also be stable. Abnormal pressure changes (SCP) may indicate a failure in
the barrier envelope, such as a leakage.
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2.4 Loss of Well integrity

2.4.1 Major accidents on the NCS

The Bravo oil and natural gas blowout in 1977, West Vanguard shallow gas blowout in
1985 and the Snorre A gas blowout in 2004 seen in figure 7 are some examples on major
accidents on the NCS. These are the main drivers for the current focus on well integrity in
the industry.

Qil and
natural
gas blowout
blowout

Uncontrolled

Common

Gas leak factor?

Snorre A%200

Figure 7: Major accidents on the NCS.

2.4.1.1 Bravo blowoutin 1977

On April 22, 1977, well B-14 on the Bravo production platform in the Ekofisk field
experienced an oil and natural gas blowout during workover. It resulted in the worst oil
spill in Norwegian history, and seven days passed before the well was killed. An amount of
202 380 barrels of oil escaped in an estimated rate of 1170 barrels per hour. Fortunately,
none of the 112 crew members were injured (15).
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2.4.1.2 West Vanguard blowout in 1985

A shallow gas blowout occurred on 6 October 1985 while the rig was drilling an
exploration well on the Halten Bank in the Norwegian Sea. The gas flowed up the topside
and ignited causing an explosion which killed one person and caused great material
damage. Afterwards the industry implemented a number of measures to reduce the risk of
shallow gas blowouts. One of the main measures was to drill a pilot borehole in order to
maintain better control when encountering shallow gas pockets (16).

2.4.1.3 Snorre A blowout in 2004

On 28 November, 2004, an uncontrolled situation occurred during preparation for drilling a
sidetrack in well P-31A on the Snorre A facility. The situation developed into an
uncontrolled gas blowout on the seabed, resulting in gas under the facility. The PSA
characterized this incident as one of the most serious to occur on the NCS. This is due to
the potential of the incident, as well as comprehensive failure of the barriers in planning,
implementation and follow - up of the work on well P-31A. Only chance prevented a major
accident with the danger of loss of many lives, damage to the environment and loss of
material assets. Under slightly different circumstances the incident could have resulted in
ignition of the gas as well as buoyancy and stability problems. Surveys on the seabed after
the incident revealed several large craters near the well template and near the fastening
anchors for the Snorre A platform { (17), (2)}.

2.4.2 What are the major accident risks during the operational phase
of the well?

The common factors from the accidents mentioned above were integrity issues resulting in
barrier failure and hence a blowout. However, none of them occurred during the operational
(production) phase of the well, but when the D&W organization had the operating
responsibility. Some may ask why there needs to be such a focus on blowout risk during
production, as blowouts have never occurred during the operational phase of the wells on
the NCS.
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Although the probability of an uncontrolled blowout during production is very low, the
potential consequences of such an event would be catastrophic. Blowouts in the operational
phase outside Norway illustrate that it is not an unimaginable event. The wells on Bravo
and Snorre A had both been in production before they were handed back to D&W for a
well operation, and the barrier status could have been changed before the handover. This
would have given a better description of the risks before any work was started in the well,
and the situation potentially avoided. The handover between the organizations is therefore a
critical part. In case the barrier status has changed, the handover documentation must be
updated to reflect the status and associated risk making the new owner aware of the
changes.

Because of the possibility of extended profitable production beyond the assumed design life
of wells (due to high oil prices, increased recovery and governmental incentives) well
integrity in the operational phase is of major importance. Life extension may result in more
frequent failures involving leakages to the surroundings which can have huge
consequences.

There can be two types of leakages in the well during production, explained by dividing
them into “internal” and “external”. Leakages through SCSSV or x- mas tree valves are
categorized as “internal” and there is a bleed off possibility via flowline to a closed
production system. There are in addition several valves (not considered to be a part of the
WBES) after the PWV which can be used to shut in the well if there is a leak into the
flowline system. “External” leakages are leakages outwards in the well through tubing,
casing, cement, formation or x- mas tree / wellhead, and are considered the worst. This is
due to potential of getting uncontrolled flow of hydrocarbons to seabed or in worst case
scenario - all the way up to the platform. Compared to the “internal”, “external” leakages
will be much more challenging to repair involving time consuming and costly interventions
/ workovers. Possible leak paths to the surroundings are shown in figure 8 where four
scenarios are illustrated:

1. Internal leakage due to failure of SCSSV and x-mas tree valves. Bleed off
possibilities via flowline to closed systems.

2. External leakage into overlying formation — a buffer zone. The leakage is trapped in
the formation, and will not cause any further fracturing.

3. External leakage into the overlying formation. The formation cannot take the
increased pressure, and the leak will cause fracturing all the way up to seabed.
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4. External leakage through x-mas tree / wellhead resulting in hydrocarbons reaching
surface (platform wells) or seabed (subsea wells).

The two last scenarios are considered worst as you get a release of hydrocarbons to sea /
installation.

Sea bed

Figure 8: Possible leak paths.

Potential consequences of uncontrolled flow of hydrocarbons to sea or installation are:

e Blowout / well release.

e Fire/explosion.

e Washout of foundation.

e Stability and buoyancy problems.

A blowout is an incident where formation fluid flows uncontrollably out of the well due to
the failure of well barriers or the activation of the same has failed. A well release is an
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incident where oil or gas flows from the well from some point where flow was not
intended, and stopped by use of the barrier system that was available in the well at the time
the incident started. It is not a continuous flow like a blowout, but the hydrocarbons are
released in one portion. During a blowout / well release the formation at seabed can be
washed out potentially causing stability problems for the platform or damage on other
structures at seabed. There will also be a major risk of a fire / explosion if a certain amount
or concentration of gas reaches the installation. A major gas release may also cause stability
and buoyancy problems for floating production units.

2.4.3 Well integrity issues

Well integrity can easily be defined as a condition of a well in operation that has full
functionality and two qualified well barrier envelopes. Any deviation from this state is a
minor or major integrity issue. Common issues are often related to leaks in tubular or
valves, but can also be related to reservoir issues as loss of zonal control (18). Typical
failure modes are shown in figure 9. If a well barrier has failed the only action that that can
take place in a well is to restore the failed barrier. This is impaired in the Activities
Regulations § 85. In some cases the well barrier can be redefined and production continued.
If redefinition of the barrier envelope is not possible, the well has to be shut in to avoid
further escalation and damage. Shutting in a well means to close one or several valves in
the well stopping further production / injection. In some special cases shutting in a well
because of an integrity issue can do more harm than continued production / injection. This
is due to the high pressure that can build up in the well from the reservoir.

Loss of well integrity is either caused by mechanical, hydraulic or electrical failure related
to the well components, or by wrongful application of a device. The corrective actions are
often costly and risky, and losses due to production / injection - stop may be very high (18).
Any factor that leads to a functional failure is a loss of well integrity. The challenge is to
define all possible scenarios and this is where the crucial part of risk assessment comes into
play. For successful delivery of well integrity there needs to be an understanding of the
risks that can cause undesirable events. Performing a risk assessment on a well will help
determine and rank the potential risks, and increase the understanding of the potential
negative consequences that may result from specific problems a well may have or develop.
The operators can use this information to reduce risk in the operational phase and minimize
potential well integrity issues. This will be the topic in the next chapters.
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Figure 9: Typical modes of well failure (4).
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2.5 Risk fundamentals

The most common way to see risk is as the opposite of safety, and it can be defined as the
combination of consequences of an event and the associated likelihood of occurrence of the
event. Risk management includes all measures and activities carried out to manage risk,
and it deals with balancing the conflicts inherent in exploring opportunities on the one
hand, and avoiding losses, accidents and disasters on the other (19). In the safety field
however, it is generally recognized that consequences are only negative and therefore the
management of risk is focused on prevention and mitigation of harm. 1ISO 31000 defines
risk as “effect of uncertainty on objectives”. This uncertainty is associated with the event
(which may or may not happen) and the outcomes of the event (20). Since risk relates to
future happenings there will always be a lack of knowledge ruling. In well integrity, the
most serious event potentially caused by well component failures is obviously a leak of
hydrocarbons to surface, and the consequences can be huge.

Risk can be related to losses compromising:

o Safety.

e Environmental damage.
e Asset damage.

e Negative public image.

Well barriers are used to prevent leakages to surface and hence reduce the risk of blowouts
and well releases. The main objectives of a well barrier are to:

e Prevent any major hydrocarbon leakage from the well to the external environment
during normal production / injection.

e Shut in the well on direct command during an emergency shutdown situation and
thereby prevent hydrocarbons from flowing from the well.
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2.5.1 Risk assessment

NORSOK D-010 states that if a well barrier is degraded, a risk assessment should be
performed and the following considered (1):

7. Communication and consultation

h
y

Cause of degradation.

Potential of escalation.

Reliability and failure modes of primary WBEs.
Availability and reliability of secondary WBEs.

Outline plan to restore or replace degraded well barriers.

'

1. Establishingthe context |

| R 5. Establishing the

[ R 8. Risk evaluation <

v

Risk analysis
v

2. Hazard identification

v ¥

R 3 Analysisof || R 4. Analysis of
{potential) (potential)
Initlating events consequences

Y

rick picture

8. Monitoring, review and update

Figure 10: The risk assessment process (21).
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Risk assessment provides a basis for decisions about the most appropriate approach to be
used when treating risks and prioritize them. It is the overall process of risk analysis and
risk evaluation, and is illustrated in figure 10 (21).

Risk analysis is about developing an understanding of the risks, and shall identify potential
hazards and hazardous events. A hazard is a potential source of harm, like for example a
well component failure. A hazardous event occurs when the hazard’s potential to cause
harm is realized, for example a leak of hydrocarbons to surface (22). The main objective of
risk analysis is to identify the hazardous events, and find the causes (hazards) and potential
consequences of these events. Based on the outcome from the analysis a risk evaluation
about which risks need treatment and the priority for treatment implementation is made.
This is the other crucial part of the risk assessment process. NS 5814 defines risk evaluation
as: “A comparison of the results of a risk analysis with the acceptance criteria for risk and
other decision criteria”. Further NS 5814 defines acceptance criteria as: “Criteria based on
regulations, standards, experience and knowledge used as a basis for decisions about
acceptable risk” (23). In the operational phase of a well the risk analysis should illustrate
the changes in risk resulting from an integrity issue, and the evaluation should conclude
whether this change is acceptable or not.

'—-I Establishing the context |'—~

Risk assessment

Risk identification

S Monitoring
Communication : .
and Risk analysis and
consultation review
1 Risk evaluation [
‘—ﬁl Risk treatment |.—~

Figure 11: Risk assessment is an input to the decision making process of the organization (24).
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As seen from figure 11 the output from the risk assessment is an input to the decision -
making process of the organization, and helps the responsible parties on how to treat the
risks. Risk treatment involves selecting and agreeing on relevant options for changing the
probability of the event, the consequences of the event, or both, and implementing these
options. Thus, based on the risk picture, different measures are introduced to change the
risk (24).

Different types of techniques are used to assess the magnitude of a well integrity issue, but
in general a standard risk assessment typically involves (4):

¢ Identification of hazards.

¢ Identification of hazardous events.

e Cause analysis of the event.

e Determination of potential consequences.

e Determination of the probability of the event occurring.

e Determination of the magnitude of the risk based on the combined effect of
consequences and probability of occurrence.

The assessment of any well failure related event is normally done by constructing a risk
assessment matrix. Here the magnitude of the risk can be categorized or ranked based on
the combined effects of consequences and likelihood of occurrence.

Failure modes, effects and criticality analysis (FMECA) can also be used to determine well
integrity risk. It is particularly useful in establishing the types of component failures that
can occur, the effect on the well barrier envelope(s) and the likelihood of such failures
occurring. Detailed risk assessment methods and techniques can be found in ISO 17776,
ISO 31000 and ISO 31010. The two mentioned above plus a more comprehensive analysis
for system reliability will be discussed in more detail in the next section.
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2.5.2 Risk assessment techniques for well integrity

For analyzing well integrity issues, a qualitative risk assessment approach is best suited, as
it makes the process significantly easier. Operating companies typically do not record or
maintain accurate records of the number of and types of actual well component failures that
have occurred over time. Also the sharing of such data within the industry is generally
lacking, thus makes it hard to produce a numerical value (quantitative value) of risk level.
However, using a qualitative approach relies heavily on the experience and knowledge of
the participants, and is therefore subjective in nature. To deliver a thorough and consistent
qualitative assessment, it is important to have participation from experienced and
knowledgeable team members from a variety of disciplines and backgrounds. In this
section some examples on qualitative risk assessment techniques for well integrity will be
described.

2.5.2.1 Risk matrix

A risk matrix is made by combining the probability and consequence of an event to produce
a level of risk in the means of risk rating. In the well integrity aspect a matrix can be used
to decide whether the integrity issue poses an acceptable level of risk or not. It is relatively
easy to use, and provides a rapid ranking of risks into different significance levels. The
format of the matrix and the definitions applied to it depend on the context it is used in, and
it is suited to evaluate risks related to single activities, tasks or scenarios. It is commonly
used as a screening tool when many risks have been identified, to define which need further
and more detailed analysis, treatment first or a higher level of management. It also helps
communicate a common understanding for qualitative level of risks across the organization
(24).

The consequence scale should cover the range of different types of consequences to be
considered, for example relating safety, financial loss, environment, reputation or other
parameters depending on the context. Definitions of probability need to be selected to be as
unambiguous as possible, and the scale should be constructed in the way that the lowest
probability must be acceptable for the highest defined consequence (24).
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Figure 12 shows an example of a matrix with consequence (impact) on one axis and
probability (likelihood) on the other. The risk levels assigned to the cells will depend on the
definitions for the probability / consequence scales. The matrix is usually separated into
three regions as follows (21):

e High risk (red): Not acceptable. Risk reduction, high management attention or more
detailed assessment is necessary.

e Medium risk (yellow): Risk reduction based on the ALARP principle.

e Low risk (green): Broadly acceptable risk.

ALARP expresses that the risk shall be reduced to a level that is as low as reasonably
practicable. The term reasonably practicable implies that the risk reducing measures shall
be implemented until the cost (in a wide sense, including time, capital cost or other
resources / assets) of further risk reduction is grossly disproportional to the potential risk
reducing effect achieved by implementing any additional measures { (21), (19)}.

Impact
category

Likelihood

Figure 12: Standard risk matrix (21).
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2.5.2.2  Failure modes, effects and criticality analysis (FMECA)

The main method for failure identification is the failure modes, effects and criticality
analysis (FMECA). This is a simple method to reveal possible failures and to predict the
effects on a system as a whole. Figure 13 shows a system made up of several components /
elements. The analysis is carried out by asking questions for each component (19):

e \What is the function?
e Failure modes?
e Effect on the system?

System

Component of
system

Figure 13: System with several elements.

In a well integrity context, failure modes of the well barrier elements and how these affect
the barrier envelopes is described in a FMECA.

The primary output from the analysis is a list of failure modes, the failure mechanisms
(cause) and effect on the system as a whole. It should also include a rating of importance
based on the likelihood that the system will fail, and the level of risk resulting from the
failure mode. Failure modes for a valve as an example may be fail to close, fail to open or
leakage in closed position. Failure mechanisms describe the causes and may be physical
(e.g. corrosion, erosion, fatigue) or human errors. The effect on the barrier envelope may be
classified as safe or dangerous (18). A FMECA worksheet is shown in table 2.
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Table 2: FMECA worksheet (18).

Description of item Description of failure

Effect of failure

Ref. Function Operational Failure Failure cause | Detection of
no mode mode or mechanism failure

One
subsystem

the

On  the
overall
system

Failure
rate

Severity
ranking

Risk
reducing
measure

Comments

A weakness of the FMECA is that it may have too much technical focus, whereas human
failures are often overlooked. It is also unsuitable for analyzing systems with much
redundancy, as it only looks in to single failure modes and not combination of component
failure. FMECA gives a systematic overview of failures in the system, and is a good basis
for more comprehensive assessment such as a fault tree analysis. It detects the weaknesses

of the system as a result of individual component failure { (24), (19)}.

2.5.2.3  Fault tree analysis (FTA)

A fault tree analysis (FTA) is as mentioned a more comprehensive assessment used to
analyze system reliability, and the main purpose is to explain why a system failure can
occur. In a well integrity context, the system failure may be “Leakage to environment”, and
is called the TOP event of the fault tree. The causes of the TOP event are identified and
combined by logic gates. Fault tree construction is a deductive approach, as it iteratively
asks what type of events (component failures) that may result in the system failure. A fault

tree compromises (18):

e The TOP event: This is a precise description of the system failure, and should
describe what the system failure is (for example leakage to surface), where the
failure occurs or is observed (for example the wellhead) and when the failure may
occur (for example in the operational situation). The TOP event may be described as
“Leakage to environment through the wellhead during normal production”.

e OR and AND gates: A fault tree applies two main types of logical gates, OR and
AND gates. When using an OR gate the output event occurs when one or more of
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the basic (input) events occur. When using an AND gate the output event occurs
when all the basic (input) events occur at the same time.

e Basic events: Represent the lowest level of events (component failures, external
events) that may initiate the development of a system failure. The events in a fault
tree are described in rectangles, and for basic events, a circle is drawn beneath the

rectangle. A triangle is used when the event needs further development on a
different page / tree.

The different elements can be seen in figure 14.

OR gate: output event happens if at least one of the
input events happens

AND gate: output event happens if all of the input
events happen

Events which are further analysed

Events that need further development on a
different page /fault tree

Basic events

N R

Figure 14: Elementsin a FTA.

An example of how to construct a fault tree is described in the compendium “An
introduction to well integrity” (18), and will now be presented:

The FTA always starts with the TOP event, and for well integrity this will as mentioned
usually be “Leakage to surroundings”. The fault tree is then developed step by step from
the TOP event by repeatedly asking “How can this event happen?” This is answered by
identifying all possible places the leakage can come out, and then do a further analysis of
each and every flow path.
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As seen from figure 15, there are ten different arrows (representing flow paths) that can
cause a leakage to surroundings. If at least one of the flow paths is leaking, the TOP event
will happen. This means that there is an OR relationship. The triangles beneath the
rectangles indicate that the fault tree is not completed and that a further evaluation of the
event is needed on a separate page.

Leakage to the
surroundings

A

[ I I | |

Leakage
flow path 1

Leakage
flow path 2

Leakage
flow path 3

Leakage
flow path 4

Leakage
flow path 10

Figure 15: Fault tree representing leakage flow paths (18).

Figure 16 shows the start of a separate fault tree constructed for flow path 6 as an example.
To have a leakage through this flow path the wellhead must be leaking and there must be
flow to the wellhead. The event “Flow into wellhead” needs further development and is
therefore marked with a triangle. The basic event “Leakage from wellhead” is marked with
a circle that has a code for abbreviation, hence WHL for “Wellhead leak”. The event “Flow
into wellhead” is developed further in figure 17. Fault trees for the other nine flow paths
can be constructed in the same way, and combining them would give the final result
showing all the failure modes.

a Leakage
flow path 6

.

I

]

Flow into

Wellhead

Leakage
from Wellhead

o

)

Figure 16: Fault tree for leakage flow path 6 (18).
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ﬁ Leakage
flow path 6

a

Flow into Leakage
Wellhead from Wellhead
AlC
[ |
Leakage Leakage tubing Leakage out
prod. packer below DHSV of tubing

above DHSV
[ 1

Leagage through| | Leakage tubing
the DHSV above DHSV

@5‘9 TLAD

Figure 17: Fault tree showing the event “Flow into wellhead” (18).

A complete fault tree shows all failure combinations or causes that lead to a specified
failure or dangerous situation. These combinations are referred to as “cut sets”, and is a set
of basic events whose (simultaneous) occurrence ensure that the TOP event occurs. If not
all the basic events of the minimal cut set occur, the top event fails to happen (19).

The minimal cut sets related to the event “Leakage flow path 6” in figure 17 are:

e {WHL,PPL}: wellhead is leaking AND production packer is leaking

e {WHL, TLBD}: wellhead is leaking AND the tubing below DHSV is leaking

e {WHL, DHSV, TLAD}: wellhead is leaking AND the DHSV (SCSSV) is leaking
AND the tubing above the DHSV is leaking.

The fault tree construction is based on a very simple and logical procedure, and is therefore
suitable for brainstorming sessions involving people that have not been trained in fault tree
construction. Pictorial representation leads to an easy understanding of the system behavior
and the components included, but as the trees are often large the processing of them may
require computer systems. As they may become big and consist of many pages, it can be
easy to lose oversight, and they are time consuming to create. However, the logical analysis

38



of the trees and the identification of cut sets, are useful in identifying failure pathways in
complex systems. Unlike the FMECA, human errors can also be included in the FTA.

2.5.2.4  Statoil's compliance and leadership model

Statoil’s compliance and leadership model seen in figure 18 is an easy and understandable
method of performing a risk assessment before a work task. The advantage of the model is
its comprehensibility to most people who may not be that familiar to the risk assessment
discipline and complex analysis methods. It describes how to plan, execute, evaluate and
learn from any task, and compromises five steps denoted the “A- standard” (25).

Compliance and Leadership Model

T

A-standard:
How we execute Evaluate
tasks

Identify and
understand
requirements

Understand result

task and risk

Manage Execute
risk task Extract
learning

* Communicate how we work when we execute tasks

» Be a role model in your interaction with others

* Train, observe, follow up and guide your group when using the model
to ensure effective collaboration
Leadership

Figure 18: Statoil’s compliance and leadership model (25).

The three first steps are related to planning. Identification of risk (step 1) and risk handling
(step 2 and 3) are strongly emphasized in the A-standard. A correct and shared
understanding of the task is a precondition for identifying and handling risk. Beneath is a
general description of each step in the model (25):

Step 1: Understand the task and risk: Ensure a shared understanding of the delivery, the
sub - tasks that must be performed, the purpose of the task, necessary relationships
(context) and risk associated with executing the task. Identify knowledge and experience
that may contribute to understanding of the task, its risks and effective execution.
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Step 2: Identify and understand requirements: Identify and develop a shared understanding
of relevant requirements for the task. Most tasks are subject to specific requirements in the
ARIS management system.

Step 3: Manage risk: Evaluate whether the identified requirements are adequate for
managing the risks involved. Determine how identified risks not addressed by the
management system shall be managed.

Steps 1-3 result in a plan for how to execute the task.

Step 4: Execute task: Assess and manage changes in risk and assumptions continually while
executing the task.

Step 5 Evaluate result. Extract learning: Assess progress, gaps, experience and learning.
Propose improvements and share best practice.

The compliance and leadership model can be used for every work task in Statoil. In a well
integrity context the work task will be related to evaluating whether a well with integrity
issue is within the requirements for acceptable risk.

After many incidents in relation to well integrity, more focus has been directed towards risk
assessment of wells in operation. As mentioned there are several methods and techniques,
and the degree of complexity and time effort varies. In response to the industry and
regulatory interest a simple system for risk categorizing a well based on its integrity status
was developed by WIF in the NOG Recommended Guidelines 117. This system describes
the barrier status of the wells, and hence says something about the probability of a leak to
the surroundings. The operators on the NCS have used this as a basis for developing their
own well categorization systems in order to rank their wells with regards to risk. However,
they have not yet managed to find a system which captures the total risk picture in a good
enough way. In the next chapters different well categorization systems developed will be
described, starting with the basis in the NOG Guidelines 117.
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2.6 Well integrity categorization of wells in operation with
regards to risk

The PSA’s pilot well integrity survey in 2006 revealed that the industry needs to increase
focus on barrier philosophy. Control of barrier status is an important HSE factor to avoid
major incidents caused by leaks and well control situations. The 2006 survey included the
operators on the NCS and PSA selected new and old facilities, platform and subsea wells,
injection and production wells from north to south of the NCS. Seven selected operating
companies (included Statoil ASA) received an audit notification from PSA and were
requested to provide status of well integrity issues for 12 preselected offshore facilities and
406 wells. The scope of the audit was to analyze how comprehensive the well integrity
problems on the NCS were, and identify the main issues and challenges { (26), (3)}.
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Figure 19: Number of wells with well integrity issues and category of barrier element failure (26).

Based on input from 21 percent of the active wells on the NCS, the survey formed a basis
for an evaluation of well integrity status on the NCS. Figure 19 shows the number of wells
with well integrity issues, and illustrates the category of barrier element failure. Most of the
integrity problems were within barrier elements such as tubing, annulus safety valves
(ASV), casing, cement and wellhead. Table 3 shows that 7 percent of the wells were shut -
in because of well integrity problems, and that 9 percent of the wells were working under
exemptions { (3), (26)}.
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Table 3: Well integrity impact (A, B, C) for production and injection wells (26).

Well-Integrity Impact (A,B,C)
Total Number B: Working C: Insignificant Deviation
of Wells A: Shut In Under Conditions for Current Operations
Production 323 18 22 8
Injection 83 10 16 1
Total 406 28 (T%) 38 (9%) 9 (2%)

The survey concluded that the need for having a 100 percent control of barrier status at all
times is of utmost importance to eliminate potential risks. A well - known status code
enables the companies to rank their wells with regards to well integrity, and take the right
actions in a proactive manner before any major losses.

2.6.1 Norwegian Oil and Gas (NOG) Recommended Guidelines 117 for
Well integrity

In response to the findings from the 2006 survey WIF developed a system for classifying a
well based on its integrity status. The system is described in NOG Recommended
Guidelines 117, chapter 4 - Well integrity well categorization (8). The intention with this
well categorization was to help the operators finding a system to rank and prioritize their
wells. PSA could also use the results to summarize the well integrity across the entire NCS.

It was decided that WIF should work on a Norwegian oil industry recommendation that
would focus on wells in the production phase. Furthermore, it should be kept simple with
only 3 - 4 categories. With the feedback from DMF and PSA, WIF was able to propose a 4
category, traffic light system based on the double barrier principle. The Guidelines 117
presents these 4 resultant categories, summarizes the basis of each and one and provides
examples in effort to promote a common understanding of each category for the end user.
The system is intended for categorization of all well types that are in operation, shut in,
suspended or temporarily abandoned.
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The well integrity categorization is based on the double barrier philosophy that is outlined
in the regulations and NORSOK D-010:

“There shall be two well barriers available during all well activities and operations,
including suspended or abandoned wells, where a pressure differential exists that may
cause uncontrolled outflow from the borehole / well to the external environment™.

2.6.1.1 Overview of the category principles

The four category system utilizes a green / yellow / orange / red traffic light, color coded
system to rank the wells in regards to well integrity, and the system principle is based on
number of well barriers. Green and yellow are acceptable according to standards and in
compliance with the two barrier principle. Orange and red are wells with integrity problems
which usually will be further diagnosed, evaluated and risk assessed for appropriate follow
up action. Red is used for wells which in addition to failure of one barrier have a
considerable degradation or failure of the second barrier. An overview of the category
principles can be seen in table 4. In the following sections the categories will be described
in more detail as they are in the Guidelines 117.

Table 4: Category principles from Guidelines 117 (8).

One barrier degraded, the other is intact
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2.6.1.2 Green category

The principle for the green category is:
“Healthy well - no or minor integrity issue”

Wells categorized as green should be regarded to have an associated risk which is identical
or comparable to the risk associated with an identical new well with a design in compliance
with all regulations. It does not necessarily mean that the well has a history without failures
or leaks, or that the WBEs fulfil all acceptance criteria described in the latest revision of
NORSOK D-010, but the well is in full compliance with the double barrier requirement.
Typically a well categorized as green will not require any immediate repairs or mitigating
measures. For a well to fall in the green category the condition of typical well barrier
elements would usually fulfil the criteria in table 5:

Table 5: Criteria for green category (8).

WBE Condition
DHSV or deep set plug Leak rate within acceptance criteria
Christmas tree ESD valves and annulus valves Leak rate within acceptance criteria
Tubmg hanger and mternal wellhead seak Leak tight
Completion and casmg strmg Leak tight
Production packer Leak tight

2.6.1.3 Yellow category

The principle for the yellow category is:

“One barrier degraded, the other is intact”

Wells categorized as yellow should be regarded to have an incremental associated risk
which is not negligible compared to the risk associated with an identical new well with
design in compliance with all regulations. Although a well categorized as yellow has an
increased risk, its condition is within regulations. It should also be noted that even if the
well has a history without any leaks or failures and the WBEs fulfil all acceptance criteria
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described in NORSOK D-010 the well may fall within the yellow category if conditions
exist which constitutes a threat to both barriers and risk of dual failures is present.

For a well to fall in the yellow category the condition of typical well barrier elements would
usually fulfil the criteria in table 6:

Table 6: Criteria for yellow category (8).

WBE Condition
DHSV or deep set plug Leak rate within acceptance criteria
Christmas tree ESD valves and annulus valves Leak rate within acceptance critena
Tubmg hanger and mternal wellhead seak Leak rate within acceptance criteria
Completion and casmg strmg Leak rate within acceptance criteria
Production packer Leak rate within acceptance criteria

A well with sustained casing pressure can fall within the yellow category even though there
are hydrocarbons present in the annuli (not intentionally placed there) if it fulfils the
following criteria: There are no leaks through both established primary and secondary
barriers, annuli pressures are maintained below the defined pressure limits in a controlled
manner and the leak rate into the annuli is within acceptance criteria. Wells not cemented
according to the latest version of NORSOK D-010 can fall within the yellow category if:
Sufficient strength or permeability does not exist in the formation which would be exposed
to well pressure should a barrier failure occur under the production packer as long as the
cement is still qualified as WBE.

2.6.14 Orange category

The principle for the orange category is:
“One barrier failure and the other is intact, or a single failure may lead to leak to surface”

Wells categorized as orange should be regarded to have an associated risk which is higher
than the risk associated with an identical new well with design in compliance with all
regulations. Typically a well categorized as orange will be outside the regulations. Repairs
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and / or mitigations will be required before the well can be put into normal operation, but
the well will still have an intact barrier and there will usually not be an immediate and
urgent need for action.

For a well to fall in the orange category the condition of typical well barrier elements would
usually fulfil the criteria in table 7:

Table 7: Criteria for orange category (8).

WBE Condition
DHSV or deep set plug Leak rate outside acceptance criteria
Christmas tree ESD valves and anmulus valves Leak rate outside acceptance criteria
Tubmg hanger and mternal wellhead seals Leak rate outside acceptance criteria
Completion and casmg strmg Leak rate outside acceptance critera
Production packer Leak rate outside acceptance criteria

A well with sustained casing pressure will fall within the orange category if the leak rate
into the annuli is outside acceptance criteria. Wells not cemented according to the latest
version of NORSOK D-010 can fall within the orange category if: Sufficient strength or
impermeability does not exist in the formation which would be exposed to well pressure
should a barrier failure occur below production packer, and there is a potential for
breaching to surface, as long as the cement is still qualified as WBE.

2.6.1.5 Red category

The principle for the red category is:
“One barrier failure and the other degraded / not verified, or leak to surface

Wells categorized as red should be regarded to have an associated risk which is
considerably higher than the risk associated with an identical new well with design in
compliance with all regulations.

Typically a well categorized as red will be outside the regulations. Repairs and / or
mitigations will be required before the well can be put into normal operation and there will
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usually be an immediate and urgent need for action. A well should fall within the red
category if at least one WBE in a barrier envelope has failed and at least one WBE in the
other barrier envelope has also failed or is regarded as degraded or not verified (for
example exposed to pressure outside verified design limit or evidence of corrosion).

For a well to fall within the red category the condition of at least one typical WBE in a
barrier envelope will usually be as mentioned in table 7 (Orange), and at the same time at
least one typical WBE in the other barrier envelope will usually be as mentioned in table 6
(Yellow) or table 7 (Orange). This could for example be leak outside acceptance criteria in
completion string and additional leak within acceptance criteria in casing string. Another
example is a leak outside acceptance criteria in SCSSV and additional leak outside
acceptance criteria in x - mas tree ESD valve.

A well with sustained casing pressure will fall within the red category if annuli pressures
are above the defined pressure limits and the leak rate into the annuli is outside acceptance
criteria. Wells not cemented according to the latest version of NORSOK D-010 can fall
within the red category if: Sufficient strength or impermeability does not exist in the
formation which would be exposed to well pressure should a barrier failure occur below
production packer, there is a potential for breaching to surface and the cement is not
qualified as WBE.
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2.6.2 Statoil’s first development of risk status codes from NOG
Guidelines 117

Based on the categorization principles and examples generated in WIF, Statoil developed
their own set of internal risk status codes to classify wells in operation and temporary
abandoned wells. These describe whether the wells are within internal and regulatory
requirements and the risk associated with any deviations. They should be used for
prioritization of well interventions and workovers in order to re - establish barriers (27).

The system consists of five different risk status color codes as seen in table 8. The only way
this system differs from Guidelines 117, is the introduction of a new color; the light green.

Table 8: Statoil’s first development of risk status codes from Guidelines 117 (27).

Principle: One barrier failure and the other is degraded/mot venfied, orleak

to surface.
Principle: One barrier failure and the other is intact. Or a single failure may
lead toleak to surface.

Yellow | Principle: One barier degraded, the otheris intact.

L e T T

Green  Prnciple: Healthy Well

To determine risk status in this system each well had to be individually assessed, and the
basic principles in table 8 should be used. It was decided that each field should have an
overview of the risk status for all their wells at all times. This was done by having a generic
KPI spreadsheet compromising a lot of information like well name and type, life cycle
status, operational code, integrity code and the resulting risk status code. Table 9 shows a
part of the KPI sheet from the Statfjord A field as an example.

In this KPI sheet the risk status will be automatically generated based on different integrity
codes. These integrity codes are selected from a predefined pick list, and the pick list is
based on examples of well component failures generated in WIF. The integrity codes with
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their description and assigned risk status code are shown in table 10, and they are grouped
into different failure areas. The main rule states that one should always pick the case with
the highest risk status if there are several non - conformances.

In 2013 a new software, Intetech Well Integrity Toolkit (iWIT), was developed for Statoil
to present the well integrity status for wells in operation. This tool includes an overview of
the risk status of the wells, and is based on the principles from the section above in addition
to a new aspect — escalation risk factors. iWIT will be further described in the next section.
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Table 9: Well integrity KPI’s from Statfjord A.

Well integrity KPI's (Do not change)

Field

Well

Subseal
Platform

Year
Updated

Month
Updated

Lifecycle
Status

Code

Operational

Welltype

Integrity
Codes

Comments

Disp no.

Exemption
from int or ext
reg's

Disp Valid until

Rizsk Status
code

Statfjord A

3308-A-1

PL

2013

T&P - Mon

WSIWI

WAG

CATZ

ETC threads in both 3 95" and 13 318" cazing.

‘well shut in with plug in tailpipe and 2 PP&A cement
plugs installed in 35/8" csg. Small pressure increase
in B-annulus.

INT

Lukket

Statfjord A

3308-A-2

PL

212

OFERATING

WOPERWI

OILPROD

BARREDC

Urloader valve not WM qualified. 13318" csg. (shoe &
thdz.] integrity izsue. GASLIFT NOT ALLOWED.
Plan to install IGLS in 2013.

845815

INT

Permanent

Statfjord A

3308-A-3

PL

2013

T&P - Mon

WIDK

GINJ

CATZ

Tubing 6% caraded. BTC threads in bath 3 518"
and 13 318" casing. LongTerm shut-in on surface
[nat plugged]. 10k-tre -> HMVY closure time
not 10022 intact. Small pressure increase in
B-annulus observed. YWell intervention
planned for end December to install
deepset plug.

122151

INT

25.04.2015

Statfjord A

33/9-4-4

PL

2011

T&P - Mon

WSIWI

WINJ

TACABVCLOS

BTC threads in both 3 5/8" and 13 318" casing. ‘Well
shut in with inj valve in tailpipe. Thg coroded.

£n

Statfjord A

33/9-A-6

PL

2013

en

OPERATING

WIOK

QILPROD

WEAKDESIGN

Korradert tubing. Hayt scale potensiale. BTC
threads inbath 358" and 13 315" casing.

103598

INT

01.05.2013

Statfjord A

338-AT

PL

2013

en

T&P - Mon

WSIWI

OILPROD

SMALLKCSG

‘Wellplugged in tailpipe. BTC threads in both 3 518"
and 13 378" casing. ‘Well shut in pr. now. 2000, Thg. --
» fi-ann.leakage. Deep & shallow pluginstalled

INT

Statfjord A

33/8-A-8

PL

2013

T&P - Mon

WSIWI

WAG

TACCOMP

Plugged well. Smallleakage fromtbg. --> A-
annulus sbove OHSY [OHSW pulled). BTC threads in
both 351" and 13 518" casing. Well shut in.

52844

INT

Avslatt

Statfjord A

33/8-A-5

PL

2013

OFERATING

WIDK

WINJ

BARREDC

ETC threads in both 3 /8" and 13 378" cazing. well
used as awaste injector.

Injisere > 10 000 m3 i brenn uten a
inspisere brennen.

113471

INT

Statfjord A

33/8-A-10

PL

2011

11

OFERATING

WIDK

OILPROD

HEALTH

BTC threads in 13 315" casing.

Statfjord A

33/8-A-11

PL

2013

10

OPERATING

WIOK

QILPROD

BARREDC

ETC threads in 13 35" casing.

Statfiord A

33/8-A-12

PL

2011

T&P - Mon

WIDK

DILPROD

HEALTH

ETC threads in 13 35" casing. Farmerly used far
cuttings re-injection in the B-annulus. Long term
shut in on surface [not plugged)

Statfjord A

33/8-A-13

PL

212

OFERATING

WOPERWI

OILPROD

WEAKDESIGN

BETC threads in 13 35" casing. Small p.build up in
cavity [C-section! XMT], inconn. wi p.test dec. 12

Statfjord A

33/9-A-14

PL

2013

T&P - Mon

WSIWI

WAG

TACABVCLOS

‘well shut in with inj valve in tailpipe. Thg coraded.
ETC threads in 13 35" casing.

122153

INT

25.04.2015
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Table 10: Pick list with examples on well component failures generated in WIF (27).

Desaiption Risk
Status
Code
XTWH or Tubing hanger issues
SVXTLK SCRSV and tree valve faure (LMV, WV, PMV)
XIVLS Dual tree valve fadure (LMV, PMV, FWV) and 1
DHEV notleak tight
MLITEGHWH Multiple hanger/welhead falures (Tubing hanger 1
and casing seal assembly fature)
XTVIV Tree valve falure — Upper Master Valve, Flowing 2
Wing Valve, Annulus Valve (with nio compensating
measures i place)
TBGHGRLK Hangerwellhead [eaks above leak criterta (fubing 2
hanger failure which leads to tubing to anmulus
Comnncation)
XTVECOMP Leakin tree valve (FMV or PWV) above leak 3
criteria, but compensating measurss et other tree
valve take over the bartier function
Annuli/ Tubing/Cusing issites
TCLKCOR Leakin tubing or casing thru a barrier and start of 1
cotrosion in secondary battier -
PCLEPST Tubing of castng harnier leak into an anrul that 12 1
not designed for the pressure -
TABLK Tubing and production casing leak (1f both are part 1
of the bartier envelope) -
ANNLEAV Leakin tubing or casing thru a barrier and tree
anrulus valve not verified as a bartier
ANNLFM Leak from formation mto anmb and the annuli not 1
qualified -
LEAKQUTER Leakinto anmulus where annulus pressure exceeds 2
pressure limit (hewt outer casing not designed for the
pressure).
ATGR A Anrulus to B anmulus communication
TAC Tubing to & annuluz comemurdcation (leak outade 2
acceptance criteria)
LEAKANN Lealang annulus but not into an adjacent annult or 2
tubing,
HYDANN Hydrocarbons m any anmul not mtennonally 3
introduced (no leak through both barriers)
TACCOMP3 Tubing to annulys leak above SC35V or down hole 3

irjection valve with measures to control potential for
degradation of a barrier element

Description: Risk
Siaius
Code
Annuil/Tubing/Casing issues
SMALLKCSG Tuhing, casing or other barrier element lealing 3

within leak rate criteria

TACCOMP Tubing to anrus leak above SCSSY or dowr hole 4
injection valve (a leak within acceptance criteria that
1z not effecting or leading to degradation of the
barrier envelopes)

SCPLOW Sustained casing pressure(no hydrocarbons and not 4
a leak through a barrier)

TACABVCLOS Tubing to anrdus leak above SC3SY or dowr hole 4
injection valve and well is closed in

DHSV/ASY/ Cantrol fine issues

SVFAIL DHAV failure 2

CNTLEBEL Control lne leak fromhelow the primary bartier 3
element

CNTLEABY Control line leak above the primary barrer element 4
(2 independent barriers infact)

ASVFAIL Well on gas ift and ARV not fanctioning (&g 4
ABCY installed and GLV periodically tested)

Cement issues

CMTPERFMAR Cement (or other qualified barrier elemnent) is not 2

ahove production packer but the cement height is
sufficient toact as primary barrier element, and
formation strength at next outer casing shoe s too
weak to accommodate reservoir pressure (Potential
of breaching to surfaceif a casing leak below
production packer occurs)

Cernent (or other qualified barrer element) 15 not 3
ahove production packer but the cement haght 1
sufficient toact as primary barrier elerment, and
formation strength at next outer casing shoeis
sufficient to accornodate reservolr pressure (Mo
potential of breaching to surface if a casing leak
helow production packer occurs)

NooMr No cement shove packer bt other barrier elements 4
in place, (2 g formation strength and nest outer
casing/cement)

POORCMT Cement above packer but less than requirements or 4
cement above reservol but less than requirements.

NOCMTHIRISK Cernent (or other barrier element) below production

packer and with insuffictent height to qualify as
primary bartier element, and formation strength at
next outer casing shoeds ton weak to accommodate
reservol pressure. (Potential ofleak breaching to
surface)

Description Risk:
Sigtus
Code

Generic failiire modes
MULT
CAT ]

CAT2

LEARCOMP

REEDUAL

BARREDC

WEAKDESIGN

CAr3

Lenk io surroundings
CFLOW

EXTLEAR

Healthy well
HEALTH

Ilultiple barrier fadures. Use when no other codeis 1
availahle.
e bartier falure - ofher is degraded. Use when

1
no other specific code iz avalable. Put specific info
in comments field

One barrier falure and other 3 infact. Or a single !
faihure may lead to leak to surface. Use whet fio

other specific code is available. Put specific info m
comments feld.

Leak through pressure containing element (whichis 3
not part ofa harner) with measues to contral

potential for degradation of a barrier element if not
compensated for,

Risk of dual well barrier failures due to common 3
cavses (high scaling, erosion, cortosion on both

barriers)

Well barrier elerent relisbllity reduced (eg seal 4
tite i1 seal assetmbly, gel phug m 4 anmulug, DHRV

faiture compensated with injection valve installed)
Equipment design weak -- Can siil accommodate 4
load scenartos (sl qualified) E.g leak mio a

cavily outside bartler envelopes

One barrier degraded, the other is intact. Use when 3
no other specific code iz avatlable. Put specific info

in comments field

Uncotrolled crossflow between fortmation zones b
not capable of breaching to surface (Onwell

integrity basis on not reservolr management hasis)

External leaks through both bartiers to environument 1
of uncontralled crossflow between formation zones

with potential of breaching to surface (On well

integrity basis on not reservolr management basis)

Healthy well
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2.6.3 iWIT

IWIT presents the well integrity status for wells in operation as well as historical well
integrity information. The tool supports the work processes for handover of well
responsibility and well integrity monitoring (28). It will by 2014 be used for all Statoil’s
installations on the NCS, and the process of implementing all the wells in this software is
ongoing. In figure 20 the front page when entering IWIT is shown. There are many
different status codes like operational, well barrier, annulus, valve, wellhead and lifecycle
status of wells. In this thesis, the status of interest is regarding risk, the circle highlighted
red in figure 20. The front page illustrates the percentage of wells within the different risk
status codes.

INTETECH

WELL INTEGRITY TOOLKIT

Stafistics for Area Norn Saa Esat on 20131111

* Set As Home Page

Risk Status

IFRAM Operational Status Well Barrier Status

IVEGA
sav) i

114 o) |

s o
Vigw Legend

e e, S
Yiew Legend

Annulus Status Valve and Wellhead Status Lifecycle Status
@) 10N p—
arwf
= e )
e 70 (0%} eaw)| ‘
S— — 190 (aa%) |
20%) ]
170 #0%) s
13 0wy
| @
B | e o i) o) EEENER c oo D S0s R
View Legend View Legend View Legend

No we status codes swating sporoval

Figure 20: Front page when entering iWIT. The risk status code is highlighted in red.
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IWIT is a sophisticated system developed from the KPI sheet, and the risk status codes are
based on the same 5 category principle with color codes seen in table 8 from the previous
section. In addition it introduces 5 sub codes presented in table 11. These provide a better
basis for describing the final risk status as they something about the escalation potential
when having a well integrity issue. When the well experiences abnormal changes and / or
non - conformances, the following risks shall be evaluated (28):

e Well blowout risk / dual barrier: Is the dual barrier principle in place?

o Well kill / recoverability: If the leak escalates or a single failure occurs, will it be
possible to Kkill / isolate the leak or restore barriers?

e Mechanical / pressure loads: Will the annulus be able to withstand the increased
pressure caused by a potential leak?

e Well release risk: Is there a potential of external hydrocarbon leaks through both
barriers? Will the leakage result in storage of unacceptable hydrocarbon and toxic
volumes in the annulus?

e Corrosion / erosion: Are there any ongoing corrosion / erosion in the well that can
cause acceleration of degradation of well barriers?

The risk status for the well will be set to the worst of the defined escalation factor sub
codes. To be able to assess these in more detail, table 12 could be used as guidance.
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Table 11: Escalation risk sub codes (28).

Well blowout risk/dual barrier

One barrier failure and the other is erified, or leak to sur

One barrier degraded, the other 15 intact.

Green  Healthy Well

Well kill recoverability

Fed Leak not possible to kil or isclate and no qualified barriers

Challenging well kill procedure for handling an additional single falure
Gresn

Fed P
Potential for exceeding the pressure limits.

Green  Healthy Well

Well release risk

throngh both well barriers or release of unacceptable HC

HC ortomc volumes may becomne unacceptable.

Green  Healthy Well

Corrosion/erosion

Red Failure of one barrier and ongomng cort S of1 of other barrier

Vellow Potential for corrosion/erosion exceeding barrier or structural design
tolerances.

Green  Healthy Well
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Table 12: Guidance for definina risk status code in iWIT (28).

Escalation
factor

Bartier
evaluation
(Blowaut
prob.)

Corrosion /
Erosion

Orange

Well risk status code remark / criteria

Cemert (or other qualified barrier element) is not above production packer but the
cement height iz sufficient to act as primary barrier element, and formation
strength at next outer casing shoe iz too weak to aoccommodate reseryair
pressure (Potertial of breaching to surface if a casing leak below production
packer ooocurs)

Lesk (any sizelito a volume in the wellnot enveloped by qualified well barrier
elements

Uncortrolled crosstlovw hetween formation zones not capable of breaching to
surface (on well integrity basis - not reservoir management  basis)

Lesk through primary barrier envelope above the acceptance criteria and not
possible to redefine & primary barrier envelope. (The other batrier envelope is
intact.)

ellow

Qrange

Cemert (or other qualified barrier element) is nat above production packer but the
cement height iz sufficient to act as primary barrier element, and formation
strength st next outer casing shoe iz sufficient to accommodste reservoir
prezzure (Mo potential of breaching to surfaceif a casing leak helove production
packer ooours)

Well barrier leak rate to annulus loweer than acceptance criterion fincludes e.g.
zhallove gas leaks)

Material cotrozion or erosion is the (most likely) leak cause through barrier.

“ellawy

There iz, or is a potertial for, exposure of equipment to HS/COpHietc. levelz
that are outside design tolerances.

There is continuous unintended flowy in the well

e Well risk status code remark | criteria
factor
Orange | Pressure limits exceeded and a single failure may 12ad to & leak to surface.
vel & leak to annuius withthe maximum potertial annulus pressure grester than MOASP
Sl (zee wel data check list updated with wel pressures and well leak status)
Mechanical
f Pressure
oads
Wl
release risk
hiydrocarbo Hanoerfvelhead harrier seal leaks above criteria
n =torage in Orange : p :
well & zingle failure may lead o release of unacceptable HC or toxic volumes
The hydrocarbon storage mass in the well annuli iz, or may become, greater than the
Velow acceptance criterion
Well annuli fluids are highly toxic (platform well)
T T B

recoverabilt
y

Orange | Mot possible to kil wellif an addtionsl single faiure ocour

Yelow | Anaddtional single well bartier leak stuation may affectthe ability to efficiently kil the

weell withmud, Consider kil margin: reguired.
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3. DISCUSSION

3.1 Evaluation of existing risk status categorization systems

In this chapter an evaluation of the risk categorization systems described on the previous
pages will be carried out.

Chapter 4 in the NOG Recommended Guidelines 117 is the fundament of the development
of well integrity status codes, and describes a system for categorizing wells according to
their integrity status. The system principle is based on the condition and number of barriers
in a well, thus it has a direct association with the probability of a leak to the surroundings
and hence the risk of a well integrity issue. However, as the Guidelines also points out, this
risk is not absolute. The system should not replace risk assessments as it does not say
anything about the potential escalation of the leak (the severity of the well integrity issue)
or the consequences of an external leak to the surroundings. For instance, two wells with
only one remaining barrier can pose different levels of risk if one is a high rate gas well on
a manned platform whereas the second is a subsea water injector. The Guidelines suggests
that the operator should consider a further in depth risk assessment process for wells that
are ranked high.

Statoil’s first development of a well integrity categorization system from the NOG
Guidelines 117 was based on the same principles with 5 colors (introducing a new light
green status) - but they were now named risk status codes. This name can be misleading as
the system basically is the same as the one generated by WIF, and only says something
about the physical status of the barriers in the well. 1t would have been better suited to call
them barrier / integrity status codes.

Statoil’s new software, iWIT, takes the classification system a step further, as it introduces
five sub codes which decide the final risk status (seen in table 11). These sub codes say
something about the escalation potential when the well experiences abnormal changes and
hence describes the severity of the well integrity issue and a small part of the potential
consequences. But the leak is not quantified and the consequence description is lacking. As
the final risk status is based on the worst sub code, this system does not differ much from
the previous. By studying the well blowout risk / dual barrier sub group, one can see that it
is identical to the main principle codes. In this way the status of the barriers will directly
decide the resulting risk status of the well if ranked high, and the utilization of the other sub
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escalation factors is overrun. Escalation risks with regards to well kill, well release,
corrosion, erosion and pressure loads are in this way camouflaged in the final status. Proper
usage of the 5 category sub groups involves finding a better way to utilize each and one of
them in the risk status code.

Risk can be defined as the combination of consequences of an event and the associated
likelihood of occurrence of the event. A status code for wells in operation should reflect the
risk associated with a leak to the surroundings as the major hazardous event is obviously a
blowout or well release. The already developed systems for well integrity categorization are
based on the barrier status and escalation potential for the leakage (iWIT), thus say
something about the likelihood of a leak to the environment / surface. But the consequences
of such a leak are not fully represented and taken into consideration. This is the missing
part, and should be included in the status code to get a more complete risk picture.

Figure 21 shows a bow tie diagram illustrating the blowout / well release risk for a well. On
the left side are the causes, the well integrity issues, leading to the main event placed in the
middle. The barrier envelopes are there to prevent the event from happening, thus they are
reducing the probability of a blowout or well release. Imagine the barriers are not in place,
and the event actually occurs. What will be the consequences? To get a more complete
picture of the risk associated with the different wells, both sides of the bow tie need to be
investigated. By focusing on the left side only, an important part is left out from the overall
risk. If an accident occurs, the potential consequences could be huge. The consequences
depend on a lot of factors regarding installation type, type of well, leakage characteristics,
reservoir performance etc.

Barriers reducing the propability Barriers reducing the
{dual barrier principle) consequences

Main Event l

Causes: \
Well Blowout / well release
integrity
issue

Consequences

Figure 21: Bow tie diagram illustrating blowout / well release risk for a well.
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As it is today, wells within the same risk status code can pose different levels of risk. This
can be very misleading, as it may be difficult to rank the wells and find out which needs the
highest prioritization. It leads to the question: how red / orange is a red / orange well?

Wells in the operational phase which are ranked as orange or red on barrier status are
against the dual barrier authority criterion (ref the Activities Regulations § 85). Scarce
resources make it impossible to perform interventions and workovers to re - establish the
barrier(s) on all these wells at the same time. A selection of which get the first hand
treatment must be made. If the barrier cannot be redefined, the well has to be shut in until
the barrier is re - established. Statoil has between 30 - 40 orange wells (a lot less red wells,
between 1- 4) at any time and there is a need for further differentiation with regards to risk.
In this way the most risky orange / red wells can be identified, handed over to the D&W
organization for remediation and prioritized before the ones ranked less critical.

The most critical red and orange wells can be identified by having a system where the
escalation risks are implemented in a better way and the potential consequences are
included. In the next chapter proposals of such systems will be presented. This thesis
suggests three new models for risk categorization. As there are numerous factors
controlling the consequences, constructing a model representing all of them is very
challenging. Much time was spent on trial and error in the development of the different
systems. The final model which is best suited to describe the risk is presented in the end of
next chapter.
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4. PROPOSAL OF NEW SYSTEMS FOR DEFINING RISK STATUS
CODES

In the operational phase a well component failure may result in changes in blowout and
well release risk. How to assess this increased risk is focused on in this thesis, and it should
be reflected in the final status code. Well barrier elements form an envelope preventing
uncontrolled flow to the surroundings. In this way the barrier envelopes minimize the
likelihood of a blowout or well release, and the barrier status can therefore be directly
linked to the probability part of the risk definition. In the end of this chapter a new
procedure for defining risk status codes will be proposed as an improvement to the one
used today. It builds on the already existing principles for defining barrier status (shown in
table 8), but includes a new feature — the potential consequences if there (in worst case)
should be a leak to the environment / surface. The consequences are a function of many
factors, in this thesis presented as different consequence factors. The purpose of the new
system is to get a better measure of the risks the wells with integrity issues pose, and help
differentiate wells within the same red and orange risk status code. This is a challenge
today, as wells within the same category may have very different levels of risk depending
on the severity of the integrity issue and how big the potential consequences may be. There
is need for a system that can help defining which red and orange wells are the most critical
with highest priority in the first run.

The wells ranked high in the new categorization system will need additional resources, first
in form of a more detailed risk assessment. This assessment shall investigate if these wells
actually pose a larger risk compared to the others, and if immediate repair is required.

This thesis will present different suggestions on models for risk categorization including
the consequence aspects. Due the number of factors controlling the impact of a leak to the
surroundings, it was challenging constructing a model taking all of them in to
consideration. As there are several different well configurations and systems, the creation
of a model capturing every case is hard. Several attempts on constructing categorization
systems were performed before finding the one most representative. The final model, which
is best suited to describe the overall risk for most of the wells, is suggested in the end. Its
ability to reflect different levels of seriousness is evaluated by testing it on 5 field cases.
First a discussion of the most important factors determining the potential consequences will
be carried out.
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4.1 Consequence factors

The consequences will relate to health, safety and environment (HSE factors). Due to the
fact that most of the wells have not yet experienced a leak to the surroundings, the
consequences will reflect potential scenarios resulting from a blowout / well release
situation. There are a number of factors that will decide the severity of the potential
consequences of a well integrity issue. Beneath is a listing of some of them:

Type of X - mas tree

e Dry (Platform wells).
e Wet (Subsea wells).

The position of the x - mas tree will have a huge impact on the consequences if there is a
leakage through the wellhead or x - mas tree seal assemblies or valves. On a subsea well the
leakage will go to seabed, but on a platform well there is a potential of getting
hydrocarbons directly on the platform deck. This will be the worst imaginable scenario. On
platform wells there is an annulus bleed off possibility through the annulus access valves
when experiencing SCP. The same possibility does not exist for subsea wells where the tree
is positioned on seabed and there is only access to the A annulus.

Well type

e Production well.
e Injection well.

It is hard stating which type of well is the most risky. But a water injector with no
possibility of hydrocarbon reflux from the reservoir will pose a much lower risk than an oil
or gas flowing producer with regards to blowout / well release. A gas injector adding
energy to the reservoir will however be more exposed to a dangerous situation as a
component failure may lead to a major gas leak.

Artificial lift

e Free flowing producer.
e Producer with artificial lift.

As the pressure decreases in the reservoir, artificial lift may be required for continued
production. Energy is then added to the fluid column in the wellbore, and the most common
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principles used are gas lift and pumps. In a gas lift well, gas is injected via A - annulus
through a gas lift valve into the tubing reducing the density of the fluid. Introducing gas in
the A- annulus, adds an extra element to the overall risk as a large volume of gas can create
a very dangerous situation in a well release situation. Such wells need additional barriers,
preventing the gas from leaking out of the annulus. However, it is difficult to determine if
there actually is a higher risk associated with gas lift wells contra free flowing production
wells as the latter will produce from a reservoir with higher pressure. Assuming that the
extra barriers for gas lift are in place and the gas lift pumps will automatically shut down in
an emergency situation, these wells shall in theory not be more risky than the free flowing
producers, rather contrary.

Installation type

e Fixed platform concepts (used primarily with dry tree wells).

e Floating production units (used in combination with subsea wells).

e Tension leg platforms and deep draft floaters (used primarily in combination with
dry tree platform wells but can also have subsea wells).

o Satellite fields with tie - back to installation.

Satellite fields a distance away from the installation will not have the potential of endanger
any human lives. But a leakage to seabed may be devastating for the environment,
especially if the leaking medium is oil. Fixed installations in combination with platform
wells will have higher risk related to injuries / loss of lives in a blowout / well release
situation. This is due to the potential of getting hydrocarbons on deck or washouts at seabed
which can cause stability problems for the installation. Hydrocarbons reaching the platform
deck may lead to fire or explosion which can do extensive harm to personnel and assets.
Floating units may experience buoyancy problems if a certain amount of gas leaks directly
under the unit, or problems with mooring lines and anchors. This is critical for wells
positioned directly under the installation.

Installation activity

e Manned.
e Unmanned.

Obviously an unmanned wellhead platform is less critical than a manned platform with
integrated living quarters. A major accident at one of the big platforms with high
installation activity can cause loss of many lives.
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Well position on seabed relative to the production unit

e Directly under the installation.
e A distance away from the installation.

As discussed previously the well position may have a major impact on the consequences,
especially for the floating facilities. Are the wells positioned directly under the floater, a
gas leakage may cause buoyancy and stability problems, and in worst case scenario sink the
unit. Wells positioned a distance away from the installation will have a lower associated
risk, as a leakage will not have the potential of reaching the facility.

Well concentration
e Low concentration.
e High concentration.

The potential of a “domino effect” arises when many wells are situated close to each other
in clusters as a blowout / well release from one well can in turn damage other wells or
structures at seabed.

Multiple well failures

e Single well failure.
e Multiple well failures.

Multiple well failures in a field will increase the risk for the installation and its personnel. If
many wells are outside the dual barrier criterion in a field, they require additional attention.

Water depth

e Deep (> 300m).
e Intermediate (100 — 300m).
e Shallow (< 100m).

In shallow water depths there is an increased risk of gas moving from seabed through water
and up to the installation. In deeper water it is more likely the gas never reaches surface.
The oil concentration at surface will also be significant lower if the oil needs to overcome a
large depth, as it will be more spread.
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Formation strength

e Sufficient.
e Insufficient: potential of fracturing.

The strength of the overlying formation around the wellbore exerted to a leakage will
determine the possibility of formation fracturing. In worst case the fracture can propagate
and the leakage reach seabed. The formation strength will usually depend on the depth at
which the formation is exposed to the leakage. If the well has a low TD (total depth), there
is an increased risk that the formation does not have sufficient strength if exposed to a high
reservoir pressure. The minimum horizontal stress (fracture re — opening pressure) is often
used as requirement for formation strength. This is conservative, as it is much lower than
the actual pressure needed to create a fracture.

Type of well leakage

e “Internal”: leakage to closed system.
e “External”: leakage outwards in the well with potential of reaching seabed / surface
(through tubing, casing, cement, formation or x - mas tree / wellhead).

The two types of well leakages are discussed previously. An “internal” leakage through
SCSSV and x - mas tree valves (in connection with the process facility) has bleed off
possibilities through the flowline system. As the leakage goes to a closed system, it is
controllable and will never lead to a blowout or well release. However, if the x - mas tree
should be damaged due to an external hazard and in worst case scenario, totally removed, it
is critical that the SCSSV is in place and working. This is the reason for its required
position - minimum 50 meters below the wellhead. For surface wells the main source of
external hazard will likely be dropped objects on the platform with a potential for hitting
and causing damage on the tree. Other events may be fire or explosions that can do
extensive harm. For subsea wells the main source of external hazard will likely be dropped
objects from vessels with potential for hitting and causing damage to the tree. Due to the
extremely low probability for a total removal of the x - mas tree, this scenario is
disregarded in this thesis.

An “external” leakage is more serious than the “internal”. Depending on where the leakage
exit point is, there will be a possibility of getting a leak of hydrocarbons to the formation,
seabed or in worst case; directly on the platform. The last scenario can happen if there is a
leakage into an annulus that is in direct contact with the wellhead / x - mas tree seal
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assemblies or valves (not in connection with the flowline system). If the seals / valves fail
and the x - mas tree or wellhead is positioned on the platform, this can be a very dangerous
situation. Getting hydrocarbons in a high rate directly on the platform would be
catastrophic.

If a leakage results in formation fracturing, a potential buffer sand zone will reduce the risk
for the hydrocarbons propagating to seabed. Buffer sand will trap the leakage and due to the
size of the zone, there will be no significant pressure build up and further fracturing.

ESD — system

e Valves fail to close (open).
e Leaking above the acceptance criteria.

In an emergency situation it is critical that the ESD valves close in response to loss of
signal or hydraulic pressure. A leakage through the valves is regarded less serious as they
still maintain their function criteria.

Leakage characteristics

e Accumulation of hydrocarbons (not necessarily in contact with reservoir).
e Continuous flow of hydrocarbons (in contact with reservoir).

A continuous flow of hydrocarbons indicates that the leakage is in contact with the
reservoir. An accumulation of hydrocarbons however is not necessarily in contact with a
reservoir, and will be less critical with regards to a blowout.

Potential leak rate through barrier envelope

e Low rate: Slightly above the acceptable rate for SCSSV (API RP 14B).
e Medium rate: More than 2x the acceptable rate for SCSSV (API RP 14B).
e High rate / blowout (>> API RP 14B).

The leak rate is an important factor deciding the resulting consequences of a well integrity
issue. A high rate will obviously pose a larger risk than a rate slightly above the APl RP
14B criteria, which has manageable consequences if released to the surroundings. A high
leak rate (blowout) can cause severe environmental pollution, increased risk of fire and
explosion and may lead to a major accident which endangers the whole installation and its
personnel.
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Well leakage fluid

e \Water.
e Gas.
e Oil.

Finding out what type of fluid is leaking is of huge importance. Is the fluid water, the risk
will reduce significantly. A hydrocarbon leakage with potential of reaching the platform
deck is the worst scenario as this may cause fire and explosion. A leak of hydrocarbons to
seabed may have huge consequences for the environment, especially if a large volume of
oil gets released. Gas leakages are more critical for the installation, due to the potential of
the gas propagating through water and up to the facility where it can lead to fire and
explosion. If a certain amount of gas gets trapped under a floating unit, this may also cause
buoyancy and stability problems.

Ability to access the well

e Monitoring.
e Perform maintenance.
e Perform repairs.

It is harder to access subsea wells contra platform wells, and this makes it more difficult to
perform maintenance and repairs. Due to the lack of monitoring of the B and C annuli on
wet trees, a leak propagating outside the A-annulus can be hard to track. This makes the
severity of the well integrity issue more uncertain. If immediate repair is needed in a critical
situation, the subsea wells will pose a challenge due to the potential problems with
accessing the well. Hooking up an intervention unit to the subsea x - mas tree may in some
situations be impossible due to extreme weather conditions.

Reservoir / injection pressure (relative to hydrostatic)

e < Normal (< Hydrostatic).
e Abnormal (> Hydrostatic).
e Abnormal high (>> Hydrostatic — HPHT wells).

The reservoir pressure will be of great importance to the consequences of an integrity issue.
A depleted reservoir with no or low source of outflow will never cause a blowout as it will
be impossible for the hydrocarbons to overcome the potential energy and travel up the well.
A high pressure reservoir however, will have the potential of delivering a huge amount of
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hydrocarbons due to the amount of energy stored in the reservoir fluid. This makes the high
pressure, high temperature (HPHT) wells more critical. As the reservoir pressure is
dependent on depth, it will be beneficial relating it to the hydrostatic pressure, as the depth
may differ from well to well.

Flow potential from reservoir

e None/some.
e Medium.
e High.

Although a reservoir with high pressure most likely has a high flow rate, there is no
guarantee that this is true for all cases. The permeability and type of reservoir fluid will
have a say on the flow potential. The reservoir model (size and shape) will also contribute
to how much energy potentially flowing to the surroundings.

Energy source
e Reservoir.
e Injection.
o Gas lift

Where the source of energy originates from will have a great influence on possible
undesirable scenarios. Is the source injection or gas lift, an automatically shut down system
will contribute to reduce the risk contra a manual. An uncontrolled blowout from a
reservoir will be the worst imaginable scenario, as it may be difficult killing the well.

Escalation factors

e Corrosion / erosion.

e Well kill / recoverability.

e Mechanical / pressure loads.
o Well release.

These factors are previously discussed in relation to IWIT, and will affect the
consequences, especially the well kill / recoverability, pressure loads and well release. A
high uncontrollable flow of hydrocarbons to the surroundings not possible to isolate or kill
is as mentioned the worst possible scenario. If a leak challenges the mechanical design
limits of the well, it can in turn damage other well elements and lead to failure of both
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barrier envelopes. Ongoing corrosion or erosion causing degradation of well components is
critical in the long term perspective, but do usually not require immediate action. The group
well release reflects if the leakage can result in storage of unacceptable hydrocarbon and /
or toxic volumes in the annulus.
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4.2 New models for risk status categorization

There are numerous factors affecting the potential consequences which can result from a
well integrity issue, and some of them are listed in the previous section. The task ahead will
be linking these factors in a logical system producing different categories illustrating the
level of seriousness with regards to the consequences. Due to the number of factors, finding
a system capturing all of them will be challenging and probably impossible. A choice as to
which are the most important in terms of the overall risk must be made. Including all of
them would potentially result in a very complicated and tangled system hard to use in
practice. The final risk model will be a combination of the consequence categories and the
already existing barrier status codes (shown in table 8), representing both the probability
and impact of a blowout / well release.

In the next sections different models for risk categorization will be presented. As the main
task is producing a new classification system for the consequences, this is the main part
emphasized in the models.

4.2.1 Model 1 - iWIT modification

This model builds on already existing principles, but proposes a modification of the iWIT
risk status system. The 5 color codes (red / orange / yellow / light green / green) for
defining barrier status (as in the first Statoil KPI sheet) seen in table 8 are now called the
principle codes and will be the first step in the process of defining the final risk status. A
modification of the sub group system presented in iIWIT is proposed as another dimension
to describe the severity of the well integrity issue. This will be done as a second step, after
the principle code is set, and performed by giving the well a score relating to the sub
groups. The two step process is necessary for proper utilization of the escalation factor sub
groups. Today’s usage of this system only reflects the barrier status for the red and orange
wells, as the dual barrier / blowout sub group overruns the others which are hidden in the
final risk status. When the principle code is set and the escalation risk is decided after going
through the sub groups, the final risk status will be a result of the combination of both. The
steps are described below and seen in table 13. The well blowout / dual barrier sub group is
intentionally left out, as it is identical to the principle codes.
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1. Decide principle code either red, orange, yellow, light green or green.
Go through each of the four sub groups relating to escalation risk.

3. Give a score (from 1 to 5 where 5 is the most serious) on escalation risk for each of
the sub groups and summarize all of them to a final score in the end.

4. Final risk status will be: principle code + summarized score on escalation risk.

A simple method for separating wells within the same principle code is now available by
denoting if they have a low or high associated escalation risk based on the score. The most
critical wells have barrier failure(s) in addition to a high score from the sub groups.

The final risk status will qualitatively say something about the likelihood of an external
leak and is based on the number / condition of the barriers and potential escalation risks.
The escalation factors will to some extent describe the severity of the well integrity issue,
and reflect a part of the consequences by involving well kill / recoverability, erosion /
corrosion, well release and pressure loads. It is a simple model building on existing
principles and will therefore be easy to implement.

Only taking into consideration the escalation factors, the model does not fully describe the
consequences of a blowout / well release. It does not include important parameters such as
type of well, installation, reservoir performance, leakage characteristics etc. Due to the lack
of consequence description model 1 was quickly rejected.
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Table 13: The process of defining risk status codes for model 1.

SCORE
‘Well kill' recoverability
e to kill or isolate and no qualified barriers 5
Faif 4
s
2
1
5
4
d'not verified, orleak
Yellow 3
2

—

Green  Healthy Well

Well release risk

al 0 hoth well bar or rele unAac ble HC

Principle: One barier degraded, thecthrisntact

4
3
2
1
Corrosion/erosion
Red Failure of one barrier and ¢ C on on other barrier 5
4
3
2
Green  Healthy We 1
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4.2.2 Model 2 - Flowchart

A flowchart is a diagram combining the factors in a logical manner by linking them with
arrows, and by following different paths (scenarios) the result will be specific consequence
categories. The pictorial presentation and logical composition of the factors make the
flowchart very easy and intuitive to use and understand. It links the factors in steps or boxes
and shows the path to a specific consequence category illustrating different scenarios.

Figure 22 shows an example of a flowchart for consequence categorization with four levels
of seriousness illustrated with different color codes; red, orange, yellow and green. The red
category represents the most critical wells with high risk for the facility and its personnel if
there should be a blowout / well release. These wells have typically an “external” leak, high
leak rate and a reservoir with potential of delivering a huge amount of uncontrollable
energy. The orange category represents wells with significant risk for personnel,
environment and facility, but is one level lower than the red with regards to seriousness.
Wells with “internal” leaks, low leak rates and a reservoir with no flow potential will
typically fall in the lowest levels — the green and yellow categories. The potential
consequences resulting from a well integrity issue will not be as serious for these cases.

As there are numerous factors controlling the consequences, it is hard constructing a
flowchart. The one presented in this thesis has selected seven of them (well type, leak type,
X — mas tree, well position, leak rate, reservoir pressure and leak fluid) as the most
important for the final categories. When constructing the flowchart it quickly grew to a
huge and complex diagram when trying to include many factors and produce cases
representing different scenarios. As each path required the same questions the chart also got
characterized with a lot of repetition. This made the construction very difficult, and it was
hard including additional important factors with regards to the consequences. Based on
these experiences the flowchart idea was rejected, and no further work was put in to the
development of a better diagram than the one presented in figure 22. This is only an
example of a very simple flowchart producing different categories based on a few factors. It
will not represent the severity of the consequences for different scenarios, as many
important factors are not included.
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Figure 22: Example of a flowchart for consequence categorization for model 2.
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4.2.3 Model 3 - Sum of the weighted consequence factors

This model will give a “consequence score” by summarizing the weighted contribute from
the different factors based on their level of significance:

CS:ZWi*fi ,

where CS is the consequence score and w; is the weight given to the specific
consequence factor, f;.

The experience from constructing the flowchart was how the diagram got very complex and
characterized with a lot of repetition when including many factors. These problems can be
avoided by using the sum of the weighted consequence factors, as this method can include
many parameters without getting too complicated. However, the challenge will be
assigning the correct weights to the factors / parameters representing their true level of
significance. Assessing which of them contributes most to the risk is a subjective
evaluation.

Due to the fact that the wells will get their risk status based on the scenario of factors, some
combinations may have larger impact on the consequences than others. This can be a
potential problem with this method, and adjustments to the main function may be
necessary.

The factors selected for the consequence categorization are parted into three areas:

e Energy: energy source, reservoir / injection pressure, leak medium and flow
potential.

e Surroundings: type of well / installation, installation activity and water depth.

e Barrier: leakage path, potential leakage rate and challenges relating to well kill /
recoverability, pressure loads, corrosion / erosion and storage of hydrocarbons /
toxic volumes in annuli.

Figure 23 represents 3 different well types, a free flowing producer (A), an injector (B) and
a producer with gas lift (C). The three main areas (energy, barrier and surroundings) will
relate differently dependent on type of well. Free flowing producers have the reservoir as
main source of energy. In injection wells the energy goes the opposite way. It flows from
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the installation, through the well (barrier system) and into the reservoir. Gas lift wells have
two sources of energy, the reservoir and the supplied gas which increases the flow rate of
the produced fluid.

Surroundings / Surroundings / Ere Surroundings !
Environment Environment ey Emvironment Energy
Basrier Well ‘
. Barrier well Barrier
Ener, REsemVoIr J
2 * Resenoir Energy S
A B c

Figure 23: How energy, barrier and surroundings are related for different well types.

Dependent on type of well, the consequences may differ. This makes it challenging
constructing a model taking into account every scenario of integrity issues for different
types of well systems and configurations. Therefore the model must be general capturing
most of the wells, as it will be impossible including the most special cases.

The area energy is the premise to a potential accident. The amount and source of
uncontrollable energy, type of leaking medium and flow potential will decide the impact of
a well integrity incident. Is the reservoir depleted with low pressure and flow potential, a
blowout will quickly die out. A high pressure reservoir however, has the ability to deliver a
huge amount of hydrocarbons for a long period of time, creating extensive damage to the
environment, installation and personnel.

The area surroundings will affect how severe the consequences will be depending on type
of well (platform / subsea), well position, installation activity and water depth. Subsea
wells a distance away from the production unit (satellite fields), will never threaten the
facility and its personnel. Is the well positioned below the facility, it will have an increased
risk as a leak to seabed may propagate through water and up to surface. In deep waters, this
risk reduces significantly. Platforms are most critical in regards to safety, as a leak through
the wellhead / x — mas tree can lead to hydrocarbons directly on deck. Having an
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environmental perspective this will differ, as a hydrocarbon leakage to seabed on a subsea
well can be devastating causing severe pollution especially if the leaking medium is oil.

The barrier area describes the condition of the dual barrier envelopes, as it includes leak
path, potential leak rate and challenges relating to corrosion / erosion, pressure loads, well
kill / recoverability and hydrocarbon storage in the well. The barriers are the technical
solution preventing the underlying premise, the energy, to realize its potential for a major
accident.

Factors relating to barriers, energy and surroundings represent an overall consequence
picture, and hence describe the risk in a better way than before. The challenge is linking the
factors with their associated weight creating a result which represents a realistic level of
risk.

Model 3 summarizes the weighted contribute from each of the factors from the three areas:

CS = (3 w;«fj) energy + (X Wi« i) parrier + (& Wi« fi) surroundings

A narrow weighting range (1- 10) does not reflect each factor’s impact on the final score.
But a wider range (1- 100) makes the weighting process more difficult. A modification to
model 3 is necessary when using a narrow range, as the weighting of each parameter will
not represent the severity of the most significant consequence factors. Accounting for the
most important groups despite having a narrow range, an additional weighting can be
performed:

CS= (ZWj* w; = ) energy + (ZWj* Wi * i) barrier + (ZWj* Wi = fi) surroundings,

where W; is the additional weighting to the group of consequence factors.

The most influential factors are now accounted for in the consequence score and this will
be the final formula used for model 3. Simple calculation methods and layouts in excel are
used to create this model, which is illustrated in table 14 (and appendix C). The
contribution from each parameter is found by filling in 1 (yes) in the column named f;
(specific consequence factor / parameter) which is multiplied with the associated group
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weight, W;, and specific factor weight, w;. Final consequence score is the combined sum
from energy, barrier and surroundings.

Factors contributing most to the score are reservoir / injection pressure, flow potential from
the reservoir and leakage fluid, path and potential rate. These parameters will have the
greatest influence on the consequences of a well integrity incident, and are given group
weight (W;) 10. The amount, rate and type of hydrocarbons flowing out of the well to the
surroundings will directly decide the impact of an accident.

Type of installation, installation activity, escalation factors, water depth and source of
energy are considered less important and given group weight (W;) 5 and 3.They describe
how the well / installation can handle a leak, but if the premise to a potential accident is
missing, there is no point in a large accounting in the final consequence score.

The escalation factor group differs from the others due to the possibility of several (or
none) fill-ins as the well can experience many challenges simultaneously (or none). Group
weight (W;) will than multiply with each factor making a well with several issues more
risky.

In the next section the model will be tested on different field cases. These wells have the
same barrier status (orange), but will vary in regards to the consequence factors. Final score
will hopefully reflect the seriousness of the wells and rank them in a realistic order. The
lowest and highest possible scores from model 3 are 111 and 820, and the field cases will
fall between these values.
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Table 14: Final excel model for consequence categorization.

ENERGY [ ] nin SURROUIIDINGS [ ] s
fitI=yesp| wi Wi | wi W fi(l=yesy | wi Wi | wi* W
Energy source 3 Type of instailation 5
Injedtion 3 0 Subsea 1 0
Gas lift 8 0 Subsea below platform 5 i
Reservair 10 1 Flatform 10 0
I A N R
Reservoir / injection pressure 10 installation ctivity 5
= Normal 1 0 Unmanned faclity / location 1 i
Abnormal g 0 Manned fadility / lacation 10 i
Abnormal high 10 0
N N N B Waterdep :
Flow potentio! from reservolr 10 Deep (> 300 m) 1 0
Haone 1 0 Medium (100 - 300 m) g i
Soime 2 0 Shallow (< 100 m) 10 0
Medium 5 0
High 10 0 7 Surroundings factors SUM 0
N N N B B
Leakage fluid (mainly) 10
Water 1 0
ail 5 0
Condensate g 1
Gas 10 0

7 Energyfactors

SUM

FINAL CONSEQUENCE 5CORE

_ 0

BARRIER [ ] i
fitl=yesy| wi Wi |t wi® W
Leakage path 10
Inside well { "internal") 3 0
Inside --> outwards in well {" external") 5 0
Qutside well | external surroundings) 10 0
Potentiol eak rate 10
Low leak rate (£ AP| RP 14E) 2 0
Medium leak rate { 2 2x API RP 14E) 5 0
High leak rate [ blowout 10 0
Escatation factors ( can fill in none or several) 5
Corrasion [ erasion in the well 4 0
Mechanical pressure loads » design 3 0
Unacceptable HO storage inthe well 10 0
Challenge relating recoverability / well kill 10 0
7 Barier factors SUM 0




4.3 Case study

5 cases of wells within the same barrier status (orange: one failed barrier), but with
different consequence impact, will now be presented. All have a breach in Statoil’s ARIS R
— 19678 requirement: “Two independent barrier envelopes against uncontrolled blowout
from reservoirs shall at all times be in place” and are therefore shut in. They will be run in
the new system for consequence categorization to check if the system actually finds the
most critical wells and produce a realistic consequence score.

4.3.1 Casel
WABS for case 1 is shown in figure 25. Additional well information is listed below:

e Water injector.
e Manned platform well.
e Reservoir pressure < normal (< Hydrostatic).

e Well integrity issue: Failed primary barrier (casing to annulus leak below production
packer). When the well is in operation, there is pressure build up in B — annulus as
the injected water flows through the failed 9 5/8” casing. When the well is shut in the
pressure falls to zero, and there has during three years not been registered pressure
build up in tubing or B - annulus. There is a continuous monitoring of the pressures in
tubing, A, B and C annuli.

e Risk evaluation: The likelihood of hydrocarbons coming from the reservoir is low
due to:
- Perforations are at 2717 m TVD whereas the initial oil water contact (OWC) was
at 2702 m TVD.
- Based on a reservoir simulation (seen in figure 24), the current OWC is at 2635 m

TVD (29).
- The oil saturation at the upper part of the well (2692 m TVD) is approximately
30%.

- However, the simulation cannot exclude the existence of small pockets of
hydrocarbons not captured in the reservoir model.
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Current OMWC=
2835mi<TVD

Well position

208 1misTVD

Figure 24: Reservoir simulation showing present OWC and the position of the well in case 1 (29).

Based on the performed reservoir simulation showing the presence of hydrocarbons to be
very unlikely and the evaluation concluding the well does not have any inflow potential
from the reservoir (continuous pressure monitoring of tubing and annuli shows zero
pressure build up for three years), this well poses a low risk. The consequences will be
small as the reservoir does not have any potential of creating a major accident.

Table 15 shows the result of the consequence rating for the well. It scores low on every
factor, except the surroundings contribution. This is because case 1 is a manned platform
well with high installation activity, which always requires additional attention. The final
consequence score is 233.
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CASE 1

[ snin

Table 15: Consequence score for Case 1.

[ s

ENERGY SURROUNDINGS BARRIER [ s
fill=yes)| wi Wi i W fi(l=yes)|  wi Wi |fitwit W fi(l=yes)|  wi Wi |fitwit W
Energy source 3 Type of installntion 5 Leakage poth 10
Injection 1 G 13 Subsea 1 0 Inside well { "internal") 3 0
Gas lift 2 0 Subsea below platform 5 0 Inside --> autwards in well {" external ") 1 5 S0
Reservoir 10 0 Flatform 1 10 50 Outside well { external surroundings) 10 0
1 [ "7 [ T ]
Reservoir [ injection pressure 10 Installation activity 5 Potentiol leak rate 10
< Naormal 1 1 10 Unmanned facility / location 1 0 Low l2ak rate (= API RP 14E) 1 2 20
Abnarmal 5 0 [Manned facdlity / location 1 10 50 Medium leak rate { z2x APl RP 14B) 5 0
Abnormal high 10 0 High leak rate / blowout 10 0
N I A N Water dept :
Flaw potentiol from reservoir 10 Deep (= 300 m) 1 0 Escalation factors { can fill in none or several) 5
Nane 1 1 10 Medium (100 - 300 m) 1 5 15 Corrasion / erosion in the well 4 0
Some 2 0 Shallow (<100 m) 10 0 Mechanical pressure loads > design 8 0
Medium 5 0 Unacceptable HC storage in the well 10 0
High 10 0 7 Surraundings fadors SUM 115 Challenge relating recoverability [ well kill 10 0
I N R N
Lenkage fluid (mainly) 10 3 Barrierfactors SUM 10
Water 1 1 10
dil 5 0
Condensate b 0
G35 10 0
N I A N
3 Energy factors SUM | 48 FINAL CONSEQUENCE SCORE 233 Low impact
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Figure 25: WBS for case 1 (33) .
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4.3.2 Case?2
WABS for case 2 is shown in figure 26. Additional well information is listed below:

e Gas Producer.
e Manned platform well.
e Reservoir pressure is abnormal high (HPHT — well).

e Well integrity issue: Deterioration in both primary and secondary barrier
(insufficient strength of formation at 9 7/8” casing depth, production packer depth
and the 9 7/8” casing cement is of uncertain quality). Breach in Statoil’s TR — 3507,
as the requirement for minimum horizontal stress at the barrier elements is not met
and cement quality not verified. Calculations show minimum horizontal stress < gas
gradient, but fracture gradient > gas gradient. Logging of the 7 liner cement revealed
no hydraulic seal behind the liner. The log could not proof good cement in the 9 7/8”
casing cement either (30).

e Risk evaluation: The worst case scenario in case of barrier failure is a reservoir gas
leakage fracturing overburden formation and a subsequent leak to the seabed or to the
annulus of the platform wells. A study on the potential leak paths for reservoir gas
and the recipient sands in the overburden has been performed. The conclusion was
that there is sufficient storage capacity to receive a gas leakage (31). As the formation
integrity requirement is based on the minimum horizontal stress, (the fracture re -
opening pressure which is much lower than the actual fracture gradient), it can be
discussed if the formation integrity will fail due to a gas leakage. The well has been
assessed to be orange, and not red (dual barrier failure), because of the conservative
assumptions. However, both the primary and secondary barrier fail to meet minimum
requirements, and the 9 7/8” casing cement is of uncertain quality. Although the
probability of the leak passing both barriers is regarded low, the consequences would
be enormous as it is a HPHT field. A potential blowout would also be hard to kill.

Table 16 shows the consequence score for case 2. The contribution from each factor is
high, reflecting the degree of seriousness for the well. As the reservoir has the ability to
deliver a huge amount of energy which can propagate to seabed or directly on platform
deck (external surroundings), this well poses a very high risk. This is also reflected in the
final consequence score which is > three times higher than for case 1, with a value of 735.
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Table 16: Consequence score for Case 2.

CASE 2
ENERGY [ ] finin SURROUNDINGS [ ] tinin BARRIER [ ] finin

fi{l=yes)| wi W |fifwi*Wj fifl=yes)| wi Wi [fifwitWj fi(l=yes) | wi W |fifwitW
Energy source 3 Type of installation 5 Leakage path 10
Injection b 0 Subsea 1 0 Inside well | "internal")
Gas lift B 0 Subsea below platform 5 0 Inside --» qutwards in well " external") 5
Resenoir 1 10 30 Platform 1 10 50 Outside well [ external surroundings) 1 10
- rr & [ @ [ [ 7T 1]
Reservoir / injection pressure 10 Installation activity 5 Potential leak rate 10
< Normal 1 0 Unmanned facility / location 1 0 Low leak rate (= API RP 14B)
Abnarmal 5 0 Manned facility / location 1 10 50 Medium |eak rate ( = 2x API RP 148) 5
Abnormal high 1 | 100 T High leak rate / blowout 1 |
I N A N Waterdet :
Flow potential from reservoir 10 Deep{» 300m) 1 0 Escalation factors { can fill in none or several) 5
None 1 0 Medium (100 - 300 m) 1 5 Corrosion / erosion in the well
Some 2 0 Shallow (< 100 m) 10 Mechanical pressure loads > design 1
Medium 5 Unacceptable HC storage in the well 10
High 1 10 100 ¥ Surroundings factors SUM 115 Challenge relating recaverability / well kill 1 10

Leakage fluid (mainly) 10 3 Barrier factors SUM 290
Water 1
il
Condensate
Gas 1 10 100

5 Energy factors SUM | 330 FINAL CONSEQUENCE SCORE 735 High impact
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WELL BARRIER SCHEMATIC
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Figure 26: WBS for case 2 (33) .

84



4.3.3 Case3

WABS for case 3 is shown in figure 27. Additional well information is listed below:

Oil Producer.
Subsea well distanced away from installation (tie - back well).
Reservoir pressure is abnormal (> Hydrostatic).

Well integrity issue: Failed primary barrier (oil leakage at approximately 0.8 I/ min
through production packer into A and B annuli). During operation an increase in A —
annulus pressure (which was impossible to bleed off in the annulus bleed line) was
detected and due to holes in tie - back casing the A and B annuli were in
communication. The pressure is stabilized at a higher value than the C annulus can
withstand if the leakage should propagate out of the 13 3/8” casing.

Risk evaluation: Should the 13 3/8” casing not withstand the pressure in B — annulus
the oil will flow under the 20” casing shoe, which has insufficient strength, and into
the overlying formation. In worst case scenario the oil could move all the way up to
seabed due to formation fracturing. However, as the intermediate casing is a part of
the secondary barrier, it is designed and tested to withstand the high pressure. It shall
in theory not be exposed for degradation. Due to the fact that this is a subsea well
distanced far away from the installation, there is no risk related to safety. But a large
leak would be devastating for the environment, as the well has a high potential of
delivering huge amounts of oil for a long period of time. There is also an
unacceptable amount of hydrocarbons stored in the A and B — annulus, which would
cause pollution if released to the environment. As the wellhead area is subsea there
are challenges relating to restoring the barrier and to kill the well in a critical
situation. This makes the well serious in regards to the consequences if there should
be a leak to seabed, as this can result in severe environmental pollution. Due to the
lack of monitoring of the B and C annuli on wet trees, a leak propagating outside the
A - annulus can be hard to track, and the integrity issue therefore has a larger
associated uncertainty.

Table 17 shows the consequence score for case 3, where the well gets a high value, 505,
due to the reservoir performance and escalation factors. As mentioned the well can never
threaten the safety on an installation, but has the potential to create major environmental
damage.
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CASE 3

Table 17: Consequence score for Case 3.

ENERGY [ ] finin SURRQUIIDINGS [ ] sin BARRIER [ ] fnin
fiil=yesp|  wi Wi i Wi W fiillzyes)|  wi Wi | fi it W fill=yes) | wi Wi |fitwit W
Energy source 3 Type of installntion 5 Leakage path 10
Injection o 0 Subsea 1 Inside well { "intzrnal "} 3 0
Gas lift 8 0 Subsea below platform Inside > outwards in well {" extzrnal") 1 5
Resemwair 1 10 30 Platform 10 Outside well { external surroundings) 10
I R N
Reservoir / infection pressure 10 Instaflation activity 5 Potential leak rate 10
< MNaormal 1 0 Unmanned fadility / location 1 1 Low leak rate (= APl RP 14B) 2 0
Abnarmal 1 E 50 Manned facility / location 10 Medium lealk rate | =2x APl RP 14B) 5 0
Abnarmal high 10 0 High leak rate / blowout 1 10 ]
I A N N Water dep :
Flow potential from reservoir 10 Deep (= 300 m) 1 0 Escalation factors { can fill in none or several) 5
Nane 1 0 Medium (100 - 300 m) 1 5 15 Corrosion | erosion in the well 4 0
Some 2 0 Shallow (= 100 m) 10 0 IMechanical pressure loads = design 2 0
[edium 5 0 Unacceptable HO storage in the well 1 10 S0
High 1 10 100 7 Surroundings factors SUM 25 Challenge relating recoverability [ well kill 1 10
[N N N R B
Leakage fluid (mafnly) 10 7 Barrierfactors SUM 250
\Water 1 0
dil 1 5 50
Condensate 8 0
Gas 10 0
I A N N
3 Energyfactors SUM | 230 FINAL CONSEQUENCE SCORE 505 High impact
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WELL BARRIER SCHEMATIC
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4.3.4 Case4

WABS for case 4 is shown in figure 28. Additional well information is listed below:

Oil Producer.

Subsea well distanced away from installation (tie - back well).
Reservoir pressure is abnormal (> Hydrostatic).

Special completion with dual wellbores.

Well integrity issue: Failed primary barrier (a fish above SCSSV in bore 1 makes it
inoperative and the control line is exposed to reservoir fluid).The control line is
isolated with a ROV operated valve in the control module placed on the subsea
manifold. The leak potential is very limited, as the control line has a small diameter.

Risk evaluation: If the ROV operated valve fails, there is direct communication
between the reservoir and seabed through the SCSSV control line. The length of the
control line (350 m) and the small diameter (3.5 mm) will however give a high
friction, making the potential leak rate to seabed very small (< APl RP 14 B criteria).
Due to the fact that this is a subsea well distanced far away from the installation,
there is no risk related to safety. The risk associated with environmental damage is
also low. A leak to seabed would have to move more than 350 m to reach surface,
and the oil will be significantly spread at shallow depths. This makes the oil
concentration reaching surface very small. There are no factors potentially escalating
the integrity issue and the remaining barrier condition has been unchanged for many
years. The shut in pressure is significantly lower than pressure limit for the control
line, there is not a large volume of hydrocarbons present in the well and a leak to
seabed is assessed to be easy to kill. The dual wellbore completion also makes the
well more robust to integrity issues as there are a several options to solve an integrity
issue relating to access and reliability of other WBEs.

Table 18 shows the consequence score for case 4. It scores low on every factor, except
the energy contribution. As the reservoir has potential of delivering hydrocarbons, the
risk cannot be negligible. The score, 263, reflects the low degree of impact a leak to the
surroundings will have both on safety and environment.
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Table 18: Consequence score for Case 4.

CASE 4
ENERGY [ ] s SURROUNDINGS [ ] i BARRIER [ ] i

fi{l=yes)| wi Wi A wi W fi(l=yes}|  wi Wi | Wity fi(l=yes}| wi Wi | wi
Energy source 3 Type of installotion 5 Leakage poth 10
Injection & 0 Subsea 1 1 5 Inside well { "internal") 3 0
Gas lift 8 0 Subsea below platform 5 0 Inside - outwards in well (" external") 1 5 50
Reseroir 1 10 30 Platform 10 0 Outside well { external surroundings) 10
- r—rr1 [ """ ©"7T [ ]
Reservolr / injection pressure 10 Instailation activity 5 Patenticl leak rate 10
= Mormal 1 0 Unmanned fadility | location 1 1 5 Low leak rate (< APl RP 14E) 1 2 20
Abnaormal 1 5 50 Manned fadlity / location 10 0 Medium leak rate | 22x APl RP 14E) 5 0
Abnormal high 10 0 High leak rate [ blawout 10 0
I I N A Water dept :
Flow potential from reservoir 10 Deep (> 300 m) 1 1 3 Escaiation factors { con fill in none or several) 5
Hone 1 0 Medium {100 - 300 m) 5 0 Corrasion [ erosionin the well 4 0
Some 2 0 Shallow (< 100 m) 10 0 Mechanical pressure loads » design B 0
Medium 1 5 50 Unacceptable HC storage in the well 10 0
High 10 0 7 surreundings factars SUM 13 Challenge relating recoverability / well kil 10 0
N I N
Leakage fiuid (mainly) 10 3 Barrier factors SUM 10
Water 1 0
Qil 1 5 50
Condensate 3 0
Gas 10 0

3 Encrgyfactors SUM | 180 FINAL CONSEQUENCE SCORE 263 Low impact
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Figure 28: WBS for case 4 (33) .
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4.3.5 Case5
WABS for case 5 is shown in figure 29. Additional well information is listed below:

e Alternating water and gas injector.
e Subsea well below manned semi — submersible floater.
e Reservoir pressure is abnormal (> Hydrostatic).

e Well integrity issue: Failed primary barrier (tubing to annulus leak above the
acceptance criteria below the SCSSV and the 9 5/8” liner cement is of uncertain
quality). Corrosion in the tubing has led to a leak into A — annulus of the well below
the SCSSV. The tie — back PBR is not qualified as barrier element according to
today’s regulations, and is regarded as a weak link where the leak can propagate to B
- annulus. In addition to the failed primary barrier the 9 5/8” liner cement is also of
varied (uncertain) quality according to cement log (32). The well has been used as
water injector for the past months and a reflux of gas from the reservoir is regarded
unlikely.

e Risk evaluation: Worst possible scenario is a leak of gas from the reservoir which
propagates outside 7” and 9 5/8” liner (or through tubing via A — annulus and PBR)
reaching the 13 3/8” shoe which cannot withstand today’s shut — in pressure with gas
gradient all the way up to the shoe (it can withstand the water gradient). Since the
well has been used as water injector in the past months, it is regarded unlikely that
gas shall flow into the well. However, as former gas injector, there will always be a
possibility of reflux from the reservoir (but the gas flow potential is considered
small). The probability of the leak reaching 13 3/8” casing shoe is also regarded low.
As the well is subsea positioned under a manned facility, a gas leak reaching the
floater would be critical. Due to the fact that it is considered to be very unlikely that
gas will flow from the reservoir, the wellhead is positioned at deep waters (>350 m)
and the possible leak rate of gas would be small and easy to kill, the risk relating to
safety is not considerably high. Environmental risk is also small, as a leak of gas to
seabed would not cause any significant pollution.

Table 19 shows the consequence score for case 5. It will have a medium impact with score
396 due to conservative assumptions in the risk evaluation, where worst case scenario
assumes gas leak with potential of reaching the 13 3/8” casing shoe. As there is a low
probability of gas flowing from the reservoir, the flow potential and leak rate is assessed to
be small.
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CASE 5

Table 19: Consequence score for Case 5.

ENERGY [ ] tinin SURROUNDINGS [ ] tinin BARRIER [ itin
fi{l=yes)| wi W |fifwitj fifl=yes) | wi W |firwisw fill=yes) | wi W |firwiWj
Energy source 3 Type of installation 5 Leakage path 10
Injection 1 b 18 Subsea 0 Inside well { "internal") 3 0
Gas lift & 0 Subsea below platform 1 5 25 Inside -» outwards inwell (" external") 1 5 50
Resenair 10 0 Platform 10 0 Qutside well | external surroundings) 10 0
[N I N A
Reservoir / injection pressure 10 Installation activity 5 Potential leak rate 10
< Normal 1 0 Unmanned facility [ location 1 0 Low |eak rate (< API RP 14B) 1 2 0
Abnormal 1 5 50 Manned facility/ location 1 10 50 Medium leak rate [ 2 2¢ AP| RP 14B) 5 0
Abnormal high 10 0 High leak rate / blowout 10
N N N A Woterdet 3
Flow potential from reservoir 10 Deep [ » 300 m) 1 Escalation factors ( can fill in none or several) 5
None 1 0 Medium (100 - 300 m) 5 0 Corrosion / erosion in the well 1 4 20
Some 1 1 20 Shallow (= 100 m) 10 Mechanical pressure loads » design 1 ] 4
Medium 5 0 Unacceptable HC storage in the well 10 0
High 10 0 ¥ Surroundings factars SUM 18 Challenge relating recoverability / well kill 10 0
N N N A
Leakage fluid (mainly) 10 ¥ Barrier factors SUM 130
Water
(il
Condensate
Gas 1 10 100

3 Energy factors

SUM

188

FINAL CONSEQUENCE SCORE 396

Medium impact
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Figure 29: WBS for case 5 (33) .
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4.3.6 Model 3 predictions

An evaluation of the model predictions will now be carried out. Its ability to find the most
critical wells is reflected in the different consequence scores.

The 5 field cases are rated equally after the previous categorization system, where the
physical barrier status in the wells directly decides the final risk status code. The 5 cases are
all orange, as they have a failed barrier or a single failure in the well will result in a leak to
the surroundings. However, they will pose different levels of risk depending on the
consequences this leak may have both on safety and environment. This difference in risk is
shown in the new model for consequence categorization where the wells are ranked in
following order (1 = most serious):

Case 2 with consequence score 735.
Case 3 with consequence score 505.
Case 5 with consequence score 396.
Case 4 with consequence score 263.
Case 1 with consequence score 233.

a > w e

These results give a good indication of the model’s ability to reflect the seriousness for the
different wells, as the ranking actually consigns with the risk evaluation for the different
cases. There have also been performed well specific risk assessments for the 5 cases
internally in Statoil, and these evaluations support the results found from model 3.
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4.4 Final model for risk status categorization

The new consequence categorization (model 3) can be combined with the existing barrier
status codes (seen in table 8). Constructing a matrix with the barrier status on one axis
(accounts for probability) and the consequence scores on the other (accounts for impact), a
more complete risk picture will be presented.

Before constructing the final matrix a division of the scores from model 3 is needed to
produce different consequence categories (already shown in table 15 - 19). Three groups
are reflecting the degree of seriousness relating to the impact:

e Scores < 300: Low impact.
e Scores between 300 — 500: Medium impact.
e Scores > 500: High impact.

Barrier Status
(Probability)

—

LOW IMPACT MEDIUM IMPACT HIGH IMPACT
Casel Cased Case 5 Case 3 Case 2
- ® = E #® ®
| . , L L R . Consequence Score
100 2o alo abo 500 &80 250 (Impact)

Figure 30: Matrix for final risk status categorization including the 5 field
cases.

The final matrix for risk status categorization is presented in figure 30. The wells in the
right upper area of the matrix (with scores > 500 and orange / red on barrier status) are
considered most critical, needing the first hand prioritization.
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4.5 Detailed risk assessment for the wells ranked high

Wells ranked high in the new risk categorization system need high management attention
and additional resources. In the first run a detailed risk assessment must be performed
finding out if the wells actually pose a higher associated risk than the ones ranked less
critical. If the latter is a fact, the wells will be first in line for a workover / intervention
returning them to a healthy state. This means re — establishing the lost barrier(s) by either
fixing the original issue or by securing the wells with plugs (mechanical or cement).

As previously discussed, there are different risk assessment techniques for well integrity
with variation of time effort and complexity. Today Statoil has no fixed standard for a
detailed risk assessment procedure for the integrity of wells in operation making it difficult
performing this task.

A common and easy method frequently used is a risk register table, where all the risks are
listed one by one. Based on the level of impact and probability, the different risks are
placed in a matrix showing which are critical and the ones less serious. This method is
beneficial in the way that it is very easy to use and present, and has a low level of
complexity. However, by only listing the risks, dependencies are not taken into
consideration. A major accident is usually a result of the combined effects from many risks
occurring simultaneously. Therefore, they need to be assessed in combination, and not
isolated, to represent possible undesirable scenarios.

As the dual barrier envelopes can be seen as a system preventing hydrocarbons from
flowing out of the well, a system reliability analysis is suited to assess how robust the
barriers are when experiencing well element failures. A FMECA is an analysis which
investigates how a component failure will affect the barrier envelopes. Nor this method
takes into account dependencies, as it only looks into single component failures and
isolated effects.

A fault tree analysis is a more detailed method for system reliability accounting for
combined effects, as it shows which component failures result in a leak to the surroundings.
The fault tree creation is time consuming and will require a lot of resources. Making a
diagram representing all the possible component failures leading to a leak out of the well, is
a major task. The fault tree may become too complex and hard to create.
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Statoil’s compliance and leadership model is an easy and understandable method of
performing a risk assessment before a work task. The advantage of the model is its
comprehensibility to most people who may not be that familiar to the risk assessment
discipline and complex analysis methods. A weakness of the model is its generality, as it
does not say which techniques to use to identify and evaluate the risks before a work task.

Developing a standard for detailed risk assessment for the most critical wells in operation
(wells outside the dual barrier criterion ranked high in the new categorization system) can
simplify the process and save lots of time for Statoil. This thesis suggests some techniques,
but it is hard finding a perfect tool for assessing the well integrity risk for wells in
operation. There needs to be a balance in the degree of details in the analysis as the
complexity will increase when the level of details is high. A method too complex and time
consuming will never work in practice, but simplifying the analysis can create a wrong
representation of the true risks.
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5. CONCLUSION

The existing risk status categorization for wells in operation is based on the NOG
Recommended Guidelines 117, chapter 4. Although Statoil has developed this system a
step further with implementing the escalation risks in iWIT, the creation of a system which
represents the total risk picture in a better way is needed. The existing risk status
categorization is mainly focused on the physical barrier status in the well hence describes
the probability of a leak to the surroundings. It does not evaluate the consequences a
blowout / well release would have for the installation, its personnel and the environment.
As risk can be described as the combination of consequences of an event and the associated
likelihood of occurrence of the event, an important part is left out in the status code.

The scope of this thesis was developing a new system including the consequences in the
risk status for the wells. This system can be used for further differentiation of the red /
orange wells (that are outside the dual barrier requirement) with regards to which gets the
first hand prioritization and resources.

Most of the wells in the operational phase still have one barrier in place preventing the leak
from reaching the surroundings. The consequences will therefore be hypothetical relating to
a potential event resulting from a well integrity issue. The main hazardous event is a
blowout / well release resulting in a flow of hydrocarbons to the surroundings. Depending
on a number of factors, the consequences of a blowout / well release will differ from well to
well. As they are based on an event that has not yet occurred, there will be a large
associated uncertainty. Most likely it will never happen. However, developing a
categorization system for the consequences potentially resulting from the well integrity
issue will help finding the most critical wells - the wells with the largest potential for a
major well integrity accident. These need the first hand prioritization and resources.
Returning the most critical wells to a healthy state will reduce the overall risk that affect the
whole installation, its personnel and the surrounding environment.

This thesis suggests several systems for consequence categorization, and the one most
representative is presented as model 3. It is a simple system building on several factors
which are given different weights according their significance. The model function
summarizes each factor’s contribute, and produces a final consequence score. This score
reflects the seriousness in regards to the impact a potential leak would have to safety and
environment. Model 3 was tested on 5 field cases with the same status code (orange — one

98



barrier failure) according to the existing system for risk classification. The model results
clearly illustrate how the equal rating of these wells is insufficient, as they actually pose
very different levels of risk based on the potential consequences. The scores gave a good
indication of the model’s ability to reflect the seriousness for the different wells, as the
ranking actually consigned with the risk evaluation for the different cases. Well specific
risk assessments performed internally in Statoil also support the results from model 3.

The new consequence categorization (model 3) can be combined with the existing barrier
status codes (seen in table 8). Constructing a matrix with the barrier status on one axis
(accounts for probability) and the consequence scores on the other (accounts for impact), a
more complete risk picture will be presented:

Barrier Status
{Probability)

—

IMost Critical Wells

| \ \ y . Conseguence Score

) )
|
100 2 .%. o 3 .:I. 0 K .I:. o 5 .{. 0 sdo 7 .5 o (Impact}

Figure 31: Matrix for final risk status categorization.

It is important to emphasize that the new system shall not undermine the existing regulatory
requirement that wells with failed barrier(s) must be shut in until the dual barrier envelopes
are regained. Using a low consequence score as argument for continued production /
injection could turn into a dangerous trend. This is not the purpose of the new system. It is
a tool helping the decision makers to determine which wells get first hand prioritization in a
line of wells that need remediation. Scarce resources make it impossible to perform
interventions and workovers to re - establish the barrier(s) on all these wells at the same
time.
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Although a major well integrity accident in the operational phase has a low associated
probability, the consequences of such an event would be devastating. Loss of human lives,
huge environmental damage and great financial losses (potentially destructing the operating
company in charge) are some outcomes that can result from a major accident. Knowing the
well integrity risk status at all times is of utmost importance.

There needs to be an understanding of who is responsible and accountable at each stage of
the well’s lifetime. The well can change organizations multiple times during its life, and the
owner needs to be known and accountable at all times. A good process and documentation
is essential for smooth and accurate handovers between organizations. Having a status
representing the total risk picture for a well is therefore very important in all stages of the
wells lifetime allowing the involved parties to understand the risks the wells pose. This can
help preventing a major ccident.

Defined roles Handover
and processwith
re s ponsibiliy documemnted /

Internal
reporting of
wellincidents
and learning

Wellimtegrity risk status at all
times

forthe well verified
life oycle barriers
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6. FURTHER WORK

As there are numerous factors controlling the impact of a potential blowout / well release, it
is difficult constructing a model capturing all of them. Model 3 is built on a few factors
considered most important, and they are weighted according to which have the greatest
influence on the consequences. This weighting is subjective and the values need to be
adjusted. To construct a more representative model reflecting a realistic consequence
picture it is essential to have participation from experienced and knowledgeable team
members from a variety of disciplines and backgrounds. As the factors come from different
areas, several engineers (reservoir, mechanical, process, design, risk) must be included in
the model development providing a better basis for the assumptions the system is built on.

The model needs to be tested on a high number of field cases to find out which factors are
most significant to the consequences. By comparing the results from many wells, it is easier
to see trends and adjust the model assumptions.

A standard for detailed risk assessment for the wells that are ranked high in the new risk
status categorization system is needed to assess if these are candidates for immediate
workover / intervention operations. This can potentially avoid a major accident resulting
from an integrity issue.
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APPENDIX A: Well barrier elements, functions and failure modes

The table below lists the types of WBES, with the description of function and typical failure
modes, which are relevant during the operational phase of a well (4).

ELEMENT TYPE

FUNCTION

FAILURE MODE (Examples)

Fluid column

Exerts a hydrostatic pressure in the well bore that
prevents well influx/inflow of formation fluid.

Leak-off into a formation
Flow of formation fluids

Formation strength

Provides a mechanical seal in an annulus where the
formation is not isolated by cement or tubulars

Provides a continuous, permanent and impermeable
hydraulic seal above the reservoir

Impermeable formation located above the reservorr,
sealing either to cement/annular isolation material or
directly to casing/liner

Provides a continuous, permanent and impermeable
hydraulic seal above the reservoir

Leak through the formation

Mot sufficient formation strength to
withstand annulus pressure

Mot sufficient formation strength to
perform hydraulic seal

and tubing strings

Provides mechanical interface for connection of a riser,
BOP or production Christmas tree

Prevents flow from the wellbore and annuli to formation
or the environment

Casing Contains fluids within the wellbore such that they do not | | aak at connections
leak out into other concentric annuli or into exposed Leak caused by comosion and/or
formations _ Y
erasion
Parted connections
Wellhead Provides mechanical support for the suspending casing

Leaking seals or valves
Mechanical overload

Deep-set tubing plug

Provides a mechanical seal in the tubing to prevent flow
in the tubing

Leaks across the seals, internal or
external

Production packer

Provides a mechanical seal between the completion
tubing and the casing/liner, establishing the A-annulus
above and thus preventing communication from the
formation into the A-annulus

Leak across the external packing
elements

Leak across the internal seals




ELEMEMNT TYPE

FUNCTION

FAILURE MODE (Examples)

Surface-controlled sub-
surface safety valve

Safety valve device installed in the production tubing
string that is held open, usually by the application of
hydraulic pressure in a control line. If there is loss of
control line hydraulic pressure, the device is designed
to close automatically

Lack of contrel line communication
and functional control

Leaking above acceptance criteria
Failure to close on demand

Failure to close within the
acceptable closing time

Limer top packer

Provides a hydraulic seal in the annulus between the
casing and the liner, to prevent flow of fluids and resist
pressures from above or below

Inability to maintain a pressure
seal

Sub-sea production
Tres

System of valves and flow conduits attached to the
well-head at the sea floor, which provides a method for
controlling flow out of the well and into the production
system

Additicnally, it may provide flow paths to other well
annuli.

Leaks to the environment

Leaks above the acceptance
criteria

Inability of valves to function

Meachanical damage

Annulus surface-
controlled sub-surface

safety valve

Safety valve device installed in the annulus that
prevents flow of fluids from the annulus to the annulus
wing valve

Lack of contrel line communication
and functional control

Leaking above acceptance criteria
Failure to close on demand

Failure to close within the
acceptable closing time

Tubing hanger

Supports the weight of the tubing and prevents flow
from the tubing to the annulus or wice verza

Leak past tubing seal

Meachanical failure

Tubing hanger plug

Mechanical plug that can be installed within the tubing
hanger to allow for isolation of the tubing

Often used to facilitate the installation of BOPs or
Christmas tree repairs

Failure to hold pressure, either
internally or externally

Wellhead/annulus
access valve

Provides ability to moniter pressure and flow to/from an
annulus

Inability to maintain a pressure
seal, or leaking above acceptance
criteria

Unable to close

Casingfliner cement

Cement provides a continuous, permanent and
impermeable hydraulic seal along well bore between

formations and a casingfiner or betweaen casing strings.

Additionally, the cement mechanically supports the
casing/liner and prevents comosive formation fluids
coming into contact with the casing / liner.

Incomplete fill of the annulus being
cemented. longitudinally andior
radially

Poor bond to the casing/liner or
formations

Inadequate mechanical strength

Allows flow fromfto formations
behind the casing/liner




ELEMENT TYPE

FUNCTION

FAILURE MODE (Examples)

Cement plug

A continuous column of cement within an open hole or
inside casing/linertubing to provide a mechanical seal

Poor placement, leading fo
contamination with other fluids in
the well

Insufficient mechanical strength

FPoor bond to the casing or
formation

Completion tubing

Provides a conduit for fluid to/from the reservoir toffrom
surface

Leak to or from the annulus.

Wall thinning from corrosion
andlor erosion not resistant to the
load cases

Mechanical tubing plug

A mechanical device installed in completion tubing to
prevent the flow of fluids and resist pressure from
above or below, inside tubulars and in the annulus
space between concentric positioned tubulars.

Inability to maintain a pressure
seal.

Completion string
component

Provides support to the functionality of the completion,
i.e. gas-lift or side pocket mandrels with valves or
dummies, nipple profiles, gauge camers, control line
filter subs, chemical injection mandrels, etc.

Inability to maintain differential
pressure

Valves leaking above the
acceptance criteria

Surface safety valve(s)
or emergency shut-
down [ESD) valves

Provides shut-down functionality and isolation of well to
production processiflow lines based on operating limits
of the production system

Leaks to environment

Leaks across valves above
acceptance criteria

Mechanical damage

Inability to respond to process
shutdown requirement over
pressuring process

Swrface production
Tres

A system of valves and flow conduits attached to the
well head that provides a method for contralling the flow
out of the well and into the production system

Leaks to the environment

Leaks across valves above the
acceptance crtera

Inability to function valves

Mechanical damage




APPENDIX B: Well barrier elements acceptance tables

The tables below are excerpted from NORSOK D-010 section 15, and contain some of the
most important WBES during the operational phase of a well (1).

151 Table 1 — Fluid column

Features

Acceptance criteria

See

A. Description

This is the fluid in the wellbore.

HORSOK
D-001

B. Function

The purpose of the fluid column as a well bamier™VBE is to exert a hydrostatic
pressure in the wellbore that will prevent well infludfinflow (kick) of formation fluid.

C. Design
construction
selection

1.

The hydrostatic pressure shall at all imes be equal to the estimated or
measured porefreservoir pressure, plus a defined safety margin (e.g. riser
margin, trip margin).

Critical fluid properties and specifications shall be described prior to any
operation.

The density shall be stable within specified tolerances under down hole
conditions for a specified pericd of time when no circulation is performed.
The hydrostatic pressure should not exceed the formation fracture
pressure in the open hole including a safety margin or as defined by the
kick margin.

Changes in wellbore pressure caused by tripping (surge and swab) and
circulation of fluid (ECD) should be estimated and included in the above
=safety margins.

IS0 10416

D. Initial test
and
werification

Stable fluid level shall be verified.
Critical fluid properties, including density shall be within specifications.

E. Use

It shall at all times be possible to maintain the fluid level in the well
through circulation or by fillimg.

It shall be possible to adjust critical fluid properties to maintain or modify
specifications.

Acceptable static and dymamic loss rates of fluid to the formation shall be
pre-defined. If there is a risk of lost circulation, lost circulation material
should be available.

There should be sufficient fluid materials, including contingency materials
available on the location to maintain the fluid well barrer with the minimum
acceptable density.

Simultaneous well displacement and transfer to or from the fluid tanks
should anly be done with a high degree of caution, not affecting the active
fluid system.

Parameters required fior re-establishing the fluid well barrier shall be
systematically recorded and updated in a “killsheet™.

F. Monitoring

Fluid level in the well and active pits shall be monitored continuously.
Fluid return rate from the well shall be monitored continuously.

Flow checks should be performed upon indications of increased retumn
rate, increased voelume in surface pits, increased gas content, flow on
connections or at specified regular intervals. The flow check should last
for 10 min. HTHP: All flow checks should last 30 min.

Measurement of fluid density (infout) during circulation shall be performed
regularhy.

Measurement of critical fluid properties shall be performed every 12
circulating hours and compared with specified properties.

Parameters required fior killing of the well.

IS0
10414-1
IS0
10414-2

G. Common
well barrier

HNone




15.2 Table 2 - Casing
Features Acceptance criteria See
A_Description | This element consists of casing/liner andfor tubing in case tubing is used for
through tubing drilling and completion cperations.
B. Function The purpose of casing/liner is to provide an isolation that stops uncontrolled flow
of formation fluid or injected fluid between the casing bore and the casing
amnulus.
C. Design 1. Casing/liner strings, including connections shall be designed to 15 11960
constructicon withstand all loads and stresses expectad during the lifetime of the well
selection (inzluding all planned operations and potential well control situations). 150 13879
Any effects of degradations shall be included.
2. Minimum acceptable design factors shall be caleulated for each load
type. Estimated effects of temperature, comosion and wear shall be IS0 10405
included in the design factors.
3. All load cases shall be defined and documented with regards to burst,
collapse and tension/compression.
4. Casing design can be based on deterministic or probabilistic models.
5. Casing exposed to hydrocarbon flow potential shall have gas-tight
threads. Exception: Surface casing which is exposed or can be
potentially exposed to nomal gradient shallow gas.
D. Initial test 1. Casing/liner shall be leak tested to maximum differential pressure.
and verification 2. Casinglliner that has baen drilled through after initial leak test shall be
retested during completion activities.
3. The leak test of casing shall be performed either when cement is wet

(immediately after pumping) or after cement has set up. Mo pressure
testing should be performed while the cement is setting up.

E. Use

Casimg/liner should be stored and handled properly to prevent damage to pipe
body and connections prior to installation.

F. Monitoring

1.

2.

The A-anmulus shall be continuowsly monitored for pressure anamalies.
Cther accessible annuli shall be monitored at regular intervals.

All casing strings shall be logged for wear after drillimg if simulation
indicates excessive wear which excesds allowable wear based on
casing design. Metal shavings should be collected by the use of ditch
magnets.

G. Commaon
well barrier

Dwring drilling cperations with surface BOP, the annulus outside the
current casing shall b2 monitored continuously and alarm levels be
defined.

Actual status of the casing shall be known and confirned capable of
withstanding maximum expected pressure after expected wear.
Pressure test should include safety marngin to cover expected wear after
testing.

Magnet shall be in the mud return flowline to measure metal and
assess changes in the nature of the metal filings.

If drilling through an old casing:

a) Prior to drilling activity commences, casing wear logis) should be
run (calliper andlor sonic). The logs shall be verified by qualified
perscnnel and documented.

b} Logs that can identify localised (1 minterval betwesn
measurements} doglegs (gyro or similar) should be run.




15.5

Features

Table &5 — Wellhead

Acceptance criteria

See

A._ Description

The element consists of the wellhead body with annulus access ports and valves,
seals and casing hangers with s=al assemblies.

B. Function

Its function is to provide mechanical support for the suspending casing and tubing
strings and fior hook-up of risers or BOF or tree and to prevent flow from the bore
and annuli to formation or the environment.

C. Design
construction
selection

1.

The WP for each section of the wellhead shall exceed the maximum well
shut-im pressure the section can become exposed to plus a defined safety
factor.

For dry wellheads, there shall be access ports to all annuli to facilitate
monitoring of annuli pressures and injection/bleed-off of fluids.

For subsea wellheads, there shall be access to the casing by tubing
annulus to facilitate monitoring of annulus pressure and injection /bleed-off
of fluids.

Wellheads that will be used as a flow conduit for continucus or intermittent
production from or injection into anmulus/annuli, shall be designed and
qualified for such functions without impairing the well integrity functicn of
the wellhead. For gas lift applications, gas expansion and the resulting
temperature should be addressed.

The casing hanger shall be locked down o ensure seal integrity during
normal working loads as well as well control situations.

IS0 10423

D. Initial test
and
verification

The wellhead body (or bodies and seals), annulus ports with valves and
the casing seal assemblies shall be leak tested to design pressure for the
specific hole section or operation.

E. Use

A wear bushing should be installed in the wellhead when movement of toolsiwork-
strings can inflict damage to seal areas.

F. Monitoring

1.
2

Amnulus walves shall be leak and function tested frequenthy.

The A-annulus shall be continucusly monitored for pressure anomalies.
Other accessible annuli shall, if applicable be monitored at regular
intervals.

Movements in the wellhead during work over (shut-in/start-up) should be
obsemved and compared to design values.

Accessible seals (land- and platform wells) shall be perodically leak
tested, first time within 1 year then at a maximum frequency of 2 years.

FPenadically inspections for sign of external leaks or detericration based on
installation risk (visual and ROV for subsea). The frequency shall as a
minimum be yeary for subsea wells, if not otherwise defined in & risk
assessment

G. Common
well barrier

Siress analysis due to UBDVMFD eguipmentioperations shall be
performed. Effect of exira loads and tie-ins shall be analysed.
Wisual inspections shall be done based on a predefined inspection
frequency

Drimg drilling activities with a surface BOP, the annulus outside the
current casing shall ke monitored continuously and alarm levels be
defined.




15.7

Table 7 — Production packer

Features

Acceptance criteria

See

A. Description

This element consists of a body with an anchoring mechanism to the
casinglliner, and an annular sealing element which is activated during
installation.

E. Function

Its purpose is to:

1.

provide a seal between the completion string and the casing/liner,
to prevent communication from the formation info the A-annulus
abowve the production packer;

prevent flow from the inside of the body element located above

the packer element info the A-annulus as part of the completion
strimg.

C. Design,
construction
and selection

The producticn packer shall be qualified and tested in accordance
to principals given im recognized standards, i.e. 15014310 V1 as
minimnum and VO if the well contains free gas at the setting depth.
The production packer shall be qualification tested in
unsupported, non-cemented casing.

The setting depth shall be such that any leak through the casing
below the packer, will be contained by the well bammier system
gutside the casing. The formation integrity and any annulus seal
[e.g. cement)} shall be able to withstand the pressures or
temperatures expected throughout the lifetime of the well.

It shall be permanently set (meaning that it shall not release by
upward or downward forces), with ability to sustain all kmown
leads.

Mechanically retrievable production packers shall be designed to
protect against unintentional activation.

The packer (body and seal element) shall withstand maximum
differential pressure, which should be based on the highest of:

a) pressure testing of tubing hanger seals;

b} reservoir-, formation integrty- or injection pressures less
hydrostatic pressure of fluid in annulus above the packer;

¢} shut-in tubing pressure plus hydrostatic pressure of fluid in
annulus above the packer less reservoir pressurs;

d} collapse pressure as a function of minimum tubing pressure
[plugged perforations or low test separator pressure) at the
same time as a high operating annulus (maximum allowable)
pressure is present.

IS0 14210

D. Initial test and

It shall be leak tested fo the maximum differential pressure in the direction

verification of flow, if feasible. Alematively, it shall be inflow tested or leak tested in
the opposite direction to the maximum differential pressure, providing that
ability to seal both directions can be documented.

E. Use Running of intervention tools shall mot impair its ability to seal nor
inadvertently cause it to be released.

F. Monitoring Sealing performance shall be monitored through continuous recording of

the A-annulus pressure measured at wellhead level.

G. Common well
barrier

Mone




15.8 Table 8 — Downhole safety valve
Features Acceptance criteria See
A. Description This element consists of a tubular body with a closefopen mechanism that
seals off the tubing bore.
B. Function Its purpose is to prevent flow of hydrocarbons or fluid up the tubing.
C. Desigmn, 1. It shall be positioned minimum 50 m below seabed. AF| Spec

construction
and selection

2.

The setting depth shall be dictated by the pressure and
temperature conditions in the well with regands o forming of

hydrates and deposition of wax and scale.

It shall be:

a) surface controlled;

k) fail-safe closed.

It should be placed below the well kick-off point in order to provide
well shut-in capabilities below a potential collision point.

The fail-safe closing function (maximum setting depth) should be
calculated based on the highest density of fluids in the annulus.

The DH3Y should pass § slam closures where minimum 2 (two)
slam closures are at the mazimum theoretical production rate of
thie well where the system is to be installed. This to prove the
DHSV is designed for and can withstand the force generated by
thie slam closure without deformation of vital parts

14415010432 API
RF 14B

D. Initial test
and wverification

It shall be tested with both low and high differential pressure in the direction
of flow. The low pressure test shall be maximum 70 bar {1000 psi).

E. Use

When exposed to high velocities or abrasive fluid, increased testing
frequency shall be considered.

F. Monitoring

1.

The valve shall be leak tested at specified regular intervals as
follows:

a) maonthly, until three consecutive qualified tests have been
performed;
thereafier

b} every three months, until three consecutive qualified tests
have been performead;
thereafier

c) every six months;

d)  test evaluation perod is volume and compressibility dependent
and shall be held for a period that will give measurable
pressure change for the allowed leak rate, minimum 30 min.

APl RP 14B
IS0 10417

2. Acceptance of downhole safety valve tests shall meet the following
AMSI/AFPI RF 148 requirements:

a) 042 Sm¥min (25.5 Sm¥hr) (900 scfhr) for gas;
by 0.4 Lmin (8,3 galhr) for liguid.

3. If the leak rate cannot be measured directly, indirect measurement
by pressure monitoring of an enclosed volume downstream of the
valve shall be performed.

4. The emergency shutdown function shall be tested yearly. It shall be
verified acceptable shut down time and that the valve closes on
signal.

G. Common Mone

well barrier




15.9

Table 9 — Annulus safety valve

c} ewery six months;

d) the test evaluation pericd is dependent upon wvolume and
compressibility and shall be held for a period that will give
measurable pressure change for the allowed leak rate,
mimimum 30 min.

2. Acceptance of downhole safety valve tests shall meet the following
APl RP 14B requirements:

a) 0.42 Smimin (255 Sm/hr) (800 scfhr) for gas;

by 0.4 Umin (6.3 galthr) for liquid.

3. If the leak rate cannot be measured directly, indirect measurement
by pressure monitoring of an enclosed volume downstream of the
valve shall be performed.

4.  The valve shall be perodically function tested including the
emergency shutdown function based on reliability analysis but as a
minimum yearly. It shall be verfied acceptable shut down time and
that the valve closes on signal.

Features Acceptance criteria See
A. Description The element consists of a tubular and an annulus sealing element which
can be activated to seal off the annular wellbore.
E. Function Its purpose is to:
a) prevent flow of media up the A-annulus;
b} provide a pressure seal in the A-annulus between the casing and
the tubing.
C. Design, It shall be designed and tested in accordance with APl RP 14B. APl Spec 144
construction 2. It shall be located minimum 50 m below seabed. If annulus is used | APIRP 14B
and selection for preduction, the setting depth shall be determined by the
possibility of forming of hydrates and deposition of wax and scale.
3. It shall be subject to flow erosion resistance verification for all
relevant fluids, if it will become exposed to high productionfinjection
rates.
4. When part of the annulus safety system, the packing element shall
comply with the same requirements as for a production packer.
5. It shall have a WF which exceeds the WDP. The WDF should be IS0 14310
bkased on reservoir pressure less gas gradient below packer and
evacuated A-annulus above.
G.  ltshall be:
a) surface controlled;
b} fail-safe closed.
7. ltshould be placed below the well kick-off point in order to provide
well shut-in capabilities below a potential collision point
8.  The fail-safe closing function (maximum setting depth) should be
calculated based on the highest density of fluids in the annulus.
D. Initial test It shall be leak tested in the direction of flow to:
and verification 1. alow pressure which shall maximum be 70 (~1000 psi) bar;
2. WDP.
E. Use When exposed to high velocities or abrasive fluid, increased testing
frequency shall be considered.
F. Monitoring 1. The valve shall be leak tested at specified regular intervals as
follows:
a) monthly, until three consecutive qualified tests hawve been
performed;
thereafter
b} ewery three months, until three consecutive gualified tests
have been performed;
thereafter APl RP 14B
152 10417

G. Common
well barrier

MNone




15.10

Table 10 — Tubing hanger

Features Acceptance criteria See
A. Description This element consists of a body, seals, feed throughs, and bore(s) which
may have a tubimg hamger plug profile.
B. Function lts function is to:
a) support the weight of the tubing;
b} prevent flow from the bore and to the annulus;
¢} provide a hydraulic seal between the tubing, wellhead and tree;
d} provide a stab-in connection point for bore communication with the
tree;
e} provide a profile to receive a BPVY or plug to be used for nippling
down the BOF and nippling up the tree.
C. Design, 1.  The tubing hanger shall be designed, qualified, tested, and 150 13533
construction manufactured in accordance with recognized standards. 150 13628-4
and selection Z.  When used in conjunction with annulus injection (gas lift, cutting 150 10473

injection, etc.} any low temperature cycling effects need to be taken
into consideration.

D. Initial test
and werification

The locking of the tubing hanger shall be verfied by overpull andfor
pressure from below exceeding the string weight. All seals shall be leak
tested to the WDP, and should be tested in the direction it is designed to
hold pressure.

E. Use Mone
F. Monitoring 1. Continuous monitoring of A- annulus pressure.
2. Accessible seals (land- and platform wells) shall be pressurs tested
at installation, withim 1 year after installation and then at a
maximum freguency of 2 years.
G. Common Mone

well barrier




1512 Table 12 — Wellhead annulus access valve

Features Acceptance criteria See
A Description This element consists of an annulus isolation valve(s) and valve
housing(s) connected to the wellhead.
E. Function Its function is to provide ability to monitor pressure and flow toffrom the
amnuli.
C. Design, 1. The housing shall have a material grade and specification IS0 10423/8P1
construction and compatible with the materals which it is attached to. Spec A
selection 2. The housing and valve(s) shall be fire resistant. 150 15158
3. The access point and valve shall have a pressure rating equal | API Spec 17D
to or higher than the wellhead/tree system. IS0 10497/ AP
4. The valve shall be: Spec BFA

a. designed, qualified, tested and manufactured in
accordance with recognized standards;

b. gas tight

5. The access point and valve shall have a pressure rating egual
ta or higher than the wellhead/tree system.

G. When used in conjunction with annulus injection (gas lift,
cuttings injection, ete.) the valve shall be:

a} surface controlled;
b} automatically operated; and
) fail-safe closed.

Low temperature cycling effects should o be taken into
consideration.

D. Initial test and
verification

The valkve shall be tested in the direction annulus to process piping.

E. Use

The valve shall normally be open for monitoring purposes, with another
valve isclating the access to the platform system, which should only be
opened for the purpose of adjusting the annulus pressure.

F. Monitoring

1. Sealing performance shall be monitored through continuous
recording of the annulus pressure measured at wellhead
lewel.

2. The test evaluation perod is dependent upon volume and
compressibility and shall be held for a perod that will give
measurable pressure change for the allowed leak rate,
minimum 10 min.

3. Manual valves exposed fo injection or production fluids shall
be leak tested every 8 months. For passive annuli, the manual
wvahres shall be tested yearly.

4. Injection valves shall be leak tested at regular intervals as

follows:

a) monthly, until three consecutive gualified tests have been
performed;
therzafter

b} ewery three months, until three consecutive gualified tests
have besn performed;

thersafter
c} ewery six months.

5. Ifthe leak rate cannot be measured directly, indirect
measurement by pressure monitoring of an enclosed volume
downstream of the valve shall be performed.

8. The emergency shutdown function shall be tested yearly. It
shall be verfied acceptable shut down time and that the valve
closes on signal.

G. Commaon well
barrier

Mone




15.22 Table 22 — Casing cement

Features

Acceptance criteria

A_ Description

This element consists of cement in solid state located in the annulus betweaen

concentric casing strings, or the casing/liner and the formation.

NOTE The shoe track cement is coverad in table 24.
B. Function The purpose of the element is to provide a continuows, permanent and

impemeakble hydraulic seal along hole in the casing annulus or between

casing strings. to prevent flow of formation fluids, resist pressures from above

or below, and support casing or liner strimgs structurally.
C. Design, 1. A cement program shall be issued for each cement job, minimum APIRF 10B
construction covering the following: IS0 10476-1

and selection

a) casing/liner cenfralization and stand-off o achieve pressure and
sealing integrity ower the entire required isclation length;
b} use of fluid spacers:;

c} effects of hydrostatic pressure differentials inside and outside
casing and ECD during pumping and loss of hydrostatic pressure
pricr to cement setting up;

d) the risk of lost returns and mitigating measures during cementing.

For critical cement jobs, HPHT conditions and complexfoam slurry
designs the cement program shall be verified independent (intermnal or
external), qualified personmnel.

The cement recipe shall be lab tested with dry samples and additives
fromn the rigsite under representative well conditions. The tests shall
provide thickening time and compressive strength development.

The properties of the set cement shall provide lasting zonal isolation,
structural support, and withstand expected temperature exposure.

Cement slurmies used for isolating sources of inflow containing
hydrocarbons shall be designed to prevent gas migration, including
T2 and H,3, if present.

Planmed casing cement length:

a) Shall be designed to allow for future use of the well (sidetracks,
recompletions, and abandonment).

b} General: Shall be minimum 100 m MD abowve a casing
shoewindow.

¢} Conductor: Should be defined based on structural integrity
requirements.

d) Swurface casing: Shall be defined based on load conditions from
wellhead equipment and operations. TOC should be at
surfacalseabed.

g) Production casingfliner: Shall be minimum 200m MD above a
casing shoe. If the casing penetrates a source of inflow, the
planned cement length shall be 200m MD above the sounce of
inflow.

a.  Mote: If unable to fulfil the requirement when running a
production liner, the casing cement length can be
combined with previous casing cement to fulfil the 200m
MD requirement.




Features

Acceptance criteria

D Initial Cement should be left undisturbed until it has reached sufficient compressive
verification strength.
1. The cement sealing ability shall be verified through a formation
integrity test when the casing shoefwindow is drlled out.
2. The cement lemgth shall be verified by one of the following:

a} Bonding logs: Logging methodsfools shall be selected based on
ability to provide data for verfication of bonding. The
measurements shall provide azimuthal/segmented data. The logs
shall be verified by qualified personnel and documented.

b} 100 % displacement efficiency based on records from the cement
aperation (volumes pumped, retums during cementing, etc.).
Actual displacement pressuraivolumes shiould be comparad with
simulations using industry recognized software. In case of losses,
it shall be decumented that the loss zone is above planned TOC.
Acceptable documentation is job record comparison with similar
loss case(s) on a reference well that has achieved sufficient
length verified by logging.

c}  In the event of losses, it is acceptable to use the PIT/FIT or LOT
as the verfication method cnly if the casing cement shall be used
as a WBE for drilling the mext hole secticn. (This methed shall not
be used for verification of casing cement as a WBE for production
ar permanent abandonment. }

3. Critical casing cement shall be logged and is defined by the following

SCEnarios:

a} the preduction casing/production limer when set intofthrough a
source of inflow with hydrocarbons;

b} the production casing/production limer when the same casing
cement is a pant of the primary and secondary well bamiers;

) wells with injection pressure which exceeds the formation imtegrity
at the cap rock.

4. Actual cement length for a qualified WBE shall be:

a} above a potential source of inflow! resensair;

b} 50 m MD verified by displacement calculations or 30 m MD when
verified by bonding logs. The formation integrity shall exceed the
miaximum expected pressure at the base of the interval.

c} 2 x 30m MD verified by bonding logs when the same casing
cement will be a part of the primary and secondary well barrier.

d} The formaticn integrity shall exceed the maximum expected
pressure at the base of each interval.

2} Forweslls with injection pressure excesading the formation integrity
at the cap rock: The cement length shall extend from the upper
miost injection point to 320 m MD above top reservoir verified by
bonding logs.

E. Use Mone
F. Monitoring 1. The annuli pressure above the casing cement shall be monitored

regulary when access to this annulus exists.

2.  Swurface casing by conductor annulus outlet should be observed
regularly.

G. Common
well barrier

It is not acceptable for use as a common WBE.

When casing cement is a part of the primary and secondary well bamiers, this
is defined as critical casing cement and the criteria in O, Initial verification

applies.




15.24  Table 24 — Cement plug

Features Acceptance criteria See

A. Description The element consists of cement in solid state that forms a plug in the

wellbore.
B. Function The purpose of the plug is to prevent fiow of formation fluids inside a

wellbore between formation zones andlor to surface/seabed.
C. Design, 1. A program shall be issued for each cement plug installation. APl Spec 10A
construction 2. For critical cement jobs, HPHT conditions and complex slurry Class "G
and selection designs the cement program should be verified by independent

{internal or external} gqualified personnel.

3. The cement recipe shall be lab tested with dry samples and
additives from the rigsite under representative well conditions. The
tests shall provide thickening time and compressive strength
development.

4. Cement slurries used in plugs to isclate sources of inflow
containing hydrecarbons should be designed to prevent gas
migration and be suitable for the well environment (05, H:S)

5. Permanent cement plugs should be designed to provide a lasting
seal with the expectad static and dynamic conditicns and loads.

G. It shall be designed for the highest differential pressure and highest
downhaole temperature expected including installation and test
loads.

7. A minimum cement batch volume shall be defined to ensure that a
homogenous slumy can be made, taking into account all sources of
contamination from mixing fo placement.

B. The minimum cement plug length shall be:

Open hole to
Open hole cement Cased hole cement surface plug
plugs plugs (installed in
surface casing)
100 m MD with
minimum 50 m MD
sbove any source of | g o D ifsetona | 50 m MD if seton
inflow/leakage point. A - .
lug in fransition fom mechanicall cement a mechanical
plug plug as foundation, plug, otherwise

open hole to casing
should extend at least
50 m MD abowve and
below casing shoe.

otherwize 100 m MD 100 m MD.

a.

1.

Placing one continuocus cement plug in a cased hole is an
acceptable solution as part of the primary and secondary well
bamiers when placed on a verified foundation (e.g. pressure tested
mechanicalicement plug).

Flacing ocne continuous cement plug in an open hole is an
acceptable sclution as part of the primary and secondary well
bammiers with the following conditions:
a. The cement plug shall extend 50m into the casing.
b. It shall be set on a foundation (TD or a cement plug(s)
from TDY). The cement plug(s) shall be placed directly on
top of one another.

A casing/liner shall have a shoe track plug with a 25 m MD length.




Features

Acceptance criteria

See

. Imitial
werification

1. Cased hole plugs should be tested either in the direction of flow ar
from abowve.

2. For the shoe track to be usad as a WBE, the following appliss:

a. the bleed back volume from placement of casing cement
shall mot significantly exceed the calculated volume; and

b. it shall be either pressure tested and supported by
ocwerbalanced fluid (see EAC 1) or inflow tested.

3. The strength development of the cement slurry should be verified
through observation of surface samples from the mixing, cured on
site in representative temperaturs.

4. The plug installation shall be verified through evaluation of job
execution taking infto account estimated hole size, volumes
pumped and retums.

5. The plug shall be verfied by:

Plug type Verification

Cpen hole Tagging.

Cased hole | Tagging.
Pressure test, which shall:

a) be 70 bar (1000 psi) above estimated leak off
pressure (LOT) below casing! potential leak path,
or 35 bar (500 psi) for surface casing plugs; and

by  not excesd the casing pressure test and the
casing burst rating comected for casing wear.
If the cement plug is set on a pressure tested foundation, a
pressure test is not reguired. It shall be verified by tagging.

E. Use

None.

F. Monitoring

For temporary abandoned wells: The fluid level'pressure above the
shallowest set plug shall b2 monitored regulary when access to the bore
exists.

G. Commion
well barrier

If one continuows cement plug (same cement operation) is defined as part of
the primary and secondary well bamiers, it shall be verified by drilling gut the
plug until hard cement is confirmed.

1. An open hole cement plug extended into the casing shall be
pressure tested.




15.25

Table 25 — Completion string

Features

Acceptance criteria

See

A. Description

This element consists of tubular pipe.

B. Function The purpose of the completion string is to provide a conduit for formation

fluid from the reservoir to surface or vice versa, and prevent communication

between the completion string bore and the A-annulus.
C. Design, 1. All components in the completion string (pipefhousings and IS0 119800AR
construction threads) shall have 13012878 CAL Il conmections or CAL IV Spec 5CT

and selection

connections when exposed to free gas during its lifetime.
2. Dimensioning load cases shall be defined and documentead.
3.  The weakest point(s) in the string shall be identified.

4. Minimum acceptable design factors shall be defined. Estimated
effects of temperature, commosion, wear, fatigue and bucklimg shall
be imncluded in the design factors.

5. The tubing should be selected with respect to:
a} tensile and compression load exposure;
b} burst and collapse criteria;
¢} tool joint clearance and fishing restrictions;
d} tubing and annular flow rates;
2} abrasive composition of fluids;
fi  buckling resistance;
gl metallurgical composition in relation to exposure to formation
or injection fluid;
h} Strength reduction due to temperatures effects.

IS0 13875

0. Initial test
and wverification

Pressure testing to WDP.

E. Use

Mone

F. Monitoring

Pressure integrity is monitored through the annulus pressure.

G. Common
well barrier

Mone




15.28

Table 28 — Mechanical tubular plugs

Features Acceptance criteria See
A_ Description This element consists of a body with a locking or ancharing device and a
seal between the bore of the casing'tubing and the plug body. This is a
mechanical plug set in a profile or anywhere inside steel conduits
{casingftubular).
B. Function The purpase of the plug is to prevent flow of formation fluids and resist
pressure from above or below, inside tubulars and in the annulus space
between concentric positioned tubwlars.
C. Desigm, 1. The mechanical plug shall be designed and qualified to withstand 122 14310

construction
and selection

maximum differential pressure, minimum and maximum
temperatures, number of pressure and temperature cycles, number

(ratimg, of settings. well medium, life ime expectations and all loads it will
capacity, etc.) be expasad to during the installation time.

2.  Down hole fluids and conditions (temperature, HzS, COz, ete.) shall
be considered in estimating the life time of the plug.

3. The plug shall comply with 150 14310, as follows:

a) Grade V1 for design validation;
b} Grade @1 for quality control.

4. The plug shall be designed such that pressure can be equalized
across the plug in a contralled manner, if remowved mechanically or
by drilling ocut.

5.  Imadvertent release of the plug by mechanical moticn/impact shall
not be possible.

B. The plug is not accepted as a WBE alone in permanent plugging of
wells or branches of wells, where intagrity in an eternal perspective
is required.

7. It shall only be installed im a tubular section of the well which is
cemented or supporied by sufficient wall thickness to withstand
loads from the plug.

D Initial It shall be leak tested to the maximum diferential pressure in the direction of

verification and | flow, if feasible. Alternatively, it shall be inflow tested or leak tested in the

verification opposite direction to the mazimum differential pressure, providing the ability
to seal in both directions can be documentad.

E. Use The plug shall be set as close as possible to the source of inflow and set at

a depth where the hydrostatic pressure above the plug balances the
pressure under the plug.

F. Monitoring

Plug integrity shall be monitored regulary if access is available.

G, Common
well barrier

None




15.31

Table 31 - Sub-sea tree

Features

Acceptance criteria

See

A Description

Subsea horizontal tree consists of a housing with bores that are
fitted with production and annulus master valves, crown plugs, fow
valves and crossover valves.

Subsea vertical tree consists of a housing with bores that are fitted

with producton and annulus master valves, swab or crown plag
and flow valves.

B. Function

lts function is toc

b)
&)

prowvide a flow conduit for hydrocarbons from the ubing into the
subsea tree to surface fnes with the ability to stop the flow by
closing the flow valve andior the master vale;

prowvide monitering and presswre adpustment of the annubus;

prowvide vertical tool access through the swab valve(s) for vertical
trees or through crown plug(s) for honzontal trees.

. Design,
construction
and selection

The subsea tree shall b= equipped with:

a) one fal-safe closed automatic master valve and one fal-safe
closed automatic wing valve in the main fiow direction of the
wel;

o) if the tree has side outlets, these shall be eguipped with fail-
safe closed automatic valves:

¢} one swab valve and tree cap (vertical re=) or two crown plugs
{herizontal tree) for each bore at a level above any side
outlets;

d) isolation valves on downhole controd lines which penetrates the
tree block; and

The tree shall be designed to withstand dynamic and static loads it
may be subjected to incleding nomal, exireme and accidental load
condiions.

IS0 10423

150 136231
150 136234
|50 13623-7

D Initial test
and wenfication

The valves shall be tested with both low and high maxzimum diferential
pressure in the direction of fow. The low presswre test shall be maximum 35
bar (500 psi).

The connection betaeen the subsea free and the wellhead shall be tested to
maximum differential pressure.

E. Use

1.

2.

Employ a strategy for use of antifreezefhydrate agents during shut-
ins and testing.
Beware of equalization during opening and closing of valves.

F. Monitoring

1.

The automatic valves shall be tested at regular mtervals as follows:

a) monthly, until three consecutive qualified tests have been
performed;

thereafter

o) ewery three months, untll three consecutive qualified tests
have b=en performed;
thereafter

) every six months.

If the lzak rate cannot be measured directly, indirect measuremant

by pressure monitoring of an enclosed volume downsiream of the
valve shall be performed.

Test duration shall be minirmum 10 mn.

The ememgency shutdown funcion shall be tested yearly. It shall be
weriied acceptable shut down time and that the valves cose on signal.

G. Common
well bamrier

None




1533

Table 33 — Surface tree

Features Acceptance criteria See
A Description | This element consists of a housing with bores that are fitted with se@b-,
master valves, killsenice valves and flow valves.
B. Function Its funchion is to:
1.  provide a flow conduit for hydrocarbons from the tubing into the
surface lines with the abiity to stop the flow by closing the flow
valve and'or the master valve;
2. provide vertical tool access through the swab valee; and
3.  prowide an access point where kil fluid can be pumped into te
fubing.
C. Design, 1. The surface tree shall be equipped with the following:
construction a) one fail-safe dosed automatic master valve and one fal-safe IS0 10423 (API
and selection closed automatic wing valve in the main flow direction of the well, | Spec fif)
b) ifthe tree has flowing side cutiets, these shall ke equipped with APl Spec GFA
automatic fail-=afe valves:; AP| Spec BFB
) one manual swab vakee and tree cap for each bore at a level AF| Spec BFC
abowe any side outlets;
dj isolation valves on downhole conirod fnes which penetrates the
tree block.
2. All primary seals (inchusive production annukes) shall be of metal-o-
metal ype.
3. Al connections, exit blocks etc. that lie within a predefined
envelope shall be fire-resistant.
4. The tree shall be designed to withstand dynamac and static leads it
miay be subjected fo ncduwding nommal, extreme and accidental load
conditions.
0. Initial test The valves shall be tested with both low and high maamurm differential
and pressure in the direction of flow. The low pressure test shall be maximum 35
verification bar (500 psi).
The connection between the surface tree and the wellhead shall b= tested to
maximum differential pressure.
E. Use 1. Employ a strategy fior use of antifreezefydrate apgents duning shut-ins
and testing.
2. Beware of equalization during cpening and dosing of valves.
F. Monitoring 1.  The automatc valves shall be tested at regular intervals as follows:
a)  monthly, untl three consecutive qualified tests hawe been
performed; thereafter
b)  ewvery three months, untl three consecutive qualified tests have
been perfomed; hereafier
) ewery six months.
2. The manual valwes shall be tested yearly.
3. K the leak rate cannot be measured directly, indirect measwement
by pressure monitoring of an enclosed wolume downstream of the
valwe shall b2 performed.
4. Testduration shall ke minimum 10 man.
5. The emergency shutdown function shall be tested yearly. It shall be
verified acceptable shut down time and that the valve closes on
signial.
G. Common None

well barrier




15.51 Table 51 — In-situ formation
Features Acceptance criteria See

A Description The element is the formmaton that has been drilled through and is located
adjacent to the casing annulus isolabon material or plugs set n he wellbore.

B. Functicn The purpaose of the in-situ formation is o provide a permanent and impemeabls
tydraulic seal preventing flow from the welbore to surface’seabed or other
formation zones.

C. Design The fiollowing applies for the formation at the required depth:

D";ﬂ”ﬁ'“" 1. The formation shall be impermeable with no flow potential.

selection 2. The welbore shall be placed away from fraciures andfor faults that may

lead to out of zone injection or crossflow.

3. The formation integrity shall exceed the maximum wellbore pressure
nduced. See 4.2.3.8.7 Table 2 — Formation Integnity reguirements.

4. The fermation shall be selected such that it will not be affiected by
changes i resensoir pressure over Gme (depletion. compaction,
fracturing, re-activation of faults).

5. The fermation shall bond directy to the casingfiner annulus material
{e.g. casing cement) or plugs in the wellbore.

gd. I the formation is bonding directly to the casing (e.g. the formation has

extruded into the casing annulus), then the requirements in table 15.52
Creeping formation also shall apply.

0. Initial test and

Formation integrity pressure shall be verified by one of the followng methods

verification [(Seed 2 36T
1. aPIT;
2. aLOT should be followed by a shut-in phass;
A an XLOT, i the minimum formation stress is not already known; or
4. adocumented field model_
E. Use Mons
F. Monitoring Mone
G. Common well | Mons

barrier




APPENDIX C: Model 3 formulas
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ABSTRACT



Well integrity is defined as:” the application of technical, operational and organizational solutions to reduce risk of uncontrolled release of formation fluids, throughout the life cycle of a well” (1).

An uncontrolled release of hydrocarbons to the surroundings may have devastating consequences involving loss of lives, environmental damage and huge economic impact. Therefore it is extremely important that the integrity is assured at all times. A two barrier criterion is required for all the wells on the Norwegian Continental Shelf in contact with an over pressured reservoir. The dual barrier envelopes shall reduce the risk of a hydrocarbon leak to the surroundings.

The highest risk for a major accident is experienced and considered to be during drilling and well operations, and not in the production / injection phase. However, history clearly shows the risk for a blowout / well release from wells that have been in production with the Bravo and Snorre A blowouts as serious examples. With today’s extended well lifetime, the integrity in the operational phase needs increased focus as the failure rate in old wells may become more frequent.  

To have overview and control of the wells in operation a categorization system for well integrity was developed in Norwegian Oil and Gas Recommended Guidelines 117, chapter 4. This system is based on the condition and number of barriers in a well, thus it is in direct association with the probability of a leak to the surroundings. Operators on the Norwegian Continental Shelf have used this system as a basis when developing their own risk status codes, but there is a common interest for a categorization system that captures the total risk picture in a better way. By only looking into the physical barrier status of the wells, an important part of the overall risk is left out. The leak is not quantified (above the acceptance criteria), if it is serious or insignificant, and the potential consequences of the leak are not taken into consideration. Statoil is one of the operators realizing the need for a risk status code that includes these aspects. They have experienced difficulties when ranking and prioritizing wells outside the dual barrier criterion, and are interested in a system for further differentiation of the most critical wells. In this way the most risky wells can be prioritized first and evaluated in a more detailed risk assessment. 

The main scope of this thesis is suggesting a categorization system describing the overall risk in a better way than the existing. This is done by implementing the potential consequences as a second dimension in addition to the barrier status. Risk can be defined as the combination of the probability of an event and the associated consequences, and a status including both these elements will give a better description of the overall risk. As the main task is producing a new classification system for the consequences, this will be the part emphasized in the suggested models. In combination with the existing barrier status codes (based on the color codes in Norwegian Oil and Gas Recommended Guidelines 117 for Well Integrity) this gives a status which represents a more complete risk picture. 

This thesis suggests several systems for consequence categorization, and the one most representative is presented as model 3. By testing it on 5 field cases, the results clearly show why the new system gives a better description of the overall risk contra the existing. 
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1. [bookmark: _Toc390343632]INTRODUCTION



The importance of well safety has been recognized and accepted for a long time, and improvements concerning design and operating procedures have been made. Despite this, failures still occur and will continue to occur in the future. The gas blowout on the Snorre tension leg platform in 2004 exemplifies the need for continued focus on well safety. According to the Petroleum Safety Authority (PSA) the blowout could have resulted in a major accident with the loss of many lives. Deficient assessment of overall risk and breach of requirements to well barriers were two of the conclusions drawn from the PSA investigation (2).

A number of serious well failures in recent years, with the Snorre event in 2004 as a major contributor, have led to an increased focus on well integrity. In 2006 PSA performed a pilot well integrity survey on the Norwegian Continental Shelf (NCS). This survey was based on supervisory audits and requested input from seven operating companies - one of them being Statoil ASA. 12 preselected offshore facilities and 406 production and injection wells, with variation of age and development categories, were investigated. 

PSA had experienced shortcomings in the industry’s handling of well integrity management, and the scope of the survey was to analyze how comprehensive the well integrity problems on the NCS were.  Main issues and challenges, especially related to the barrier status of the wells, should be brought to light. 

The common report from the pilot survey showed that the findings and improvements identified were the same for all the operators, and some of the key results were (3):



· 18 % of the investigated production and injection wells were to some degree impaired by well integrity issues, including 7 % full shut in. The impairments clearly represented a generous potential for improvements both to health, safety and environment (HSE) and production.

· Each company generally needed to improve focus on well integrity issues.

· Well integrity and the dual barrier concept needed common attention from the industry in order to comply with the regulations, and thereby reducing the potential for well related accidents.

· Improved attention on verification and monitoring of well barriers was needed.

· There was a need to align with a common way of documenting well integrity within the industry. The methods for describing the well barriers / envelopes varied in the industry and even within the same operating company.

The operating companies were positive to the PSA findings, and there was a common understanding and agreement that well integrity was an arena that required improved attention. 

Based on the findings and identified improvements submitted in the pilot survey report from the PSA, the operators initiated an operators cooperation forum called Well Integrity Forum (WIF). WIF has been active since 2007 and is facilitated by Norwegian Oil and Gas Association and reports to Drilling Managers Forum (DMF). Since 2007 WIF has developed Norwegian Oil and Gas (NOG) Recommended Guidelines 117 for Well Integrity. 

The NOG Guidelines 117, chapter 4, describes a system for classifying a well based on its integrity status. Operators benefit from this categorization system as a method of ranking well integrity for wells in operation, whereas the PSA use it to summarize well integrity across the entire NCS. A common categorization system also promotes a level of consistency among the various operators when evaluating the integrity of their wells.

The system principle is based on number of well barriers, thus it has a direct association with the probability of a leak to surface / environment. However, it does not quantify the leak (above the acceptance criteria), if it is insignificant or serious or the potential consequences of the leak. In this way it does not give a total risk picture for the different wells. For instance, two wells with only one remaining barrier can pose different levels of risks if one is a high rate gas well on a manned platform whereas the second is a subsea water injector. 

Statoil has developed several systems based on the NOG Guidelines 117, included the newly implemented system Intetech Well Integrity Toolkit (iWIT), but none of them seems to capture the total risk picture in a good enough way. Operators, with Statoil in the lead, and the PSA realize the need for an improved system for well categorization reflecting the total risk picture for a well in operation and not only the barrier status.  

The scope of this thesis will be to describe and evaluate the existing systems for well integrity well categorization for the operational phase. Improvements for defining risk status codes and how to perform specific risk assessments for the most critical wells will be suggested. Hopefully this will contribute to a better way of ranking and prioritizing the most critical wells with regards to well integrity issues and to an improved understanding of the risks that can cause undesirable events. 





 




2. [bookmark: _Toc384576041][bookmark: _Toc390343633]THEORY



2.1 [bookmark: _Toc384576042][bookmark: _Toc390343634]Well system description



This chapter will give a short description of the main characteristics of an offshore well in the operational phase.



2.1.1 [bookmark: _Toc384576043][bookmark: _Toc390343635]Well operational phase 



The operational phase of a well is considered to extend from handover of the well after construction to handover prior to abandonment and is illustrated in figure 1. Handover is the process of transferring responsibility for operating a well from one party to another, including both custody to operate and the data and documents which describe the well construction (4). The operational phase (production / injection) starts after the well construction organization has handed the well over to the production organization and ends with a handover back to drilling and well (D&W) organization for intervention, workover or abandonment (1). Figure 1 shows the cycle of handovers in a well’s lifetime.  
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2.1.2 [bookmark: _Toc390343636]Well system



The main components of a well are casing program, well completion, wellhead and x - mas tree (5):

· The casing program consists of all casings and liner strings, including hangers and cement. 

· The wellhead is the seabed / surface termination of a wellbore with facilities for installing casing hangers during the well construction phase and for hanging the production tubing and installing the x - mas tree.

· The x - mas tree is an assembly of valves, pressure gauges and chokes controlling well flow.

· The well completion is the assembly of tubing hanger, tubing, safety valve, production packer, and other equipment placed inside the production casing / liner giving access to the reservoir.

On a surface well the wellhead, x - mas tree and production control system are positioned on the platform. On subsea wells these systems are located at seabed and the produced fluids are transported to the platform through a flowline and riser.

All wells contain valves which are constructed to shut in the well in an emergency situation - emergency shutdown (ESD) valves. These are typically the surface controlled subsurface safety valve (SCSSV), annulus master valve (AMV), production master valve (PMV) and production wing valve (PWV). The well safety valves are fail - safe, meaning they will close when hydraulic pressure or signal is lost. During production / injection they are kept in an open position, and it is critical that they automatically close in situations when power or hydraulic support is lost or if a fire occurs (5).

Figure 2 illustrates a typical oil producing surface well.
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2.1.3 [bookmark: _Toc384576045][bookmark: _Toc390343637]Well types 

[bookmark: _Toc378857491]

A well in operation may either be a producer or injector. Production wells produce reservoir fluids, while injection wells are used to inject gas or water into the reservoir to maintain / increase the pressure. 

The production well transports fluids from the reservoir to the process facilities on the installation. Typical fluids produced are oil, gas, condensate and water. In a naturally flowing production well the reservoir pressure is sufficient to produce hydrocarbons in a commercial rate. However, after a period of time the pressure may decrease and it is required with artificial lift to continue production. Artificial lift is when a system adds energy to the fluid column in a wellbore with the objective to improve production from the well. The most common principles used are gas lift and electrical submersible pumps.

In a gas injection well, separated gas from production wells or imported gas is injected into the upper gas section of the reservoir. Water injection wells use filtered and treated seawater or produced water to inject into the lower water bearing section of the reservoir. The main purpose of the injectors is to maintain / increase reservoir pressure in order to get a higher recovery.

The production and injection wells on the NCS must follow standards, laws and regulations for well integrity in order to be operated in a safe and legal way. These will be described in the following chapters.

[bookmark: _Toc384576046]


2.2 [bookmark: _Toc390343638]Standards, laws and regulations for well integrity in Norway



A standard is a publication that provides rules, guidelines or characteristics for activities or their results, for common and repeated use (6).

International (developed by ISO), American (developed by API) and European standards (developed by CEN) form the basis of all activities in the petroleum industry. Experts from a wide range of Norwegian companies participate in the development of these, in order to define safe and economical design and processes. However, Norwegian safety framework and climate conditions may require own standards, or additions and supplements to International, (ISO), American (API) and European Standards (EN) (7). The NORSOK standards are developed to fulfil these needs.

NORSOK D-010 “Well integrity in drilling and well operations” is developed by the Norwegian petroleum industry to ensure adequate safety, value adding and cost effectiveness for well integrity in Norway. It is a functional standard and sets the minimum requirements for the equipment / solutions to be used in a well, but leaves it up to the operating companies to choose the solutions that meet the requirements. In this way the companies develop their own sets of requirements and work processes that in minimum must follow NORSOK D-010. The preparation and publication of NORSOK D-010 is supported by Norwegian Oil and Gas Association and Federation of Norwegian Industries, and is issued by Standards Norway.  

Figure 3 illustrates that above all standards are the Norwegian laws, regulations and guidelines which are the overriding requirements to be followed. Petroleum activity in Norway is based on the “Regulations relating to Health, Environment and Safety in petroleum activities” (Framework Regulations) issued by PSA. PSA serve as regulator for technical and operational safety, emergency preparedness and the working environment in all phases in the petroleum industry. They are subordinate to the Ministry of Labor and Social affairs as figure 3 shows.

Regarding well integrity aspects the Facilities Regulations (relating to design and outfitting of facilities in the petroleum activities) and the Activity Regulations (relating to conducting petroleum activities) are the most important. 





[bookmark: _Toc386438830][bookmark: _Toc386439111][bookmark: _Toc386620276][bookmark: _Toc388943572][bookmark: _Toc388943615][bookmark: _Toc388944967][bookmark: _Toc389155394][bookmark: _Toc389155432][bookmark: _Toc390012906][bookmark: _Toc390013056][bookmark: _Toc390083864][bookmark: _Toc390084285][bookmark: _Toc390283805][bookmark: _Toc390283975][bookmark: _Toc390345733][bookmark: _Toc390345818][bookmark: _Toc390346072]Figure 3: Laws, regulations and guidelines controlling the petroleum industry in Norway and the national organization of the petroleum sector in Norway.





For the operators on the NCS there is a requirement of having a system in place for managing the well integrity for the life cycle of all their wells. The intention with this system is to control and reduce the risk of incidents related to the wells. A well integrity management (WIM) system is a combination of technical, operational and organizational processes to assure a well’s integrity (8). A description of elements required in a WIM system can be found in Norwegian Oil and Gas Recommended Guidelines 117 and is shown in figure 4. Whereas the Norwegian regulations refer to management systems in general, the specifics are left to each operator. The NOG Guidelines 117 provides some minimum criteria for WIM system based on a review of the Norwegian regulations and is intended as a supplementation to these. 

Statoil follows the ARIS management system, which contains a complete set of technical requirements, guidelines and description of work processes developed for onshore and offshore facilities engineering, including the well integrity discipline. ARIS describes how well integrity for the entire life cycle of a well shall be managed; however, the focus in this thesis is well integrity in the operational phase of a well.   
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2.3 [bookmark: _Toc384576047][bookmark: _Toc390343639][bookmark: _Toc384576061][bookmark: _Toc384576055]Well Integrity fundamentals





Well integrity is defined in NORSOK D-010 as:” the application of technical, operational and organizational solutions to reduce risk of uncontrolled release of formation fluids, throughout the life cycle of a well”. The primary purpose of well integrity is to maintain full control of fluids at all times to prevent unintended flow.



2.3.1 [bookmark: _Toc384576048][bookmark: _Toc390343640]Well barrier (WB)



A well barrier (WB) is the corner stone of managing well integrity, and is an envelope of one or several dependent well barrier elements (WBE). These physical elements do not prevent flow alone, but form a closed system in combination with others. This system shall prevent fluids from flowing unintentionally from the formation into the wellbore, another formation or to the external environment. The well barriers shall be defined before an activity or operation by identifying the required well barrier elements to be in place, their specific acceptance criteria and monitoring method (1). This is also impaired in Norwegian law, in the regulations relating to conducting petroleum activities governed by the PSA. The Activities Regulations § 85 – Well barriers says (9):

“During drilling and well activities, there shall be tested well barriers with sufficient independence. If a barrier fails, activities shall not be carried out in the well other than those intended to restore the barrier. When handing over wells, the barrier status shall be tested, verified and documented”

Similar is found in The Facilities Regulations § 48 – Well barriers (10):

“Well barriers shall be designed such that well integrity is ensured and the barrier functions are safeguarded during the well's lifetime. Well barriers shall be designed such that unintended well influx and outflow to the external environment is prevented, and such that they do not hinder well activities. When a well is temporarily or permanently abandoned, the barriers shall be designed such that they take into account well integrity for the longest period of time the well is expected to be abandoned. When plugging wells, it shall be possible to cut the casings without harming the surroundings. The well barriers shall be designed such that their performance can be verified”.

Primary well barrier is closest to the pressurized reservoir, and is the first envelope that prevents flow from a source. Secondary well barrier is the second envelope that prevents flow from a source if the primary fails. A simple sketch illustrating the barrier principle is shown in figure 5. The main rule states that two independent barrier envelopes against uncontrolled blowout from reservoirs shall at all times be in place if there are hydrocarbon - bearing over pressured formations (11). Two defined barriers shall to the extent possible be independent of each other without common barrier elements (12). Wells with no source of inflow / reservoir shall as a minimum have one mechanical well barrier (1).



The well barriers shall be designed, selected and constructed with capability to (1):



· Withstand the maximum differential pressure and temperature it may become exposed to (taking into account depletion or injection regimes in adjacent wells).

· Be pressure tested, function tested or verified by other methods.

· Ensure that no single failure of a well barrier or WBE can lead to uncontrolled flow of wellbore fluids or gases to the external environment.

· Re - establish a lost well barrier or establish another alternative well barrier.

· Operate competently and withstand the environment for which it may be exposed to over time.

· Determine the physical position / location and integrity status at all times when such monitoring is possible.

· Be independent of each other and avoid having common WBEs to the extent possible.



An addition to the dual barrier principle seen in figure 5 is the requirement of a double block when the barrier element is in contact with the external environment. Valves in contact with the external (e.g. x - mas tree and annulus access valves) need to be in series of two preventing hydrocarbons from escaping the well.
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2.3.2 [bookmark: _Toc390343641]Well barrier element (WBE) 



For a well barrier element to be considered operational, it should be verified and maintained through regular testing and maintenance. The location and integrity status of each well barrier element should be known at all times (11).

For a well in operation, the primary well barrier envelope typically constitutes the following well barrier elements (4):

· Cap rock above reservoir.

· Casing cement.

· Casing.

· Production packer.

· Tubing.

· SCSSV.

The secondary well barrier typically constitutes the following well barrier elements (4):

· Formation above production packer.

· Casing cement.

· Casing with hanger and seal assembly.

· Wellhead with valves.

· Tubing hanger with seals.

· Annulus access valve / line.

· X - mas tree with valves and x - mas tree connection.

The main WBEs for the operational phase are further described (function and failure mode) in appendix A. 



2.3.3 [bookmark: _Toc390343642]Well barrier schematic (WBS)	



A well barrier schematic (WBS) is a static illustration of the well and its main barrier elements, where the primary and secondary well barrier elements are marked with different colors. One of the PSA findings from the spring 2006 well integrity audit was the requirement for the creation of WBS for the operational phase of each individual well on the NCS. Each operating company worked to fulfil this requirement, and used the WBS presented in NORSOK D-010 as a basis. 

There shall be a well specific WBS for any planned drilling or well operation, for each operational phase and where there is a change to barrier envelope. The WBS shall describe planned position and method of verification for each well barrier element, since the actual position and status of the barrier / barrier element shall be known at all times. Any deviations or changes to the status shall be reflected in an updated schematic (12).

NORSOK D-010 describes when a new WBS should be made:

· When a new well component is acting as a WBE.

· For illustration of the completed well with x –mas tree.

· For recompletion or workover on wells.

· For final status of permanently abandoned wells.



 NORSOK D-010 also describes what information the WBS should contain:

· A drawing illustrating the well barriers, with the primary well barrier shown with blue color and secondary well barrier shown with red color.

· The formation integrity when the formation is part of a well barrier.

· Reservoirs and potential sources of inflow.

· Tabulated listing of WBEs with initial verification and monitoring requirements.

· All casings and cement. Casing and cement (including TOC) defined as WBEs should be labelled with its size and depth (TVD and MD).

· Well information: field / installation, well name, well type, well status, well / section design pressure.

· Revision number and date, “Prepared by”, “Verified / Approved by”.

· Clear labelling of actual well barrier status – planned or as built.

· Any failed or impaired WBE to be clearly stated.

· A note field for important well integrity information (anomalies, exemptions, etc.).



Well barrier schematics shall contain tables showing the WBEs that are found as primary or secondary barriers. A typical production well WBS from NORSOK D-010 with indicated WBEs and envelopes is illustrated in figure 6. The blue line indicates the primary barrier and includes cap rock, casing cement, casing, production packer, completion string and the SSCSV. The red line envelope indicates the secondary barrier and includes the formation at the intermediate casing, casing cement, casing, wellhead, annulus valves, tubing hanger and production tree with connectors and valves.

Through this kind of illustration it is possible to verify the status of the barriers and identify issues. Future operation of the well is greatly dependent on these assessments and control and monitoring may be planned based on the schematics. Therefore it is very important that the WBSs are updated and quality checked at all times, especially during handovers. 
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2.3.4 [bookmark: _Toc384576051][bookmark: _Toc390343643]Well barrier element acceptance criteria 



Well barrier element acceptance criteria are technical and operational requirements and guidelines that need to be fulfilled in order to qualify the WBE for its intended use. These criteria could be leak rates, time to valve closure, fail - safe specification; etc. (4).Well barrier element criteria shall be in place for all WBEs used, and NORSOK D-010 has collated them in an element acceptance criteria - table (EAC - table). This table contains the minimum standards to be fulfilled, and does not replace the technical and functional requirements that the operating company specify for the equipment. Table 1 shows an example of a general EAC - table, and section 15 in NOROSK D-010 describes the criteria for each WBEs used throughout the lifecycle of a well. Appendix B in this thesis contains an excerpt from this, showing the most common WBEs during the operational phase. 
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In general the acceptance criteria for leaks through seals that are defined as barrier elements are zero (unless specified otherwise in the EAC) to have a qualified WBE. However, in reality it would be impossible to maintain a zero rate of leakage under all circumstances and as time goes by. Acceptable leak rates shall satisfy at least all the following acceptance criteria (4):

· Leak across a valve, leak contained within the envelope or flow path: requirements in ISO 10417 need to be fulfilled (13).

· Leak across a barrier envelope, conduit to conduit: not permitted unless the receiving conduit is able to withstand the potential newly imposed load and fluid composition.

· No leak rate from conduit to conduit exceeding the leak rate specified in ISO 10417 / API RP 14B { (13), (14)}.

· No unplanned or uncontrolled leak of hydrocarbons to the surface or subsurface environments.

API RP 14B (bullet point 3) states acceptance criteria for leakage rate through a closed subsurface safety valve system (14):

· 0.4 liters / min for liquid. 

· 0.42  / min for gas.

Statoil uses the API RP 14B criteria for all their WBEs. Leakage rates below these criteria have been assessed to have acceptable and manageable consequences. However, a leak directly to the external environment (seabed, surface) is not acceptable, and there is a zero rate requirement. 

From a leakage rate perspective a WBE can be failed, degraded or intact. The term failed is used when the WBE is leaking above the acceptance criteria, degraded when there is a leak below the acceptance criteria and intact when there is no leak through the barrier element.



2.3.5 [bookmark: _Toc384576052][bookmark: _Toc390343644]Well barrier element testing



There are different tests to verify and monitor the WBEs, and these are described in the bullet points in this section (4): 

· Verification testing is a check whether a component meets its acceptance criteria, and includes (but is not limited to) function testing and leak testing.

· Function testing is a check to whether or not a component or system is operating correctly. For example, the function test of a valve indicates that the valve opens and closes correctly. It does not provide information about possible leaking of the valve.

· Leak testing is the application of differential pressure to assure the integrity of the sealing system of the component. This can either be done by pressure or inflow testing.

· Pressure testing is the application of a pressure from an external source (non- reservoir pressure) to assure the mechanical and sealing integrity of the component.

· [bookmark: _Toc378857498]Inflow testing uses the tubing or casing pressure to perform leak testing of for example a valve. The valve that is tested is closed, the pressure downstream of the valve is reduced to create a pressure differential across the valve, and the volume downstream is monitored for a pressure increase that indicates a leak.



2.3.6 [bookmark: _Toc384576053][bookmark: _Toc390343645]Verifying well barriers



Initial verification involves verifying the different WBEs being ready for use and accepted as a part of the well barrier. 

Initial verification of a well barrier shall be performed directly after it has been constructed or installed, and the function and integrity shall be verified by means of (12):

· Leak testing by application of differential pressure.

· Function testing of WBEs that require activation.

· Verification by other specified methods.

Re - verification of a well barrier shall be performed when (12):

· The condition of the barrier could have been changed since the initial / previous testing. 

· There is a change in worst case loads / well design pressure (WDP) for the remaining life cycle of the wells.

WDP is the highest pressure expected at surface / wellhead and shall be established based on reservoir pressure minus the hydrostatic pressure of gas plus kill margin, or maximum injection pressure for injection wells (1).




2.3.7 [bookmark: _Toc384576054][bookmark: _Toc390343646]Monitoring well barriers



Well barrier integrity during the production life of the well is monitored by registration of annulus pressure and frequent leak testing of WBEs.

NORSOK D-010 specifies the following requirements:

· Downhole safety valves, production tree valves and annulus valves shall be regularly leak tested. Leak test acceptance criteria shall be established and available.

· The pressure in all accessible annuli shall be monitored.

· Registered anomalies shall be investigated to determine the source of anomaly and if relevant, quantify any leak rate across the well barrier.

· Upon confirmation of loss of the defined well barrier, the production or injection shall be suspended and shall not re - commence before the well barrier or an alternative well barrier is re - established.

NORSOK D-010 states that pressures in all accessible annuli shall be monitored and maintained within minimum and maximum operational pressure range limits. Well parameters such as temperatures and rates shall also be monitored to give a correct picture of pressure trends and identification of abnormal pressure behavior. Any change of annulus pressure, increase or decrease, can be indicative of an integrity issue. The well operating pressure limits should be based on the specifications of the components that make up the well. Any changes in well configuration, condition, life cycle phase or status requires the well operating limits to be checked and potentially updated. 

The maximum allowable annulus surface pressure (MAASP) is the greatest pressure that an annulus is permitted to contain, as measured at the wellhead, without compromising the integrity of any barrier element or exposed formation. MAASP shall be determined for each annulus of the well, and the calculations documented (4). 

There are three types of annular pressure that can occur during the well’s life cycle (8):

· Imposed annulus pressure: pressure applied to an annulus by operator as part of the well operating requirements; typically this can be gas lift in the A - annulus.

· Thermally induced annulus pressure: pressure created by thermal changes occurring within the well.

· Sustained annulus pressure (SCP): pressure in any well annulus that is measurable at the wellhead and rebuilds when bled down, not caused solely by temperature fluctuations or imposed by the operator.  SCP can arise for a variety of causes, including degradation or failure of well barriers.  

A bleed - down / build - up test performed on the annulus is one method to confirm the nature of the pressure source, and the well operator should establish a procedure for conducting these tests (11). When the temperature and flow rates are stable, the annuli pressures should also be stable. Abnormal pressure changes (SCP) may indicate a failure in the barrier envelope, such as a leakage.






2.4 [bookmark: _Toc390343647]Loss of Well integrity 



2.4.1 [bookmark: _Toc384576056][bookmark: _Toc390343648]Major accidents on the NCS



The Bravo oil and natural gas blowout in 1977, West Vanguard shallow gas blowout in 1985 and the Snorre A gas blowout in 2004 seen in figure 7 are some examples on major accidents on the NCS. These are the main drivers for the current focus on well integrity in the industry. 
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2.4.1.1 Bravo blowout in 1977



On April 22, 1977, well B-14 on the Bravo production platform in the Ekofisk field experienced an oil and natural gas blowout during workover. It resulted in the worst oil spill in Norwegian history, and seven days passed before the well was killed. An amount of 202 380 barrels of oil escaped in an estimated rate of 1170 barrels per hour. Fortunately, none of the 112 crew members were injured (15).



2.4.1.2 West Vanguard blowout in 1985



A shallow gas blowout occurred on 6 October 1985 while the rig was drilling an exploration well on the Halten Bank in the Norwegian Sea. The gas flowed up the topside and ignited causing an explosion which killed one person and caused great material damage. Afterwards the industry implemented a number of measures to reduce the risk of shallow gas blowouts. One of the main measures was to drill a pilot borehole in order to maintain better control when encountering shallow gas pockets (16). 



2.4.1.3 Snorre A blowout in 2004



On 28 November, 2004, an uncontrolled situation occurred during preparation for drilling a sidetrack in well P-31A on the Snorre A facility. The situation developed into an uncontrolled gas blowout on the seabed, resulting in gas under the facility. The PSA characterized this incident as one of the most serious to occur on the NCS. This is due to the potential of the incident, as well as comprehensive failure of the barriers in planning, implementation and follow - up of the work on well P-31A. Only chance prevented a major accident with the danger of loss of many lives, damage to the environment and loss of material assets. Under slightly different circumstances the incident could have resulted in ignition of the gas as well as buoyancy and stability problems. Surveys on the seabed after the incident revealed several large craters near the well template and near the fastening anchors for the Snorre A platform { (17), (2)}.



2.4.2 [bookmark: _Toc384576058][bookmark: _Toc390343649]What are the major accident risks during the operational phase of the well? 



The common factors from the accidents mentioned above were integrity issues resulting in barrier failure and hence a blowout. However, none of them occurred during the operational (production) phase of the well, but when the D&W organization had the operating responsibility. Some may ask why there needs to be such a focus on blowout risk during production, as blowouts have never occurred during the operational phase of the wells on the NCS.

Although the probability of an uncontrolled blowout during production is very low, the potential consequences of such an event would be catastrophic. Blowouts in the operational phase outside Norway illustrate that it is not an unimaginable event. The wells on Bravo and Snorre A had both been in production before they were handed back to D&W for a well operation, and the barrier status could have been changed before the handover. This would have given a better description of the risks before any work was started in the well, and the situation potentially avoided. The handover between the organizations is therefore a critical part. In case the barrier status has changed, the handover documentation must be updated to reflect the status and associated risk making the new owner aware of the changes.

Because of the possibility of extended profitable production beyond the assumed design life of wells (due to high oil prices, increased recovery and governmental incentives) well integrity in the operational phase is of major importance. Life extension may result in more frequent failures involving leakages to the surroundings which can have huge consequences.

There can be two types of leakages in the well during production, explained by dividing them into “internal” and “external”. Leakages through SCSSV or x- mas tree valves are categorized as “internal” and there is a bleed off possibility via flowline to a closed production system. There are in addition several valves (not considered to be a part of the WBEs) after the PWV which can be used to shut in the well if there is a leak into the flowline system. “External” leakages are leakages outwards in the well through tubing, casing, cement, formation or x- mas tree / wellhead, and are considered the worst. This is due to potential of getting uncontrolled flow of hydrocarbons to seabed or in worst case scenario - all the way up to the platform. Compared to the “internal”, “external” leakages will be much more challenging to repair involving time consuming and costly interventions / workovers.  Possible leak paths to the surroundings are shown in figure 8 where four scenarios are illustrated:

1. Internal leakage due to failure of SCSSV and x-mas tree valves. Bleed off possibilities via flowline to closed systems.

2. External leakage into overlying formation – a buffer zone. The leakage is trapped in the formation, and will not cause any further fracturing.

3. External leakage into the overlying formation. The formation cannot take the increased pressure, and the leak will cause fracturing all the way up to seabed. 

4. External leakage through x-mas tree / wellhead resulting in hydrocarbons reaching surface (platform wells) or seabed (subsea wells).

[image: ]The two last scenarios are considered worst as you get a release of hydrocarbons to sea / installation. 
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Potential consequences of uncontrolled flow of hydrocarbons to sea or installation are: 

· Blowout / well release. 

· Fire / explosion.

· Washout of foundation.

· Stability and buoyancy problems. 

A blowout is an incident where formation fluid flows uncontrollably out of the well due to the failure of well barriers or the activation of the same has failed. A well release is an incident where oil or gas flows from the well from some point where flow was not intended, and stopped by use of the barrier system that was available in the well at the time the incident started. It is not a continuous flow like a blowout, but the hydrocarbons are released in one portion. During a blowout / well release the formation at seabed can be washed out potentially causing stability problems for the platform or damage on other structures at seabed. There will also be a major risk of a fire / explosion if a certain amount or concentration of gas reaches the installation. A major gas release may also cause stability and buoyancy problems for floating production units.



2.4.3 [bookmark: _Toc384576059][bookmark: _Toc390343650]Well integrity issues



Well integrity can easily be defined as a condition of a well in operation that has full functionality and two qualified well barrier envelopes. Any deviation from this state is a minor or major integrity issue. Common issues are often related to leaks in tubular or valves, but can also be related to reservoir issues as loss of zonal control (18). Typical failure modes are shown in figure 9. If a well barrier has failed the only action that that can take place in a well is to restore the failed barrier. This is impaired in the Activities Regulations § 85. In some cases the well barrier can be redefined and production continued. If redefinition of the barrier envelope is not possible, the well has to be shut in to avoid further escalation and damage. Shutting in a well means to close one or several valves in the well stopping further production / injection. In some special cases shutting in a well because of an integrity issue can do more harm than continued production / injection.  This is due to the high pressure that can build up in the well from the reservoir.

Loss of well integrity is either caused by mechanical, hydraulic or electrical failure related to the well components, or by wrongful application of a device. The corrective actions are often costly and risky, and losses due to production / injection - stop may be very high (18). Any factor that leads to a functional failure is a loss of well integrity. The challenge is to define all possible scenarios and this is where the crucial part of risk assessment comes into play. For successful delivery of well integrity there needs to be an understanding of the risks that can cause undesirable events. Performing a risk assessment on a well will help determine and rank the potential risks, and increase the understanding of the potential negative consequences that may result from specific problems a well may have or develop. The operators can use this information to reduce risk in the operational phase and minimize potential well integrity issues. This will be the topic in the next chapters. 
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2.5 [bookmark: _Toc390343651]Risk fundamentals



The most common way to see risk is as the opposite of safety, and it can be defined as the combination of consequences of an event and the associated likelihood of occurrence of the event. Risk management includes all measures and activities carried out to manage risk, and it deals with balancing the conflicts inherent in exploring opportunities on the one hand, and avoiding losses, accidents and disasters on the other (19). In the safety field however, it is generally recognized that consequences are only negative and therefore the management of risk is focused on prevention and mitigation of harm. ISO 31000 defines risk as “effect of uncertainty on objectives”. This uncertainty is associated with the event (which may or may not happen) and the outcomes of the event (20). Since risk relates to future happenings there will always be a lack of knowledge ruling. In well integrity, the most serious event potentially caused by well component failures is obviously a leak of hydrocarbons to surface, and the consequences can be huge.

Risk can be related to losses compromising:

· Safety.

· Environmental damage.

· Asset damage.

· Negative public image. 

Well barriers are used to prevent leakages to surface and hence reduce the risk of blowouts and well releases. The main objectives of a well barrier are to:

· Prevent any major hydrocarbon leakage from the well to the external environment during normal production / injection.

· Shut in the well on direct command during an emergency shutdown situation and thereby prevent hydrocarbons from flowing from the well.




2.5.1 [bookmark: _Toc390343652]Risk assessment



NORSOK D-010 states that if a well barrier is degraded, a risk assessment should be performed and the following considered (1):

· Cause of degradation.

· Potential of escalation. 

· Reliability and failure modes of primary WBEs.

· [image: ]Availability and reliability of secondary WBEs.

· Outline plan to restore or replace degraded well barriers.
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Risk assessment provides a basis for decisions about the most appropriate approach to be used when treating risks and prioritize them.  It is the overall process of risk analysis and risk evaluation, and is illustrated in figure 10 (21).

Risk analysis is about developing an understanding of the risks, and shall identify potential hazards and hazardous events. A hazard is a potential source of harm, like for example a well component failure. A hazardous event occurs when the hazard’s potential to cause harm is realized, for example a leak of hydrocarbons to surface (22). The main objective of risk analysis is to identify the hazardous events, and find the causes (hazards) and potential consequences of these events. Based on the outcome from the analysis a risk evaluation about which risks need treatment and the priority for treatment implementation is made. This is the other crucial part of the risk assessment process. NS 5814 defines risk evaluation as: “A comparison of the results of a risk analysis with the acceptance criteria for risk and other decision criteria”. Further NS 5814 defines acceptance criteria as: “Criteria based on regulations, standards, experience and knowledge used as a basis for decisions about acceptable risk” (23). In the operational phase of a well the risk analysis should illustrate the changes in risk resulting from an integrity issue, and the evaluation should conclude whether this change is acceptable or not.
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        Figure 11: Risk assessment is an input to the decision making process of the organization (24).



As seen from figure 11 the output from the risk assessment is an input to the decision -making process of the organization, and helps the responsible parties on how to treat the risks. Risk treatment involves selecting and agreeing on relevant options for changing the probability of the event, the consequences of the event, or both, and implementing these options. Thus, based on the risk picture, different measures are introduced to change the risk (24).    

Different types of techniques are used to assess the magnitude of a well integrity issue, but in general a standard risk assessment typically involves (4):

· Identification of hazards. 

· Identification of hazardous events.

· Cause analysis of the event.

· Determination of potential consequences.

· Determination of the probability of the event occurring.

· Determination of the magnitude of the risk based on the combined effect of consequences and probability of occurrence.  

The assessment of any well failure related event is normally done by constructing a risk assessment matrix. Here the magnitude of the risk can be categorized or ranked based on the combined effects of consequences and likelihood of occurrence. 

Failure modes, effects and criticality analysis (FMECA) can also be used to determine well integrity risk. It is particularly useful in establishing the types of component failures that can occur, the effect on the well barrier envelope(s) and the likelihood of such failures occurring. Detailed risk assessment methods and techniques can be found in ISO 17776, ISO 31000 and ISO 31010. The two mentioned above plus a more comprehensive analysis for system reliability will be discussed in more detail in the next section.




2.5.2 [bookmark: _Toc390343653]Risk assessment techniques for well integrity



For analyzing well integrity issues, a qualitative risk assessment approach is best suited, as it makes the process significantly easier. Operating companies typically do not record or maintain accurate records of the number of and types of actual well component failures that have occurred over time. Also the sharing of such data within the industry is generally lacking, thus makes it hard to produce a numerical value (quantitative value) of risk level. However, using a qualitative approach relies heavily on the experience and knowledge of the participants, and is therefore subjective in nature. To deliver a thorough and consistent qualitative assessment, it is important to have participation from experienced and knowledgeable team members from a variety of disciplines and backgrounds. In this section some examples on qualitative risk assessment techniques for well integrity will be described.



2.5.2.1 Risk matrix



A risk matrix is made by combining the probability and consequence of an event to produce a level of risk in the means of risk rating. In the well integrity aspect a matrix can be used to decide whether the integrity issue poses an acceptable level of risk or not. It is relatively easy to use, and provides a rapid ranking of risks into different significance levels. The format of the matrix and the definitions applied to it depend on the context it is used in, and it is suited to evaluate risks related to single activities, tasks or scenarios. It is commonly used as a screening tool when many risks have been identified, to define which need further and more detailed analysis, treatment first or a higher level of management. It also helps communicate a common understanding for qualitative level of risks across the organization (24).

The consequence scale should cover the range of different types of consequences to be considered, for example relating safety, financial loss, environment, reputation or other parameters depending on the context. Definitions of probability need to be selected to be as unambiguous as possible, and the scale should be constructed in the way that the lowest probability must be acceptable for the highest defined consequence (24).

Figure 12 shows an example of a matrix with consequence (impact) on one axis and probability (likelihood) on the other. The risk levels assigned to the cells will depend on the definitions for the probability / consequence scales. The matrix is usually separated into three regions as follows (21):

· High risk (red): Not acceptable. Risk reduction, high management attention or more detailed assessment is necessary. 

· Medium risk (yellow): Risk reduction based on the ALARP principle. 

· Low risk (green): Broadly acceptable risk.

ALARP expresses that the risk shall be reduced to a level that is as low as reasonably practicable. The term reasonably practicable implies that the risk reducing measures shall be implemented until the cost (in a wide sense, including time, capital cost or other resources / assets) of further risk reduction is grossly disproportional to the potential risk reducing effect achieved by implementing any additional measures { (21), (19)}.
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2.5.2.2 Failure modes, effects and criticality analysis (FMECA)



The main method for failure identification is the failure modes, effects and criticality analysis (FMECA). This is a simple method to reveal possible failures and to predict the effects on a system as a whole. Figure 13 shows a system made up of several components / elements. The analysis is carried out by asking questions for each component (19):

· What is the function?

· Failure modes?

· Effect on the system?
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In a well integrity context, failure modes of the well barrier elements and how these affect the barrier envelopes is described in a FMECA.

The primary output from the analysis is a list of failure modes, the failure mechanisms (cause) and effect on the system as a whole. It should also include a rating of importance based on the likelihood that the system will fail, and the level of risk resulting from the failure mode. Failure modes for a valve as an example may be fail to close, fail to open or leakage in closed position. Failure mechanisms describe the causes and may be physical (e.g. corrosion, erosion, fatigue) or human errors. The effect on the barrier envelope may be classified as safe or dangerous (18). A FMECA worksheet is shown in table 2.
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A weakness of the FMECA is that it may have too much technical focus, whereas human failures are often overlooked. It is also unsuitable for analyzing systems with much redundancy, as it only looks in to single failure modes and not combination of component failure. FMECA gives a systematic overview of failures in the system, and is a good basis for more comprehensive assessment such as a fault tree analysis. It detects the weaknesses of the system as a result of individual component failure { (24), (19)}.



2.5.2.3 Fault tree analysis (FTA)



A fault tree analysis (FTA) is as mentioned a more comprehensive assessment used to analyze system reliability, and the main purpose is to explain why a system failure can occur. In a well integrity context, the system failure may be “Leakage to environment”, and is called the TOP event of the fault tree. The causes of the TOP event are identified and combined by logic gates. Fault tree construction is a deductive approach, as it iteratively asks what type of events (component failures) that may result in the system failure. A fault tree compromises (18):



· The TOP event: This is a precise description of the system failure, and should describe what the system failure is (for example leakage to surface), where the failure occurs or is observed (for example the wellhead) and when the failure may occur (for example in the operational situation). The TOP event may be described as “Leakage to environment through the wellhead during normal production”.

· OR and AND gates: A fault tree applies two main types of logical gates, OR and AND gates. When using an OR gate the output event occurs when one or more of the basic (input) events occur. When using an AND gate the output event occurs when all the basic (input) events occur at the same time. 

· Basic events: Represent the lowest level of events (component failures, external events) that may initiate the development of a system failure. The events in a fault tree are described in rectangles, and for basic events, a circle is drawn beneath the rectangle. A triangle is used when the event needs further development on a different page / tree.

The different elements can be seen in figure 14.
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An example of how to construct a fault tree is described in the compendium “An introduction to well integrity” (18), and will now be presented:

The FTA always starts with the TOP event, and for well integrity this will as mentioned usually be “Leakage to surroundings”. The fault tree is then developed step by step from the TOP event by repeatedly asking “How can this event happen?” This is answered by identifying all possible places the leakage can come out, and then do a further analysis of each and every flow path. 

[image: ]As seen from figure 15, there are ten different arrows (representing flow paths) that can cause a leakage to surroundings. If at least one of the flow paths is leaking, the TOP event will happen. This means that there is an OR relationship. The triangles beneath the rectangles indicate that the fault tree is not completed and that a further evaluation of the event is needed on a separate page.
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Figure 16 shows the start of a separate fault tree constructed for flow path 6 as an example. To have a leakage through this flow path the wellhead must be leaking and there must be flow to the wellhead. The event “Flow into wellhead” needs further development and is therefore marked with a triangle. The basic event “Leakage from wellhead” is marked with a circle that has a code for abbreviation, hence WHL for “Wellhead leak”. The event “Flow into wellhead” is developed further in figure 17. Fault trees for the other nine flow paths can be constructed in the same way, and combining them would give the final result showing all the failure modes.
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A complete fault tree shows all failure combinations or causes that lead to a specified failure or dangerous situation. These combinations are referred to as “cut sets”, and is a set of basic events whose (simultaneous) occurrence ensure that the TOP event occurs. If not all the basic events of the minimal cut set occur, the top event fails to happen (19).

 The minimal cut sets related to the event “Leakage flow path 6” in figure 17 are:

· {WHL,PPL}: wellhead is leaking AND production packer is leaking

· {WHL, TLBD}: wellhead is leaking AND the tubing below DHSV is leaking 

· {WHL, DHSV, TLAD}: wellhead is leaking AND the DHSV (SCSSV) is leaking AND the tubing above the DHSV is leaking. 

The fault tree construction is based on a very simple and logical procedure, and is therefore suitable for brainstorming sessions involving people that have not been trained in fault tree construction. Pictorial representation leads to an easy understanding of the system behavior and the components included, but as the trees are often large the processing of them may require computer systems. As they may become big and consist of many pages, it can be easy to lose oversight, and they are time consuming to create. However, the logical analysis of the trees and the identification of cut sets, are useful in identifying failure pathways in complex systems. Unlike the FMECA, human errors can also be included in the FTA.



2.5.2.4 Statoil’s compliance and leadership model



Statoil’s compliance and leadership model seen in figure 18 is an easy and understandable method of performing a risk assessment before a work task. The advantage of the model is its comprehensibility to most people who may not be that familiar to the risk assessment discipline and complex analysis methods. It describes how to plan, execute, evaluate and learn from any task, and compromises five steps denoted the “A- standard” (25). 
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The three first steps are related to planning. Identification of risk (step 1) and risk handling (step 2 and 3) are strongly emphasized in the A-standard. A correct and shared understanding of the task is a precondition for identifying and handling risk. Beneath is a general description of each step in the model (25):

Step 1: Understand the task and risk: Ensure a shared understanding of the delivery, the sub - tasks that must be performed, the purpose of the task, necessary relationships (context) and risk associated with executing the task. Identify knowledge and experience that may contribute to understanding of the task, its risks and effective execution.

Step 2: Identify and understand requirements: Identify and develop a shared understanding of relevant requirements for the task. Most tasks are subject to specific requirements in the ARIS management system.

Step 3: Manage risk: Evaluate whether the identified requirements are adequate for managing the risks involved. Determine how identified risks not addressed by the management system shall be managed.

Steps 1-3 result in a plan for how to execute the task.

Step 4: Execute task: Assess and manage changes in risk and assumptions continually while executing the task.

Step 5 Evaluate result. Extract learning: Assess progress, gaps, experience and learning. Propose improvements and share best practice.

The compliance and leadership model can be used for every work task in Statoil. In a well integrity context the work task will be related to evaluating whether a well with integrity issue is within the requirements for acceptable risk.

After many incidents in relation to well integrity, more focus has been directed towards risk assessment of wells in operation. As mentioned there are several methods and techniques, and the degree of complexity and time effort varies. In response to the industry and regulatory interest a simple system for risk categorizing a well based on its integrity status was developed by WIF in the NOG Recommended Guidelines 117. This system describes the barrier status of the wells, and hence says something about the probability of a leak to the surroundings. The operators on the NCS have used this as a basis for developing their own well categorization systems in order to rank their wells with regards to risk. However, they have not yet managed to find a system which captures the total risk picture in a good enough way. In the next chapters different well categorization systems developed will be described, starting with the basis in the NOG Guidelines 117. 






2.6 [bookmark: _Toc390343654]Well integrity categorization of wells in operation with regards to risk



[image: ]The PSA’s pilot well integrity survey in 2006 revealed that the industry needs to increase focus on barrier philosophy. Control of barrier status is an important HSE factor to avoid major incidents caused by leaks and well control situations. The 2006 survey included the operators on the NCS and PSA selected new and old facilities, platform and subsea wells, injection and production wells from north to south of the NCS. Seven selected operating companies (included Statoil ASA) received an audit notification from PSA and were requested to provide status of well integrity issues for 12 preselected offshore facilities and 406 wells. The scope of the audit was to analyze how comprehensive the well integrity problems on the NCS were, and identify the main issues and challenges { (26), (3)}.
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Based on input from 21 percent of the active wells on the NCS, the survey formed a basis for an evaluation of well integrity status on the NCS. Figure 19 shows the number of wells with well integrity issues, and illustrates the category of barrier element failure. Most of the integrity problems were within barrier elements such as tubing, annulus safety valves (ASV), casing, cement and wellhead. Table 3 shows that 7 percent of the wells were shut - in because of well integrity problems, and that 9 percent of the wells were working under exemptions { (3), (26)}.
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The survey concluded that the need for having a 100 percent control of barrier status at all times is of utmost importance to eliminate potential risks. A well - known status code enables the companies to rank their wells with regards to well integrity, and take the right actions in a proactive manner before any major losses. 



2.6.1 [bookmark: _Toc384576064][bookmark: _Toc390343655]Norwegian Oil and Gas (NOG) Recommended Guidelines 117 for Well integrity



In response to the findings from the 2006 survey WIF developed a system for classifying a well based on its integrity status. The system is described in NOG Recommended Guidelines 117, chapter 4 - Well integrity well categorization (8). The intention with this well categorization was to help the operators finding a system to rank and prioritize their wells. PSA could also use the results to summarize the well integrity across the entire NCS. 

It was decided that WIF should work on a Norwegian oil industry recommendation that would focus on wells in the production phase. Furthermore, it should be kept simple with only 3 - 4 categories. With the feedback from DMF and PSA, WIF was able to propose a 4 category, traffic light system based on the double barrier principle. The Guidelines 117 presents these 4 resultant categories, summarizes the basis of each and one and provides examples in effort to promote a common understanding of each category for the end user. The system is intended for categorization of all well types that are in operation, shut in, suspended or temporarily abandoned. 



The well integrity categorization is based on the double barrier philosophy that is outlined in the regulations and NORSOK D-010:

“There shall be two well barriers available during all well activities and operations, including suspended or abandoned wells, where a pressure differential exists that may cause uncontrolled outflow from the borehole / well to the external environment”. 



2.6.1.1 Overview of the category principles



The four category system utilizes a green / yellow / orange / red traffic light, color coded system to rank the wells in regards to well integrity, and the system principle is based on number of well barriers. Green and yellow are acceptable according to standards and in compliance with the two barrier principle. Orange and red are wells with integrity problems which usually will be further diagnosed, evaluated and risk assessed for appropriate follow up action. Red is used for wells which in addition to failure of one barrier have a considerable degradation or failure of the second barrier. An overview of the category principles can be seen in table 4. In the following sections the categories will be described in more detail as they are in the Guidelines 117.
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[image: ]



2.6.1.2 Green category



The principle for the green category is:

“Healthy well - no or minor integrity issue”

Wells categorized as green should be regarded to have an associated risk which is identical or comparable to the risk associated with an identical new well with a design in compliance with all regulations. It does not necessarily mean that the well has a history without failures or leaks, or that the WBEs fulfil all acceptance criteria described in the latest revision of NORSOK D-010, but the well is in full compliance with the double barrier requirement. Typically a well categorized as green will not require any immediate repairs or mitigating measures. For a well to fall in the green category the condition of typical well barrier elements would usually fulfil the criteria in table 5: 
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2.6.1.3 Yellow category 



The principle for the yellow category is: 

“One barrier degraded, the other is intact” 



Wells categorized as yellow should be regarded to have an incremental associated risk which is not negligible compared to the risk associated with an identical new well with design in compliance with all regulations. Although a well categorized as yellow has an increased risk, its condition is within regulations. It should also be noted that even if the well has a history without any leaks or failures and the WBEs fulfil all acceptance criteria described in NORSOK D-010 the well may fall within the yellow category if conditions exist which constitutes a threat to both barriers and risk of dual failures is present. 

For a well to fall in the yellow category the condition of typical well barrier elements would usually fulfil the criteria in table 6: 
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A well with sustained casing pressure can fall within the yellow category even though there are hydrocarbons present in the annuli (not intentionally placed there) if it fulfils the following criteria: There are no leaks through both established primary and secondary barriers, annuli pressures are maintained below the defined pressure limits in a controlled manner and the leak rate into the annuli is within acceptance criteria. Wells not cemented according to the latest version of NORSOK D-010 can fall within the yellow category if: Sufficient strength or permeability does not exist in the formation which would be exposed to well pressure should a barrier failure occur under the production packer as long as the cement is still qualified as WBE.



2.6.1.4 Orange category



The principle for the orange category is: 

“One barrier failure and the other is intact, or a single failure may lead to leak to surface” 

Wells categorized as orange should be regarded to have an associated risk which is higher than the risk associated with an identical new well with design in compliance with all regulations. Typically a well categorized as orange will be outside the regulations. Repairs and / or mitigations will be required before the well can be put into normal operation, but the well will still have an intact barrier and there will usually not be an immediate and urgent need for action.

For a well to fall in the orange category the condition of typical well barrier elements would usually fulfil the criteria in table 7: 
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A well with sustained casing pressure will fall within the orange category if the leak rate into the annuli is outside acceptance criteria. Wells not cemented according to the latest version of NORSOK D-010 can fall within the orange category if: Sufficient strength or impermeability does not exist in the formation which would be exposed to well pressure should a barrier failure occur below production packer, and there is a potential for breaching to surface, as long as the cement is still qualified as WBE.



2.6.1.5 Red category 



The principle for the red category is: 

“One barrier failure and the other degraded / not verified, or leak to surface” 

Wells categorized as red should be regarded to have an associated risk which is considerably higher than the risk associated with an identical new well with design in compliance with all regulations. 

Typically a well categorized as red will be outside the regulations. Repairs and / or mitigations will be required before the well can be put into normal operation and there will usually be an immediate and urgent need for action. A well should fall within the red category if at least one WBE in a barrier envelope has failed and at least one WBE in the other barrier envelope has also failed or is regarded as degraded or not verified (for example exposed to pressure outside verified design limit or evidence of corrosion). 

For a well to fall within the red category the condition of at least one typical WBE in a barrier envelope will usually be as mentioned in table 7 (Orange), and at the same time at least one typical WBE in the other barrier envelope will usually be as mentioned in table 6 (Yellow) or table 7 (Orange). This could for example be leak outside acceptance criteria in completion string and additional leak within acceptance criteria in casing string. Another example is a leak outside acceptance criteria in SCSSV and additional leak outside acceptance criteria in x - mas tree ESD valve. 

A well with sustained casing pressure will fall within the red category if annuli pressures are above the defined pressure limits and the leak rate into the annuli is outside acceptance criteria. Wells not cemented according to the latest version of NORSOK D-010 can fall within the red category if: Sufficient strength or impermeability does not exist in the formation which would be exposed to well pressure should a barrier failure occur below production packer, there is a potential for breaching to surface and the cement is not qualified as WBE.




2.6.2 [bookmark: _Toc384576065][bookmark: _Toc390343656]Statoil’s first development of risk status codes from NOG Guidelines 117



Based on the categorization principles and examples generated in WIF, Statoil developed their own set of internal risk status codes to classify wells in operation and temporary abandoned wells. These describe whether the wells are within internal and regulatory requirements and the risk associated with any deviations. They should be used for prioritization of well interventions and workovers in order to re - establish barriers (27).

The system consists of five different risk status color codes as seen in table 8. The only way this system differs from Guidelines 117, is the introduction of a new color; the light green.
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To determine risk status in this system each well had to be individually assessed, and the basic principles in table 8 should be used.  It was decided that each field should have an overview of the risk status for all their wells at all times. This was done by having a generic KPI spreadsheet compromising a lot of information like well name and type, life cycle status, operational code, integrity code and the resulting risk status code. Table 9 shows a part of the KPI sheet from the Statfjord A field as an example. 

In this KPI sheet the risk status will be automatically generated based on different integrity codes. These integrity codes are selected from a predefined pick list, and the pick list is based on examples of well component failures generated in WIF. The integrity codes with their description and assigned risk status code are shown in table 10, and they are grouped into different failure areas. The main rule states that one should always pick the case with the highest risk status if there are several non - conformances.

In 2013 a new software, Intetech Well Integrity Toolkit (iWIT), was developed for Statoil to present the well integrity status for wells in operation. This tool includes an overview of the risk status of the wells, and is based on the principles from the section above in addition to a new aspect – escalation risk factors. iWIT will be further described in the next section.   
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2.6.3 [bookmark: _Toc384576066][bookmark: _Toc390343657]iWIT



iWIT presents the well integrity status for wells in operation as well as historical well integrity information. The tool supports the work processes for handover of well responsibility and well integrity monitoring (28). It will by 2014 be used for all Statoil’s installations on the NCS, and the process of implementing all the wells in this software is ongoing. In figure 20 the front page when entering iWIT is shown. There are many different status codes like operational, well barrier, annulus, valve, wellhead and lifecycle status of wells. In this thesis, the status of interest is regarding risk, the circle highlighted red in figure 20. The front page illustrates the percentage of wells within the different risk status codes. 
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iWIT is a sophisticated system developed from the KPI sheet, and the risk status codes are based on the same 5 category principle with color codes seen in table 8 from the previous section. In addition it introduces 5 sub codes presented in table 11. These provide a better basis for describing the final risk status as they something about the escalation potential when having a well integrity issue. When the well experiences abnormal changes and / or non - conformances, the following risks shall be evaluated (28):



· Well blowout risk / dual barrier: Is the dual barrier principle in place? 

· Well kill / recoverability: If the leak escalates or a single failure occurs, will it be possible to kill / isolate the leak or restore barriers? 

· Mechanical / pressure loads: Will the annulus be able to withstand the increased pressure caused by a potential leak? 

· Well release risk: Is there a potential of external hydrocarbon leaks through both barriers? Will the leakage result in storage of unacceptable hydrocarbon and toxic volumes in the annulus? 

· Corrosion / erosion: Are there any ongoing corrosion / erosion in the well that can cause acceleration of degradation of well barriers? 



The risk status for the well will be set to the worst of the defined escalation factor sub codes. To be able to assess these in more detail, table 12 could be used as guidance.
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3. [bookmark: _Toc384576067][bookmark: _Toc390343658]DISCUSSION

3.1 [bookmark: _Toc384576068][bookmark: _Toc390343659]Evaluation of existing risk status categorization systems



In this chapter an evaluation of the risk categorization systems described on the previous pages will be carried out.

Chapter 4 in the NOG Recommended Guidelines 117 is the fundament of the development of well integrity status codes, and describes a system for categorizing wells according to their integrity status. The system principle is based on the condition and number of barriers in a well, thus it has a direct association with the probability of a leak to the surroundings and hence the risk of a well integrity issue. However, as the Guidelines also points out, this risk is not absolute. The system should not replace risk assessments as it does not say anything about the potential escalation of the leak (the severity of the well integrity issue) or the consequences of an external leak to the surroundings. For instance, two wells with only one remaining barrier can pose different levels of risk if one is a high rate gas well on a manned platform whereas the second is a subsea water injector. The Guidelines suggests that the operator should consider a further in depth risk assessment process for wells that are ranked high.    

Statoil’s first development of a well integrity categorization system from the NOG Guidelines 117 was based on the same principles with 5 colors (introducing a new light green status) - but they were now named risk status codes. This name can be misleading as the system basically is the same as the one generated by WIF, and only says something about the physical status of the barriers in the well. It would have been better suited to call them barrier / integrity status codes. 

Statoil’s new software, iWIT, takes the classification system a step further, as it introduces five sub codes which decide the final risk status (seen in table 11). These sub codes say something about the escalation potential when the well experiences abnormal changes and hence describes the severity of the well integrity issue and a small part of the potential consequences. But the leak is not quantified and the consequence description is lacking. As the final risk status is based on the worst sub code, this system does not differ much from the previous. By studying the well blowout risk / dual barrier sub group, one can see that it is identical to the main principle codes. In this way the status of the barriers will directly decide the resulting risk status of the well if ranked high, and the utilization of the other sub escalation factors is overrun. Escalation risks with regards to well kill, well release, corrosion, erosion and pressure loads are in this way camouflaged in the final status. Proper usage of the 5 category sub groups involves finding a better way to utilize each and one of them in the risk status code.

Risk can be defined as the combination of consequences of an event and the associated likelihood of occurrence of the event. A status code for wells in operation should reflect the risk associated with a leak to the surroundings as the major hazardous event is obviously a blowout or well release. The already developed systems for well integrity categorization are based on the barrier status and escalation potential for the leakage (iWIT), thus say something about the likelihood of a leak to the environment / surface. But the consequences of such a leak are not fully represented and taken into consideration. This is the missing part, and should be included in the status code to get a more complete risk picture.

[image: ]Figure 21 shows a bow tie diagram illustrating the blowout / well release risk for a well. On the left side are the causes, the well integrity issues, leading to the main event placed in the middle. The barrier envelopes are there to prevent the event from happening, thus they are reducing the probability of a blowout or well release. Imagine the barriers are not in place, and the event actually occurs. What will be the consequences? To get a more complete picture of the risk associated with the different wells, both sides of the bow tie need to be investigated. By focusing on the left side only, an important part is left out from the overall risk. If an accident occurs, the potential consequences could be huge. The consequences depend on a lot of factors regarding installation type, type of well, leakage characteristics, reservoir performance etc.  
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[bookmark: _Toc390283835][bookmark: _Toc390284005][bookmark: _Toc390345848][bookmark: _Toc390346102]                              Figure 21: Bow tie diagram illustrating blowout / well release risk for a well.

As it is today, wells within the same risk status code can pose different levels of risk. This can be very misleading, as it may be difficult to rank the wells and find out which needs the highest prioritization. It leads to the question: how red / orange is a red / orange well?

Wells in the operational phase which are ranked as orange or red on barrier status are against the dual barrier authority criterion (ref the Activities Regulations § 85). Scarce resources make it impossible to perform interventions and workovers to re - establish the barrier(s) on all these wells at the same time. A selection of which get the first hand treatment must be made. If the barrier cannot be redefined, the well has to be shut in until the barrier is re - established. Statoil has between 30 - 40 orange wells (a lot less red wells, between 1- 4) at any time and there is a need for further differentiation with regards to risk. In this way the most risky orange / red wells can be identified, handed over to the D&W organization for remediation and prioritized before the ones ranked less critical.     

The most critical red and orange wells can be identified by having a system where the escalation risks are implemented in a better way and the potential consequences are included. In the next chapter proposals of such systems will be presented. This thesis suggests three new models for risk categorization. As there are numerous factors controlling the consequences, constructing a model representing all of them is very challenging. Much time was spent on trial and error in the development of the different systems. The final model which is best suited to describe the risk is presented in the end of next chapter.

   






4. [bookmark: _Toc390343660]PROPOSAL OF NEW SYSTEMS FOR DEFINING RISK STATUS CODES



In the operational phase a well component failure may result in changes in blowout and well release risk. How to assess this increased risk is focused on in this thesis, and it should be reflected in the final status code. Well barrier elements form an envelope preventing uncontrolled flow to the surroundings. In this way the barrier envelopes minimize the likelihood of a blowout or well release, and the barrier status can therefore be directly linked to the probability part of the risk definition. In the end of this chapter a new procedure for defining risk status codes will be proposed as an improvement to the one used today. It builds on the already existing principles for defining barrier status (shown in table 8), but includes a new feature – the potential consequences if there (in worst case) should be a leak to the environment / surface. The consequences are a function of many factors, in this thesis presented as different consequence factors. The purpose of the new system is to get a better measure of the risks the wells with integrity issues pose, and help differentiate wells within the same red and orange risk status code. This is a challenge today, as wells within the same category may have very different levels of risk depending on the severity of the integrity issue and how big the potential consequences may be. There is need for a system that can help defining which red and orange wells are the most critical with highest priority in the first run.

The wells ranked high in the new categorization system will need additional resources, first in form of a more detailed risk assessment. This assessment shall investigate if these wells actually pose a larger risk compared to the others, and if immediate repair is required.

This thesis will present different suggestions on models for risk categorization including the consequence aspects. Due the number of factors controlling the impact of a leak to the surroundings, it was challenging constructing a model taking all of them in to consideration. As there are several different well configurations and systems, the creation of a model capturing every case is hard. Several attempts on constructing categorization systems were performed before finding the one most representative. The final model, which is best suited to describe the overall risk for most of the wells, is suggested in the end. Its ability to reflect different levels of seriousness is evaluated by testing it on 5 field cases. First a discussion of the most important factors determining the potential consequences will be carried out.

4.1 [bookmark: _Toc384576071][bookmark: _Toc390343661]Consequence factors  



The consequences will relate to health, safety and environment (HSE factors). Due to the fact that most of the wells have not yet experienced a leak to the surroundings, the consequences will reflect potential scenarios resulting from a blowout / well release situation. There are a number of factors that will decide the severity of the potential consequences of a well integrity issue. Beneath is a listing of some of them:

Type of x - mas tree

· Dry (Platform wells).

· Wet (Subsea wells).

The position of the x - mas tree will have a huge impact on the consequences if there is a leakage through the wellhead or x - mas tree seal assemblies or valves. On a subsea well the leakage will go to seabed, but on a platform well there is a potential of getting hydrocarbons directly on the platform deck. This will be the worst imaginable scenario. On platform wells there is an annulus bleed off possibility through the annulus access valves when experiencing SCP. The same possibility does not exist for subsea wells where the tree is positioned on seabed and there is only access to the A annulus.

Well type

· Production well.

· Injection well.

It is hard stating which type of well is the most risky. But a water injector with no possibility of hydrocarbon reflux from the reservoir will pose a much lower risk than an oil or gas flowing producer with regards to blowout / well release. A gas injector adding energy to the reservoir will however be more exposed to a dangerous situation as a component failure may lead to a major gas leak.

Artificial lift 

· Free flowing producer.

· Producer with artificial lift. 

As the pressure decreases in the reservoir, artificial lift may be required for continued production. Energy is then added to the fluid column in the wellbore, and the most common principles used are gas lift and pumps. In a gas lift well, gas is injected via A - annulus through a gas lift valve into the tubing reducing the density of the fluid. Introducing gas in the A- annulus, adds an extra element to the overall risk as a large volume of gas can create a very dangerous situation in a well release situation. Such wells need additional barriers, preventing the gas from leaking out of the annulus. However, it is difficult to determine if there actually is a higher risk associated with gas lift wells contra free flowing production wells as the latter will produce from a reservoir with higher pressure. Assuming that the extra barriers for gas lift are in place and the gas lift pumps will automatically shut down in an emergency situation, these wells shall in theory not be more risky than the free flowing producers, rather contrary.

Installation type

· Fixed platform concepts (used primarily with dry tree wells).

· Floating production units (used in combination with subsea wells). 

· Tension leg platforms and deep draft floaters (used primarily in combination with dry tree platform wells but can also have subsea wells).

· Satellite fields with tie - back to installation.

Satellite fields a distance away from the installation will not have the potential of endanger any human lives. But a leakage to seabed may be devastating for the environment, especially if the leaking medium is oil.  Fixed installations in combination with platform wells will have higher risk related to injuries / loss of lives in a blowout / well release situation. This is due to the potential of getting hydrocarbons on deck or washouts at seabed which can cause stability problems for the installation. Hydrocarbons reaching the platform deck may lead to fire or explosion which can do extensive harm to personnel and assets. Floating units may experience buoyancy problems if a certain amount of gas leaks directly under the unit, or problems with mooring lines and anchors. This is critical for wells positioned directly under the installation.  

Installation activity

· Manned.

· Unmanned.

Obviously an unmanned wellhead platform is less critical than a manned platform with integrated living quarters. A major accident at one of the big platforms with high installation activity can cause loss of many lives.

 Well position on seabed relative to the production unit

· Directly under the installation.

· A distance away from the installation.

As discussed previously the well position may have a major impact on the consequences, especially for the floating facilities. Are the wells positioned directly under the floater, a gas leakage may cause buoyancy and stability problems, and in worst case scenario sink the unit. Wells positioned a distance away from the installation will have a lower associated risk, as a leakage will not have the potential of reaching the facility.  

Well concentration

  

· Low concentration.

· High concentration.

The potential of a “domino effect” arises when many wells are situated close to each other in clusters as a blowout / well release from one well can in turn damage other wells or structures at seabed.  

Multiple well failures

· Single well failure.

· Multiple well failures.

Multiple well failures in a field will increase the risk for the installation and its personnel. If many wells are outside the dual barrier criterion in a field, they require additional attention. 

Water depth

· Deep (> 300m).

· Intermediate (100 – 300m).

· Shallow (< 100m).  

In shallow water depths there is an increased risk of gas moving from seabed through water and up to the installation. In deeper water it is more likely the gas never reaches surface. The oil concentration at surface will also be significant lower if the oil needs to overcome a large depth, as it will be more spread. 




Formation strength



· Sufficient. 

· Insufficient: potential of fracturing.

The strength of the overlying formation around the wellbore exerted to a leakage will determine the possibility of formation fracturing. In worst case the fracture can propagate and the leakage reach seabed. The formation strength will usually depend on the depth at which the formation is exposed to the leakage. If the well has a low TD (total depth), there is an increased risk that the formation does not have sufficient strength if exposed to a high reservoir pressure. The minimum horizontal stress (fracture re – opening pressure) is often used as requirement for formation strength. This is conservative, as it is much lower than the actual pressure needed to create a fracture.

Type of well leakage

· “Internal”: leakage to closed system.

· “External”: leakage outwards in the well with potential of reaching seabed / surface (through    tubing, casing, cement, formation or x - mas tree / wellhead).

The two types of well leakages are discussed previously. An “internal” leakage through SCSSV and x - mas tree valves (in connection with the process facility) has bleed off possibilities through the flowline system. As the leakage goes to a closed system, it is controllable and will never lead to a blowout or well release. However, if the x - mas tree should be damaged due to an external hazard and in worst case scenario, totally removed, it is critical that the SCSSV is in place and working. This is the reason for its required position - minimum 50 meters below the wellhead. For surface wells the main source of external hazard will likely be dropped objects on the platform with a potential for hitting and causing damage on the tree. Other events may be fire or explosions that can do extensive harm. For subsea wells the main source of external hazard will likely be dropped objects from vessels with potential for hitting and causing damage to the tree. Due to the extremely low probability for a total removal of the x - mas tree, this scenario is disregarded in this thesis. 

An “external” leakage is more serious than the “internal”. Depending on where the leakage exit point is, there will be a possibility of getting a leak of hydrocarbons to the formation, seabed or in worst case; directly on the platform. The last scenario can happen if there is a leakage into an annulus that is in direct contact with the wellhead / x - mas tree seal assemblies or valves (not in connection with the flowline system). If the seals / valves fail and the x - mas tree or wellhead is positioned on the platform, this can be a very dangerous situation. Getting hydrocarbons in a high rate directly on the platform would be catastrophic.  

If a leakage results in formation fracturing, a potential buffer sand zone will reduce the risk for the hydrocarbons propagating to seabed. Buffer sand will trap the leakage and due to the size of the zone, there will be no significant pressure build up and further fracturing.

 ESD – system  

· Valves fail to close (open).

· Leaking above the acceptance criteria.

In an emergency situation it is critical that the ESD valves close in response to loss of signal or hydraulic pressure. A leakage through the valves is regarded less serious as they still maintain their function criteria.

Leakage characteristics 

· Accumulation of hydrocarbons (not necessarily in contact with reservoir).

· Continuous flow of hydrocarbons (in contact with reservoir).

A continuous flow of hydrocarbons indicates that the leakage is in contact with the reservoir. An accumulation of hydrocarbons however is not necessarily in contact with a reservoir, and will be less critical with regards to a blowout.

Potential leak rate through barrier envelope

· Low rate: Slightly above the acceptable rate for SCSSV (API RP 14B). 

· [bookmark: _Toc380063661][bookmark: _Toc380063766][bookmark: _Toc380063958][bookmark: _Toc380064192]Medium rate: More than 2x the acceptable rate for SCSSV (API RP 14B).

· High rate / blowout (>> API RP 14B).

The leak rate is an important factor deciding the resulting consequences of a well integrity issue. A high rate will obviously pose a larger risk than a rate slightly above the API RP 14B criteria, which has manageable consequences if released to the surroundings. A high leak rate (blowout) can cause severe environmental pollution, increased risk of fire and explosion and may lead to a major accident which endangers the whole installation and its personnel.

Well leakage fluid

· Water.

· Gas.

· Oil.

Finding out what type of fluid is leaking is of huge importance. Is the fluid water, the risk will reduce significantly. A hydrocarbon leakage with potential of reaching the platform deck is the worst scenario as this may cause fire and explosion. A leak of hydrocarbons to seabed may have huge consequences for the environment, especially if a large volume of oil gets released. Gas leakages are more critical for the installation, due to the potential of the gas propagating through water and up to the facility where it can lead to fire and explosion. If a certain amount of gas gets trapped under a floating unit, this may also cause buoyancy and stability problems. 

Ability to access the well

· Monitoring.

· Perform maintenance. 

· Perform repairs.

It is harder to access subsea wells contra platform wells, and this makes it more difficult to perform maintenance and repairs. Due to the lack of monitoring of the B and C annuli on wet trees, a leak propagating outside the A-annulus can be hard to track. This makes the severity of the well integrity issue more uncertain. If immediate repair is needed in a critical situation, the subsea wells will pose a challenge due to the potential problems with accessing the well. Hooking up an intervention unit to the subsea x - mas tree may in some situations be impossible due to extreme weather conditions.

Reservoir / injection pressure (relative to hydrostatic)

· ≤ Normal (≤ Hydrostatic). 

· Abnormal (> Hydrostatic).

· Abnormal high (>> Hydrostatic – HPHT wells).

The reservoir pressure will be of great importance to the consequences of an integrity issue. A depleted reservoir with no or low source of outflow will never cause a blowout  as it will be impossible for the hydrocarbons to overcome the potential energy and travel up the well. A high pressure reservoir however, will have the potential of delivering a huge amount of hydrocarbons due to the amount of energy stored in the reservoir fluid. This makes the high pressure, high temperature (HPHT) wells more critical. As the reservoir pressure is dependent on depth, it will be beneficial relating it to the hydrostatic pressure, as the depth may differ from well to well. 

Flow potential from reservoir

· None / some.

· Medium.

· High.

Although a reservoir with high pressure most likely has a high flow rate, there is no guarantee that this is true for all cases. The permeability and type of reservoir fluid will have a say on the flow potential. The reservoir model (size and shape) will also contribute to how much energy potentially flowing to the surroundings.

Energy source 

· Reservoir.

· Injection.

· Gas lift

Where the source of energy originates from will have a great influence on possible undesirable scenarios. Is the source injection or gas lift, an automatically shut down system will contribute to reduce the risk contra a manual. An uncontrolled blowout from a reservoir will be the worst imaginable scenario, as it may be difficult killing the well. 

Escalation factors

· Corrosion / erosion.

· Well kill / recoverability.

· Mechanical / pressure loads.

· Well release.

These factors are previously discussed in relation to iWIT, and will affect the consequences, especially the well kill / recoverability, pressure loads and well release. A high uncontrollable flow of hydrocarbons to the surroundings not possible to isolate or kill is as mentioned the worst possible scenario. If a leak challenges the mechanical design limits of the well, it can in turn damage other well elements and lead to failure of both barrier envelopes. Ongoing corrosion or erosion causing degradation of well components is critical in the long term perspective, but do usually not require immediate action. The group well release reflects if the leakage can result in storage of unacceptable hydrocarbon and / or toxic volumes in the annulus.




4.2 [bookmark: _Toc390343662]New models for risk status categorization



There are numerous factors affecting the potential consequences which can result from a well integrity issue, and some of them are listed in the previous section. The task ahead will be linking these factors in a logical system producing different categories illustrating the level of seriousness with regards to the consequences. Due to the number of factors, finding a system capturing all of them will be challenging and probably impossible. A choice as to which are the most important in terms of the overall risk must be made. Including all of them would potentially result in a very complicated and tangled system hard to use in practice. The final risk model will be a combination of the consequence categories and the already existing barrier status codes (shown in table 8), representing both the probability and impact of a blowout / well release.  

In the next sections different models for risk categorization will be presented. As the main task is producing a new classification system for the consequences, this is the main part emphasized in the models.   



4.2.1 [bookmark: _Toc390343663]Model 1 – iWIT modification



This model builds on already existing principles, but proposes a modification of the iWIT risk status system. The 5 color codes (red / orange / yellow / light green / green) for defining barrier status (as in the first Statoil KPI sheet) seen in table 8 are now called the principle codes and will be the first step in the process of defining the final risk status. A modification of the sub group system presented in iWIT is proposed as another dimension to describe the severity of the well integrity issue. This will be done as a second step, after the principle code is set, and performed by giving the well a score relating to the sub groups. The two step process is necessary for proper utilization of the escalation factor sub groups. Today’s usage of this system only reflects the barrier status for the red and orange wells, as the dual barrier / blowout sub group overruns the others which are hidden in the final risk status. When the principle code is set and the escalation risk is decided after going through the sub groups, the final risk status will be a result of the combination of both. The steps are described below and seen in table 13. The well blowout / dual barrier sub group is intentionally left out, as it is identical to the principle codes.



1. Decide principle code either red, orange, yellow, light green or green.

2. Go through each of the four sub groups relating to escalation risk. 

3. Give a score (from 1 to 5 where 5 is the most serious) on escalation risk for each of the sub groups and summarize all of them to a final score in the end.

4. Final risk status will be: principle code + summarized score on escalation risk.



A simple method for separating wells within the same principle code is now available by denoting if they have a low or high associated escalation risk based on the score. The most critical wells have barrier failure(s) in addition to a high score from the sub groups.

The final risk status will qualitatively say something about the likelihood of an external leak and is based on the number / condition of the barriers and potential escalation risks. The escalation factors will to some extent  describe the severity of the well integrity issue, and reflect a part of the consequences by involving well kill / recoverability, erosion / corrosion, well release and pressure loads. It is a simple model building on existing principles and will therefore be easy to implement. 

Only taking into consideration the escalation factors, the model does not fully describe the consequences of a blowout / well release. It does not include important parameters such as type of well, installation, reservoir performance, leakage characteristics etc. Due to the lack of consequence description model 1 was quickly rejected.



.
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4.2.2 [bookmark: _Toc390343664]Model 2 - Flowchart



A flowchart is a diagram combining the factors in a logical manner by linking them with arrows, and by following different paths (scenarios) the result will be specific consequence categories. The pictorial presentation and logical composition of the factors make the flowchart very easy and intuitive to use and understand. It links the factors in steps or boxes and shows the path to a specific consequence category illustrating different scenarios.  

Figure 22 shows an example of a flowchart for consequence categorization with four levels of seriousness illustrated with different color codes; red, orange, yellow and green.  The red category represents the most critical wells with high risk for the facility and its personnel if there should be a blowout / well release. These wells have typically an “external” leak, high leak rate and a reservoir with potential of delivering a huge amount of uncontrollable energy. The orange category represents wells with significant risk for personnel, environment and facility, but is one level lower than the red with regards to seriousness. Wells with “internal” leaks, low leak rates and a reservoir with no flow potential will typically fall in the lowest levels – the green and yellow categories. The potential consequences resulting from a well integrity issue will not be as serious for these cases.

As there are numerous factors controlling the consequences, it is hard constructing a flowchart. The one presented in this thesis has selected seven of them (well type, leak type, x – mas tree, well position, leak rate, reservoir pressure and leak fluid) as the most important for the final categories. When constructing the flowchart it quickly grew to a huge and complex diagram when trying to include many factors and produce cases representing different scenarios. As each path required the same questions the chart also got characterized with a lot of repetition. This made the construction very difficult, and it was hard including additional important factors with regards to the consequences.  Based on these experiences the flowchart idea was rejected, and no further work was put in to the development of a better diagram than the one presented in figure 22. This is only an example of a very simple flowchart producing different categories based on a few factors. It will not represent the severity of the consequences for different scenarios, as many important factors are not included.…………………………………………………………. ………………………………………………………………
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4.2.3 [bookmark: _Toc390343665][bookmark: _Toc384576073]Model 3 – Sum of the weighted consequence factors 



This model will give a “consequence score” by summarizing the weighted contribute from the different factors based on their level of significance:


        CS = ∑ wi * fi  ,

                  where CS is the consequence score and wi is the weight given to the specific 

                 consequence factor, fi. 


The experience from constructing the flowchart was how the diagram got very complex and characterized with a lot of repetition when including many factors. These problems can be avoided by using the sum of the weighted consequence factors, as this method can include many parameters without getting too complicated. However, the challenge will be assigning the correct weights to the factors / parameters representing their true level of significance. Assessing which of them contributes most to the risk is a subjective evaluation.

Due to the fact that the wells will get their risk status based on the scenario of factors, some combinations may have larger impact on the consequences than others. This can be a potential problem with this method, and adjustments to the main function may be necessary. 

The factors selected for the consequence categorization are parted into three areas: 

· Energy: energy source, reservoir / injection pressure, leak medium and flow potential. 

· Surroundings: type of well / installation, installation activity and water depth.

· Barrier: leakage path, potential leakage rate and challenges relating to well kill / recoverability, pressure loads, corrosion / erosion and storage of hydrocarbons / toxic volumes in annuli.

Figure 23 represents 3 different well types, a free flowing producer (A), an injector (B) and a producer with gas lift (C). The three main areas (energy, barrier and surroundings) will relate differently dependent on type of well. Free flowing producers have the reservoir as main source of energy. In injection wells the energy goes the opposite way. It flows from the installation, through the well (barrier system) and into the reservoir. Gas lift wells have two sources of energy, the reservoir and the supplied gas which increases the flow rate of the produced fluid. 
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[bookmark: _Toc390083900][bookmark: _Toc390084318][bookmark: _Toc390283838][bookmark: _Toc390284008][bookmark: _Toc390345851][bookmark: _Toc390346105]                          Figure 23: How energy, barrier and surroundings are related for different well types.



Dependent on type of well, the consequences may differ. This makes it challenging constructing a model taking into account every scenario of integrity issues for different types of well systems and configurations. Therefore the model must be general capturing most of the wells, as it will be impossible including the most special cases. 

The area energy is the premise to a potential accident. The amount and source of uncontrollable energy, type of leaking medium and flow potential will decide the impact of a well integrity incident.  Is the reservoir depleted with low pressure and flow potential, a blowout will quickly die out. A high pressure reservoir however, has the ability to deliver a huge amount of hydrocarbons for a long period of time, creating extensive damage to the environment, installation and personnel.  

The area surroundings will affect how severe the consequences will be depending on type of well (platform / subsea), well position, installation activity and water depth. Subsea wells a distance away from the production unit (satellite fields), will never threaten the facility and its personnel. Is the well positioned below the facility, it will have an increased risk as a leak to seabed may propagate through water and up to surface. In deep waters, this risk reduces significantly. Platforms are most critical in regards to safety, as a leak through the wellhead / x – mas tree can lead to hydrocarbons directly on deck. Having an environmental perspective this will differ, as a hydrocarbon leakage to seabed on a subsea well can be devastating causing severe pollution especially if the leaking medium is oil. 

The barrier area describes the condition of the dual barrier envelopes, as it includes leak path, potential leak rate and challenges relating to corrosion / erosion, pressure loads, well kill / recoverability and hydrocarbon storage in the well. The barriers are the technical solution preventing the underlying premise, the energy, to realize its potential for a major accident. 

Factors relating to barriers, energy and surroundings represent an overall consequence picture, and hence describe the risk in a better way than before. The challenge is linking the factors with their associated weight creating a result which represents a realistic level of risk. 

Model 3 summarizes the weighted contribute from each of the factors from the three areas: 


                  CS = (∑ wi * fi) energy + (∑ wi * fi) barrier + (∑ wi * fi) surroundings   


A narrow weighting range (1- 10) does not reflect each factor’s impact on the final score. But a wider range (1- 100) makes the weighting process more difficult. A modification to model 3 is necessary when using a narrow range, as the weighting of each parameter will not represent the severity of the most significant consequence factors. Accounting for the most important groups despite having a narrow range, an additional weighting can be performed: 


                CS = (∑Wj* wi * fi) energy + (∑Wj* wi * fi) barrier + (∑Wj* wi * fi) surroundings,   

               where Wj is the additional weighting to the group of consequence factors.


The most influential factors are now accounted for in the consequence score and this will be the final formula used for model 3. Simple calculation methods and layouts in excel are used to create this model, which is illustrated in table 14 (and appendix C). The contribution from each parameter is found by filling in 1 (yes) in the column named fi (specific consequence factor / parameter) which is multiplied with the associated group weight, Wj, and specific factor weight, wi. Final consequence score is the combined sum from energy, barrier and surroundings.

Factors contributing most to the score are reservoir / injection pressure, flow potential from the reservoir and leakage fluid, path and potential rate. These parameters will have the greatest influence on the consequences of a well integrity incident, and are given group weight (Wj) 10. The amount, rate and type of hydrocarbons flowing out of the well to the surroundings will directly decide the impact of an accident.

Type of installation, installation activity, escalation factors, water depth and source of energy are considered less important and given group weight (Wj) 5 and 3.They describe how the well / installation can handle a leak, but if the premise to a potential accident is missing, there is no point in a large accounting  in the final consequence score. 

The escalation factor group differs from the others due to the possibility of several (or none) fill-ins as the well can experience many challenges simultaneously (or none). Group weight (Wj) will than multiply with each factor making a well with several issues more risky. 

In the next section the model will be tested on different field cases. These wells have the same barrier status (orange), but will vary in regards to the consequence factors. Final score will hopefully reflect the seriousness of the wells and rank them in a realistic order. The lowest and highest possible scores from model 3 are 111 and 820, and the field cases will fall between these values. 
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4.3 [bookmark: _Toc390343666]Case study



5 cases of wells within the same barrier status (orange: one failed barrier), but with different consequence impact, will now be presented. All have a breach in Statoil’s ARIS R – 19678 requirement: “Two independent barrier envelopes against uncontrolled blowout from reservoirs shall at all times be in place” and are therefore shut in. They will be run in the new system for consequence categorization to check if the system actually finds the most critical wells and produce a realistic consequence score.  



4.3.1 [bookmark: _Toc390343667]Case 1

WBS for case 1 is shown in figure 25. Additional well information is listed below:

· Water injector. 

· Manned platform well. 

· Reservoir pressure ≤ normal (≤ Hydrostatic).



· Well integrity issue: Failed primary barrier (casing to annulus leak below production packer). When the well is in operation, there is pressure build up in B – annulus as the injected water flows through the failed 9 5/8” casing. When the well is shut in the pressure falls to zero, and there has during three years not been registered pressure build up in tubing or B - annulus. There is a continuous monitoring of the pressures in tubing, A, B and C annuli.



· Risk evaluation: The likelihood of hydrocarbons coming from the reservoir is low due to:

· Perforations are at 2717 m TVD whereas the initial oil water contact (OWC) was at 2702 m TVD.

· Based on a reservoir simulation (seen in figure 24), the current OWC is at 2635 m TVD (29).

· The oil saturation at the upper part of the well (2692 m TVD) is approximately 30%.  

· However, the simulation cannot exclude the existence of small pockets of hydrocarbons not captured in the reservoir model.
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Based on the performed reservoir simulation showing the presence of hydrocarbons to be very unlikely and the evaluation concluding the well does not have any inflow potential from the reservoir (continuous pressure monitoring of tubing and annuli shows zero pressure build up for three years), this well poses a low risk.  The consequences will be small as the reservoir does not have any potential of creating a major accident.

Table 15 shows the result of the consequence rating for the well. It scores low on every factor, except the surroundings contribution. This is because case 1 is a manned platform well with high installation activity, which always requires additional attention. The final consequence score is 233.…………………………………………………………………….

[image: ][bookmark: _Toc390012944][bookmark: _Toc390083903][bookmark: _Toc390283841][bookmark: _Toc390284011][bookmark: _Toc390345406][bookmark: _Toc390345854][bookmark: _Toc390346108]Table 15: Consequence score for Case 1.
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4.3.2 [bookmark: _Toc390343668]Case 2

WBS for case 2 is shown in figure 26. Additional well information is listed below:

· Gas Producer.

· Manned platform well. 

· Reservoir pressure is abnormal high (HPHT – well).



· Well integrity issue: Deterioration in both primary and secondary barrier (insufficient strength of formation at 9 7/8” casing depth, production packer depth and the 9 7/8” casing cement is of uncertain quality). Breach in Statoil’s TR – 3507, as the requirement for minimum horizontal stress at the barrier elements is not met and cement quality not verified. Calculations show minimum horizontal stress < gas gradient, but fracture gradient > gas gradient. Logging of the 7” liner cement revealed no hydraulic seal behind the liner. The log could not proof good cement in the 9 7/8” casing cement either (30).



· Risk evaluation:  The worst case scenario in case of barrier failure is a reservoir gas leakage fracturing overburden formation and a subsequent leak to the seabed or to the annulus of the platform wells. A study on the potential leak paths for reservoir gas and the recipient sands in the overburden has been performed. The conclusion was that there is sufficient storage capacity to receive a gas leakage (31). As the formation integrity requirement is based on the minimum horizontal stress, (the fracture re - opening pressure which is much lower than the actual fracture gradient), it can be discussed if the formation integrity will fail due to a gas leakage. The well has been assessed to be orange, and not red (dual barrier failure), because of the conservative assumptions. However, both the primary and secondary barrier fail to meet minimum requirements, and the 9 7/8” casing cement is of uncertain quality. Although the probability of the leak passing both barriers is regarded low, the consequences would be enormous as it is a HPHT field. A potential blowout would also be hard to kill.

Table 16 shows the consequence score for case 2. The contribution from each factor is high, reflecting the degree of seriousness for the well. As the reservoir has the ability to deliver a huge amount of energy which can propagate to seabed or directly on platform deck (external surroundings), this well poses a very high risk. This is also reflected in the final consequence score which is > three times higher than for case 1, with a value of 735.
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4.3.3 [bookmark: _Toc390343669]Case 3

WBS for case 3 is shown in figure 27. Additional well information is listed below:

· Oil Producer.

· Subsea well distanced away from installation (tie - back well). 

· Reservoir pressure is abnormal (> Hydrostatic).



· Well integrity issue: Failed primary barrier (oil leakage at approximately 0.8 l/ min through production packer into A and B annuli). During operation an increase in A – annulus pressure (which was impossible to bleed off in the annulus bleed line) was detected and due to holes in tie - back casing the A and B annuli were in communication. The pressure is stabilized at a higher value than the C annulus can withstand if the leakage should propagate out of the 13 3/8” casing.  



· Risk evaluation: Should the 13 3/8” casing not withstand the pressure in B – annulus the oil will flow under the 20” casing shoe, which has insufficient strength, and into the overlying formation. In worst case scenario the oil could move all the way up to seabed due to formation fracturing. However, as the intermediate casing is a part of the secondary barrier, it is designed and tested to withstand the high pressure. It shall in theory not be exposed for degradation. Due to the fact that this is a subsea well distanced far away from the installation, there is no risk related to safety. But a large leak would be devastating for the environment, as the well has a high potential of delivering huge amounts of oil for a long period of time. There is also an unacceptable amount of hydrocarbons stored in the A and B – annulus, which would cause pollution if released to the environment. As the wellhead area is subsea there are challenges relating to restoring the barrier and to kill the well in a critical situation. This makes the well serious in regards to the consequences if there should be a leak to seabed, as this can result in severe environmental pollution. Due to the lack of monitoring of the B and C annuli on wet trees, a leak propagating outside the A - annulus can be hard to track, and the integrity issue therefore has a larger associated uncertainty.  

Table 17 shows the consequence score for case 3, where the well gets a high value, 505, due to the reservoir performance and escalation factors. As mentioned the well can never threaten the safety on an installation, but has the potential to create major environmental damage. 
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4.3.4 [bookmark: _Toc390343670]Case 4

WBS for case 4 is shown in figure 28. Additional well information is listed below:

· Oil Producer.

· Subsea well distanced away from installation (tie - back well). 

· Reservoir pressure is abnormal (> Hydrostatic).

· Special completion with dual wellbores.



· Well integrity issue: Failed primary barrier (a fish above SCSSV in bore 1 makes it inoperative and the control line is exposed to reservoir fluid).The control line is isolated with a ROV operated valve in the control module placed on the subsea manifold. The leak potential is very limited, as the control line has a small diameter.



· Risk evaluation: If the ROV operated valve fails, there is direct communication between the reservoir and seabed through the SCSSV control line. The length of the control line (350 m) and the small diameter (3.5 mm) will however give a high friction, making the potential leak rate to seabed very small (≤ API RP 14 B criteria). Due to the fact that this is a subsea well distanced far away from the installation, there is no risk related to safety. The risk associated with environmental damage is also low. A leak to seabed would have to move more than 350 m to reach surface, and the oil will be significantly spread at shallow depths. This makes the oil concentration reaching surface very small. There are no factors potentially escalating the integrity issue and the remaining barrier condition has been unchanged for many years. The shut in pressure is significantly lower than pressure limit for the control line, there is not a large volume of hydrocarbons present in the well and a leak to seabed is assessed to be easy to kill. The dual wellbore completion also makes the well more robust to integrity issues as there are a several options to solve an integrity issue relating to access and reliability of other WBEs.

Table 18 shows the consequence score for case 4. It scores low on every factor, except the energy contribution. As the reservoir has potential of delivering hydrocarbons, the risk cannot be negligible. The score, 263, reflects the low degree of impact a leak to the surroundings will have both on safety and environment.
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4.3.5 [bookmark: _Toc390343671]Case 5

WBS for case 5 is shown in figure 29. Additional well information is listed below:

· Alternating water and gas injector.

· Subsea well below manned semi – submersible floater.  

· Reservoir pressure is abnormal (> Hydrostatic).



· [bookmark: _GoBack]Well integrity issue: Failed primary barrier (tubing to annulus leak above the acceptance criteria below the SCSSV and the 9 5/8” liner cement is of uncertain quality).  Corrosion in the tubing has led to a leak into A – annulus of the well below the SCSSV. The tie – back PBR is not qualified as barrier element according to today’s regulations, and is regarded as a weak link where the leak can propagate to B - annulus.  In addition to the failed primary barrier the 9 5/8” liner cement is also of varied (uncertain) quality according to cement log (32). The well has been used as water injector for the past months and a reflux of gas from the reservoir is regarded unlikely. 



· Risk evaluation: Worst possible scenario is a leak of gas from the reservoir which propagates outside 7” and 9 5/8” liner (or through tubing via A – annulus and PBR) reaching the 13 3/8” shoe which cannot withstand today’s shut – in pressure with gas gradient all the way up to the shoe (it can withstand the water gradient). Since the well has been used as water injector in the past months, it is regarded unlikely that gas shall flow into the well. However, as former gas injector, there will always be a possibility of reflux from the reservoir (but the gas flow potential is considered small). The probability of the leak reaching 13 3/8” casing shoe is also regarded low. As the well is subsea positioned under a manned facility, a gas leak reaching the floater would be critical. Due to the fact that it is considered to be very unlikely that gas will flow from the reservoir, the wellhead is positioned at deep waters (>350 m) and the possible leak rate of gas would be small and easy to kill, the risk relating to safety is not considerably high. Environmental risk is also small, as a leak of gas to seabed would not cause any significant pollution. 

Table 19 shows the consequence score for case 5. It will have a medium impact with score 396 due to conservative assumptions in the risk evaluation, where worst case scenario assumes gas leak with potential of reaching the 13 3/8” casing shoe. As there is a low probability of gas flowing from the reservoir, the flow potential and leak rate is assessed to be small.…………...…………………………………………………………………………. 
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[bookmark: _Toc390345863][bookmark: _Toc390346117]Figure 29: WBS for case 5 (33) .



4.3.6 [bookmark: _Toc390343672]Model 3 predictions



An evaluation of the model predictions will now be carried out. Its ability to find the most critical wells is reflected in the different consequence scores. 

The 5 field cases are rated equally after the previous categorization system, where the physical barrier status in the wells directly decides the final risk status code. The 5 cases are all orange, as they have a failed barrier or a single failure in the well will result in a leak to the surroundings. However, they will pose different levels of risk depending on the consequences this leak may have both on safety and environment. This difference in risk is shown in the new model for consequence categorization where the wells are ranked in following order (1 = most serious):



1. Case 2 with consequence score 735.

2. Case 3 with consequence score 505.

3. Case 5 with consequence score 396.

4. Case 4 with consequence score 263.

5. Case 1 with consequence score 233.



These results give a good indication of the model’s ability to reflect the seriousness for the different wells, as the ranking actually consigns with the risk evaluation for the different cases. There have also been performed well specific risk assessments for the 5 cases internally in Statoil, and these evaluations support the results found from model 3.  

   








4.4 [bookmark: _Toc390343673]Final model for risk status categorization 



The new consequence categorization (model 3) can be combined with the existing barrier status codes (seen in table 8). Constructing a matrix with the barrier status on one axis (accounts for probability) and the consequence scores on the other (accounts for impact), a more complete risk picture will be presented.

Before constructing the final matrix a division of the scores from model 3 is needed to produce different consequence categories (already shown in table 15 - 19). Three groups are reflecting the degree of seriousness relating to the impact:

· Scores < 300: Low impact.

· Scores between 300 – 500: Medium impact.

· [image: ]Scores > 500: High impact.  
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The final matrix for risk status categorization is presented in figure 30. The wells in the right upper area of the matrix (with scores > 500 and orange / red on barrier status) are considered most critical, needing the first hand prioritization. 

4.5 [bookmark: _Toc390343674]Detailed risk assessment for the wells ranked high 



Wells ranked high in the new risk categorization system need high management attention and additional resources. In the first run a detailed risk assessment must be performed finding out if the wells actually pose a higher associated risk than the ones ranked less critical. If the latter is a fact, the wells will be first in line for a workover / intervention returning them to a healthy state. This means re – establishing the lost barrier(s) by either fixing the original issue or by securing the wells with plugs (mechanical or cement). 

As previously discussed, there are different risk assessment techniques for well integrity with variation of time effort and complexity. Today Statoil has no fixed standard for a detailed risk assessment procedure for the integrity of wells in operation making it difficult performing this task.

A common and easy method frequently used is a risk register table, where all the risks are listed one by one. Based on the level of impact and probability, the different risks are placed in a matrix showing which are critical and the ones less serious. This method is beneficial in the way that it is very easy to use and present, and has a low level of complexity. However, by only listing the risks, dependencies are not taken into consideration. A major accident is usually a result of the combined effects from many risks occurring simultaneously. Therefore, they need to be assessed in combination, and not isolated, to represent possible undesirable scenarios.   

As the dual barrier envelopes can be seen as a system preventing hydrocarbons from flowing out of the well, a system reliability analysis is suited to assess how robust the barriers are when experiencing well element failures. A FMECA is an analysis which investigates how a component failure will affect the barrier envelopes. Nor this method takes into account dependencies, as it only looks into single component failures and isolated effects.

A fault tree analysis is a more detailed method for system reliability accounting for combined effects, as it shows which component failures result in a leak to the surroundings. The fault tree creation is time consuming and will require a lot of resources. Making a diagram representing all the possible component failures leading to a leak out of the well, is a major task. The fault tree may become too complex and hard to create. 

Statoil’s compliance and leadership model is an easy and understandable method of performing a risk assessment before a work task. The advantage of the model is its comprehensibility to most people who may not be that familiar to the risk assessment discipline and complex analysis methods. A weakness of the model is its generality, as it does not say which techniques to use to identify and evaluate the risks before a work task.

Developing a standard for detailed risk assessment for the most critical wells in operation (wells outside the dual barrier criterion ranked high in the new categorization system) can simplify the process and save lots of time for Statoil. This thesis suggests some techniques, but it is hard finding a perfect tool for assessing the well integrity risk for wells in operation. There needs to be a balance in the degree of details in the analysis as the complexity will increase when the level of details is high. A method too complex and time consuming will never work in practice, but simplifying the analysis can create a wrong representation of the true risks.




5. [bookmark: _Toc390343675]CONCLUSION



The existing risk status categorization for wells in operation is based on the NOG Recommended Guidelines 117, chapter 4. Although Statoil has developed this system a step further with implementing the escalation risks in iWIT, the creation of a system which represents the total risk picture in a better way is needed. The existing risk status categorization is mainly focused on the physical barrier status in the well hence describes the probability of a leak to the surroundings. It does not evaluate the consequences a blowout / well release would have for the installation, its personnel and the environment. As risk can be described as the combination of consequences of an event and the associated likelihood of occurrence of the event, an important part is left out in the status code.  

The scope of this thesis was developing a new system including the consequences in the risk status for the wells. This system can be used for further differentiation of the red / orange wells (that are outside the dual barrier requirement) with regards to which gets the first hand prioritization and resources.

Most of the wells in the operational phase still have one barrier in place preventing the leak from reaching the surroundings. The consequences will therefore be hypothetical relating to a potential event resulting from a well integrity issue. The main hazardous event is a blowout / well release resulting in a flow of hydrocarbons to the surroundings. Depending on a number of factors, the consequences of a blowout / well release will differ from well to well. As they are based on an event that has not yet occurred, there will be a large associated uncertainty. Most likely it will never happen. However, developing a categorization system for the consequences potentially resulting from the well integrity issue will help finding the most critical wells - the wells with the largest potential for a major well integrity accident. These need the first hand prioritization and resources. Returning the most critical wells to a healthy state will reduce the overall risk that affect the whole installation, its personnel and the surrounding environment. 

This thesis suggests several systems for consequence categorization, and the one most representative is presented as model 3. It is a simple system building on several factors which are given different weights according their significance. The model function summarizes each factor’s contribute, and produces a final consequence score. This score reflects the seriousness in regards to the impact a potential leak would have to safety and environment. Model 3 was tested on 5 field cases with the same status code (orange – one barrier failure) according to the existing system for risk classification. The model results clearly illustrate how the equal rating of these wells is insufficient, as they actually pose very different levels of risk based on the potential consequences. The scores gave a good indication of the model’s ability to reflect the seriousness for the different wells, as the ranking actually consigned with the risk evaluation for the different cases. Well specific risk assessments performed internally in Statoil also support the results from model 3.  

[image: ]The new consequence categorization (model 3) can be combined with the existing barrier status codes (seen in table 8). Constructing a matrix with the barrier status on one axis (accounts for probability) and the consequence scores on the other (accounts for impact), a more complete risk picture will be presented:
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It is important to emphasize that the new system shall not undermine the existing regulatory requirement that wells with failed barrier(s) must be shut in until the dual barrier envelopes are regained. Using a low consequence score as argument for continued production / injection could turn into a dangerous trend. This is not the purpose of the new system. It is a tool helping the decision makers to determine which wells get first hand prioritization in a line of wells that need remediation. Scarce resources make it impossible to perform interventions and workovers to re - establish the barrier(s) on all these wells at the same time.

Although a major well integrity accident in the operational phase has a low associated probability, the consequences of such an event would be devastating. Loss of human lives, huge environmental damage and great financial losses (potentially destructing the operating company in charge) are some outcomes that can result from a major accident. Knowing the well integrity risk status at all times is of utmost importance.

There needs to be an understanding of who is responsible and accountable at each stage of the well’s lifetime. The well can change organizations multiple times during its life, and the owner needs to be known and accountable at all times. A good process and documentation is essential for smooth and accurate handovers between organizations. Having a status representing the total risk picture for a well is therefore very important in all stages of the wells lifetime allowing the involved parties to understand the risks the wells pose. This can help preventing a major ccident.
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6. [bookmark: _Toc390343676]FURTHER WORK



As there are numerous factors controlling the impact of a potential blowout / well release, it is difficult constructing a model capturing all of them. Model 3 is built on a few factors considered most important, and they are weighted according to which have the greatest influence on the consequences. This weighting is subjective and the values need to be adjusted. To construct a more representative model reflecting a realistic consequence picture it is essential to have participation from experienced and knowledgeable team members from a variety of disciplines and backgrounds. As the factors come from different areas, several engineers (reservoir, mechanical, process, design, risk) must be included in the model development providing a better basis for the assumptions the system is built on.

The model needs to be tested on a high number of field cases to find out which factors are most significant to the consequences. By comparing the results from many wells, it is easier to see trends and adjust the model assumptions. 

A standard for detailed risk assessment for the wells that are ranked high in the new risk status categorization system is needed to assess if these are candidates for immediate workover / intervention operations. This can potentially avoid a major accident resulting from an integrity issue.
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[bookmark: _Toc390343677]APPENDIX A:  Well barrier elements, functions and failure modes 



The table below lists the types of WBEs, with the description of function and typical failure modes, which are relevant during the operational phase of a well (4).
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[bookmark: _Toc390343678]APPENDIX B: Well barrier elements acceptance tables



The tables below are excerpted from NORSOK D-010 section 15, and contain some of the most important WBEs during the operational phase of a well (1). 
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[bookmark: _Toc390343679]APPENDIX C: Model 3 formulas
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ELEMENT TYPE FUNCTION FAILURE MODE (Examples)
Fluid column ‘Exerts a hydrostatic pressure in the well bore that Leak-off into a formation
prevents well influxinfiow of formation fluid. Flow of formation fluids
Formation strength Provides a mechanical seal in an annulus Where e | L eak through the formation
formation is not isolated by cement o tubulars Not sufficient jon strength to
withstand annulus pressure
Provides a continuous, permanent and impermeable
h Not sufficient formation strength to

hydraulic seal above the reservoir

Impermeable formation located above the reservoir,
sealing either to cement/annular isolation material or
directly to casing/liner

Provides a continuous, permanent and impermeable
hydraulic seal above the reservoir

perform hydraulic seal

Casing ‘Contains fluids within the wellbore such that they 0 o | Leak at connections
leak out into other concentric annuli or into exposed
formatons Leak caused by corrosion and/or
erosion
Parted connections
Wellhead Provides mechanical support for the suspending casing | Leaking seals or vaives
and tubing strings anical
Provides mechanical interface for connection of a riser,
BOP or production Christmas tree
Prevents flow from the wellbore and annuli to formation
or the environment
Deep-selfubing plug | Provides a mechanical seal in the tubing 10 prevent flow | | eaks across the seals, interal o
in the tubing extemal i
Production packer Provides a mechanical seal between he Completion | L eak across the extemal packing

tubing and the casing/liner, establishing the A-annulus.
above and thus preventing communication from the:
formation into the A-annuius

elements
Leak across the intemal seals.
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ELEMENTTYPE

FUNCTION

FAILURE MODE (Examples)

Surfscacontraled sub-

Safety vaive Gevios metaled i he produston g

ook of sonial T commumeaton

Surfsca safety vave | sing that i hed open. ususlly by the spplication of | and functonalcontrol
ydrauic pressurain  control fne. I there ' loss of
‘Contol né hyaraulc pressure, e device s designed | Leaking above acceptance orteria
to cioss automatealy
Faiure o closs on demand
Faiure o cose withinthe.
eoapisbis ot tme
Cineriop pasker Frovides = ryarauls s23 o e snulus between e | Inabity 5 mantan  pressare
‘casing and the lne, 1o preventflow of fuids and resist | seal
pressires rom above or below
Subses producton | Sysiem of valves and fow conduts stached e | Leaks o e srviomment
Tres walkhead 3t he sea foor. which provides a method for

‘ontoling low out of the well and into the production
system

‘Addionally. it may provide flow paths i other well
ey

Lesks aove the seosptance

Inabitty of valves t function

Mechanicsl damsge.

s rtace-

Safety vaive devioe nstalled n he annulus Tt

ook of conial e commumeaton

conlroled sub-surface | prevents fow of ids fom the annuius t the annulus | and fncionalcontrol

satety e wing vaive
Lesking sbove coeptancs erteris
Faiure o closs on demand
Faiure o cose withinthe.
‘seospisbi cloing tme

Tubing hanger Suppors e weigh of e Wbing and prevents fow | Leak pastiubing seal

from the tubing 1 the annuls or vice versa

Mechanicsi air

Tuing Fanger P

Wiechanical piug at can b nstaled i T WG,
hanger to allow fo isalaion of the ubing

Often used to faiftate the instalston of BOPs or
Christmas trs repars

Fafurs o hoid prassure. her
intemaly or extemally

Welkesdiannuius | Provides abiky o moniior pressure and flow tofom an | Inabity 1 maintain  pressure

scoess vave ey seal,orleaking above acoeptance
Unsbe to ciose

Casingliner cement | Cement provdes 3 continuous. pemmanari and [P ——r——

impermasbie nydrauio sesl song well bor between
formations and 3 casingfiner or between casing ST

Addtionsly. the cement mechsnicslly supgers the
‘casingfiner and prevents corrosive formaton fuds
‘Goming nto sontactwi the casing  ner

‘cemented.longitudinaly andior
racily

Foor bond o the casingliner or
formatons

Inadequate mesharical strength
Allows fow fromo formations
bening the cssingliner
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ELEMENTTYPE

FUNCTION.

FAILURE MODE (Examples)

Cementpiig

R contnuaus sokmn of cemant Wil a1 open Ple or
inside casingfinerfubing o provide 3 mechanicalseal

Poor placement leading 1>
contamination with oter fuds in
e wel

Insuficent mesharical sirength

Foor bond o the casing or
formaton

Compiaton tbing

Frovides = conut or urd om e resear oo,
Surtses

Lesk t or from the snmuise.

Wall trinning from corrosion
ndlor aroson not resistant o he
losd cases

VieshaneaTung g

o Gevies mealed I sompleon WG
prévent o fow of uids and resist pressure rom
bove or below, nsid tubulars and n he annulus
Space between concentrc positoned wbulrs.

oty o a3 presire
zeal

Compieton sving Frovides support o he functonalty o fhe complton, | Inabity 1o maintan aiferental
component i gas i o side pocke! mandrels wiih vaives or pressure
dummies. nipple profles. gauge carers, conirl e
iter subs. chemical injection mandrels, e Vaives esking sbove the
acceptance crteria
Surfscs safety valva(s] | Frovides shutdown Tnclonalty 3nd solsion o wall o | Leaks © snvionment

or emergency shut-
own (250) valves

produston prossssffow ines bsed on operating s
of the producion system

Lesks scross valves sbove.
‘accepiance orteria

Mechanicsl damage.
Inabity t respond to provess

shutdown reauirement over
pressuing process

Surface producton

A system of valves and flow conduts aiached 1o e
‘well head that provides 2 metnod for controling the flow
0t of the walland into the production system

Tesie o e smvranment

Lesks scross valves sbove the
‘acceptance orteria

Inabity o functon vaives

Mechanicsl damage.
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154 Table 1- Fluid column
Features Acceptance criteria see

‘A Description | Tris s the fuid n the welbore. NORSOK
D-001

B Function | The purpose of e fud column 55 3 well barier WBE i to et & hydrostatc
pressure in the wallbore that wil prevent well nfuxinfow (kck)offormation lud.

C pesign 1. The hydrostatopressure shallat all smes be qual o the estimatedor | 1S 10416

construction messured porslresarve pressure, plus 3 defned safety margin (9. iser

Selection margin, ip margin).

2. Critalfuid properties and specificatons shal be descrbed pir 0 any

operaton

3. The density shallbe stable wihin specfied erances under down hole
onditons fora specifed pariod o bme when no Gircultion s performed.

4. The hydrostai pressure should not exceed the formation fracture
pressire inthe open hole incuding a safety margin or 25 defined by the
ok margin.

5. Changas in welbore prassurs causad by tipping (surge snd swab) and
icuiation of uid (ECD) should be estimated and included i the sbove
satety margins.

. nitia test St fuid level zhall b2 variie.
and 2. Criioa fuid propertes, including density shall be withn specifiatins.

Euse 1. Tisnall at all tmes be possibie o maintain the fud level i the well
trough sreulston o by il

2. lshall be possile o adjust cricallid properties to maintain or mod#y.
Speciicatons.

3. Acceptable staic and dynamic loss ates ofud 1 the ormaton shall be
pre-dafined.fhere is 3 riskoflot sculation. lost Groulaon material
Shoula be svaisble.

4. There shoukd be suffiientfuid mateiss, inclcing cortingsnoy materils
et on the locaton to maintan (s i wel Barier wih e mimmum
cceptable densty.

5. Simutancous well diplacement and ransfer to or from the luid tanks
Should onl be done wih a high degres of cauton,not afecting the active:
uid system.

. Parameters required forre-estabishing the i well barrier shsll bs
systamaticaly recorded and updsted n 3 Kilzhest.

¥ Monitoring Fluid leve in the well and actve it shall b2 monitored continuocsy 150

2. Flid retrn rate from the welshllbe monored contnuously. 104141
3. Flow checks shouid be performed upon indications ofncreased reum | 'S0,
e, increased volume in surface s, reased gas conent fowon | 10414-2

‘connectons or at spaciied regular ntervals. The fow sheok should last
o 10 min. HTHE All fow checks should 135 30 mn

4. Measurement of fuid densiy (inout) during circulaion shalbe performed
regulary.

5. Messurement o sl fuid propertes shallbe performed every 12
ieuiaing hours and compared with speciied propertes.

6. Parameters require for kling of the well

G Common | None
well barier
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152 Table 2- Casing

Features

‘Acceptance criteria

A Description

i clement consists of casingliner andior ubing in case tbing s used for
through ubing dling and completon operatons

- Function

T purpose of sasingline s 1o provide an solation hat tops unconirlled flow
of formtion i or mected fui besween the 2a5ing bors and e s55ing
Sz,

C pesign
construstion
selection

‘Casinglinerstings. nchuding connecions shall be designed
wihstand sl loscs and siresses expected during the Ifime of the well
(inchuding all plannd operations and potenial well contol stations).
Ay affecs of degradatons shallbe ncluded.

Minimum acoeptable design facors shallbe calculated for each load
type. Estimated effets of emperature comosion and wear shall be
included n the cesign factors.

Alioad cases shall be defned and documented with regrds o burst,
olpse and tensoncompresson.

Casing design can be bsed on ceterministc o probsbilisic modes.
‘Casing exposad to hycrossrbon fow potentil shall have gs-ight
threads. Exception: Suface casing which s xposed or can be
potentally axposed to normal gracient o gaz.

150 11680

150 13670

150 10405

Csingliner vl be Iaak tested 1o mesmum affrental pressre.
‘Casinglliner it has been driled through afer il leak tst shall be
rtested during completon sctvies.

The leak test of casing shall be perfomed ither when cement s wet

(Immediately atr pumping)or aer cement has set up. No pressure
testng should be performed while he cement s eting up.

Eus

‘Casinglinershould be sored and handled propery 5 prevent damage 1o pipe.
503y and sonnecions prir o nstalaton

- Monitoring

2

Tre A-anulus shal e contnuousy moniored for pressure anomalies
Ot aassssile snnut shall bs montored st ragular mtervals

Al casing stings shall b logged for wear afer drling f simulaton
indicates sxcecsive wear which exosads slowabie wesr based on
‘casing design. Metal shavings should be colleied by the use of dtch
magnets.

G Common
well barrier

Duing Ging operations with suface BOP. he annulus outide e
urent ossing snal ba manitored soninuousy snd sl level be.
efnec.

Actualstas of e casing shall be known and corfimed capable of

wihstanding maximum expecied prassure after expecied wear.

Pressure test should include safety margin o cover expeced wear afer

testng

Magnet shall bein the mud retum flowiine to measure metal and

255255 changes inthe nature of he meta lings.

fdrling through an ol casing:

2) Prio o riling actviy commences, casing wear log(s) should be.
un (caliper andior soic). The logs shal be verid by qualfied
personnel and documend.

5) Logs that can denty losalised (1 m iterval between
messurements)coglegs (gyro or simisr) should be run,
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155 Table 5- Wellhead

Features

Acceptance criteria

See.

‘A Descrption

T slament consits of the welead body with annulus acoess ports and vales.
seals and casing hangers wit seal assemblies.

B Function

s function i t provide mechanical support for the suspending casing and tubing
Sings and fo hook-up of s or EOP o reé and 12 pevent flow fom the bore
2nd annul o formation ot anviranment.

1. The WP for asch sacton of the walnead shall xosed e maximum wel
Shutin prassure the section oan become exposed o pls 2 defined safty
fastor,

2. Fordry wellneads, there shall be access ports 1o all annul o aciiate
montaring of annul pressures and mjecton/biesd-of of fuids.

3. Forsubsea wellneads, there shall be access to he casing by ubing
nnalus o fasltats montanng of annulus pressure and mecion fosed-off
offuid.

5. Wallnesds thstwil b used 5= & flow sonduit fo continuous or intermitent
producton fom ot ijection nto annulus/annull shall be designed and
quafed or such functions without mpaiing the well integri functon of
he wellhesa. For gas I spscatons. 932 Sxpansion and e resuling.
temperature should be addressed

5. The casing nanger shall belocked down fo ensure seal intagry during
normal woring loads 25 wel 25 well conirol Stuatons.

1501023

. nitaltest
and
Verfication

5. The wellesd bocy (or bodies and sesls). annulus ports with vaives and
the casing sesl ascembles shall b lesk iested to design pressurs for e
Speaiichola seston or operatn.

Euse

‘2 wear bushing should be nstalled in he wellnead when movement of oalsork-
sivings can nfic damage to seal reas.

F-Monitoring

1. Annulus vaives shal bz lesk and functon tested frequenty.

2. The A-annulus shall be continuously menfiored for pressure anomalies.
Other accessible annull shall f applicable be monitored at egular
ntervais.

3. Movemens in the wellnead during work over (shut-n/statup) should be.
observed and compared t design values.

4. Accessible seals(and- and platorm wells)shall b perodicaly leak.
tested. it Sme within 1 year hen at  maximum fraquency of 2 years.

5. Perosicaly inspectons fr sign of extema eaks or deteroration based on
instalston rsk (wsus! and ROV for subses). The frequency shall 3= &
minimim be yearyfor subsea wells o oinerwise defined n 3 ik

G. Common
well barrier

1. Stress analyss due to UBDIMPD squipmentioperatins shall be
periormed. Effec of exa loads and e ins shal be anahysed.

2. Visusl inspections shall bs dons bsad on 3 pradefined inspscion
frequency.

3. During ding acivies with a suface BOP. te annulus ouiside the
current casing shall be monitared sontinuously and sl leves be
Geinec.
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157 Table 7— Production packer

Features Acceptance criteria See
‘A Description | This slement consst of  body wih an anchoring meshanism to e
casingline. and an amnular sesling sement which i ctvated during
insalston.
B Function | s pupose s o
1. provde a seal between the completion sting and the casingfiner,
o prevent commuricaton from the ormatin o the A-annulus.
above the production packer.
2. prevent fow from the nside of the body slement ocsted sbove
he packer siement nto the A-nnuus 42 part of he completon
sting.
C besign, 1. The production packer shal be qualffed and tested in accordance.
construction o prncipals gven n recognized standards, 2. 1SO14310V1 35 | 50, 14310
and selection minimam 2nd VD i the well contans free gas at the seting depih.

The procuston pscker shall be quaification tested i

unsuppored. non-cemenad casing.

The seting deptn shal be such that any lssk trough the cssing

oslow e pasker, il be contained by the well barer system

outside tn casing. The formation integry and any amukis s&31

(23 coment) shal be able o wihstand the pressures or

temperatures expecied throughout e Hetme of the wel.

Itshal be permanently set (meaning that t shal not raease by

upward or downward forces), with ablty to ustain all Known

loads.

Mechanicaty retievabie produston packers zhall be designed fo

protect agains: unintentional acivaton.

The pscker (body and seal slemen) shallwithstand maximum

iferentilpressure, which should be based on the ighest of

) pressure testing oftbing hanger seas:

b) reservor. formation inegriy- o njecion pressures ess.
ydrostaticpressura of flid n annulus above the packer:

) shutin ubing pressure plus hydrostatc pressure offud in
annuis 3bove the packer lss reservor pressure:

) colapse pressure as a function of minimum tubing pressure
(plugged perfrations or low test separator pressurs) s he
Same time 25 2 high operating annulus (maximum alowable)
pressura s prasent.

. nita test and

¢ sl b laak tested 1 the maximum iferentl prssure n the drsction

verfication of fow, ffeasible. Aematively. f shall be inflow ested orleak tested in
he opposta direston t the masimum diferental presure. providng st
abiy o seal boh directons can be documanted.

Euse ‘Running of mervanton toos shall ot impai 1= 35ty o seal nor
inadverienty cause & t be released.

F_Monitoring | Sealing perormance shall be moniiored through continuous racording of

the A-annulus pressure measured at welkiead level

G. Common well
barier

None
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158 Table 8- Downhole safety valve

Features

Acceptance criteria

‘A Descrption

“This slement consists of 2 tubular body wih 3 loselopen mechanism that
sz of te tubing bore.

& Function

1 purpose s to prevent flow of hydrocrbons o fluid up the tubing.

C pesign,
construstion
3nd selsction

D
2

Tt shall be positoned minimum 50 m below seabed.
The sating depth zhall e ditated by the pressure snd.
temparsturs conditons inthe wel wih regarce o forming of
yerates and depositon of wax and scale

eshai be:

3) sutace contolled:

b) faisate cosed

It shouid be placed below the wel Kiskoff pontn order o provide.
well shutin capabites beiow s potentis calison paint.

The failsafe closing function (maximum seting depih) should be
calculsted based on the highest densty of fuids in he annulus.
The DHSV should pass 5 siam closures where minimum 2 (wo)
sl cosures s atthe maximu theorstios procuction rate of
he well where he system i o be nstaled. This to prove the
'DHSV is designed for and can wilstand the force generated by
the slam ciosure without dformaton of it paris

APiSpec
14415010432 AP
RP 148

£ shall betested with both low and High iferentil pressure in he direcion
of flow. The low pressur tast shall be maximum 70 bar (1000 psi)

When exposed to igh velosiies or Sbrasive flud, ncreased tesing
frequency shall be considered.

b

The valve shall be leak tested at specified regular inervals as.

fllows:

) monthy. unti three consecutive qualifed tass have bean
peromes:
therestiar

5) every three monihs, uni hree consecutve qualied tests
have been performed:
herestiar

) every sixmonihs;

) test evaluaton period i volume and compressisilty dependent
and shall be held for  period that wil give messurable
Pressure change for the allowed leak rate, minimum 30 min.

‘Acosptance o downhole safety valve tests shall meet e following

ANSIAPI RP 148 requirements:

) 042 Smmin (25,5 Sm) (900 setie) for gas:

5) 0.4 imin (8.3 galie) for auid.

1fthe esk rat cannot be messured dirscty.indirect massurement.

by pressura monitoring o an enciosed volume downstream of e

valve shall b perormed.

The emergency shutdown functon shall be tested yearly. It shall be

verifed acoeptable shut down tme and that he vaive closes on

sgnal.

APIRE 148
150 10417

G. Common
well barrier

None
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Features

Acceptance criteria

F-Monitoring

The valve shall be leak tested at specified regular inervals as.

fllows:

) monthy, unti three consecutive qualfed tass have besn
peromed:
thereatir

5) every ires monihs, untl three consecutive qualfied tsts
have been perormed:
thereatir

) every six months;

) thetest evaluation perod is dependent upon volume and
comprassiity and snall be hel fo s period that il g
messurable pressure change for the slowed lesk rate.
minimum 20 min.

‘Acosptance o downhole safety valve tests shall meet e following

APIRP 148 requirements:

) 0.42 Smiimin (255 Sm¥h) (800 sofr) for gas:

B 0.4 Umin (63 gal) for auid.

Ifthe esk rt cannot be messured dirscty.indirect massurement.

by pressura monitoring o an enciosed volume downsiream of the

valve shall b performed.

The vaive shabe periodically funcion tested incuding the

emergency shutdown funston bssed on relebity anaysis but 55 3

inimm y2ary. s $hal be verfied scosgtatie o down Sme and

that e vaive closes on sgnsl

APIRE 148
150 10417

G. Common
well barier

None
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159 Table 9 Annulus safety valve

Features Acceptance criteria. See.
‘A Desoription | The slement consits of s bular and an snnus seaing slement when
o be scivated 1 seal of the annulr wellbors.
B Function | s purpose s
3) prevent flow of mecis up the A-annuks:
©) provide 3 prassure sesi i the A-snnulus between the casing snd
e uting
C besign, t2hall b= designed and texted in assordance win AFIRP 148, | AP Spes 144
‘construction 2. tshall e lossted minimum 50 m below sesbed. f annuius s used | AP RP 148
and selection fo producion. the seting depth shal be determined by the
possibity of forming of hycrates and dapositon o wax and scale.
3. tshall e subject o fow srosion resistance verifcaton or all
relevant fuids, it wil become exposed o High producioninjecton
4. When partofthe snnulus safety system,the packing slement shal
‘comply with th same requirements 25 for 3 production packer
5. thall have s WP which excesds the WOP. The WDP shoudbe | 150 14310
based o raservoir pressure less gas gradient elow packer and
evasusted A-annuius soove.
o snaine
2) sutace controled:
b) faibsate cosed.
7.t shouid be placed beiow the well Kiskoff point i order to provide.
well Shutin capasiises below s potent! calision pant.
8. The faisafe ciosing function (maximum seting depth) shouid be
caleulated based on the ighest densy offlids in e anmulus.
D initnl test | 1t shall b leak tested m the drecton o fow o:
and verification | 1. 3 ow pressure which shall maximum be 70 (~1000 ps) bar;
2 wop.
Euse When exposed t high velosiies or abrasive fuid, ncraased tesing
regquency shall be considered.
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Features

Acceptance criteria

F-Monitoring

The valve shall be leak tested at specified regular inervals as.

fllows:

) monthy, unti three consecutive qualfed tass have besn
peromed:
thereatir

5) every ires monihs, untl three consecutive qualfied tsts
have been perormed:
thereatir

) every six months;

) thetest evaluation perod is dependent upon volume and
comprassiity and snall be hel fo s period that il g
messurable pressure change for the slowed lesk rate.
minimum 20 min.

‘Acosptance o downhole safety valve tests shall meet e following

APIRP 148 requirements:

) 0.42 Smiimin (255 Sm¥h) (800 sofr) for gas:

B 0.4 Umin (63 gal) for auid.

Ifthe esk rt cannot be messured dirscty.indirect massurement.

by pressura monitoring o an enciosed volume downsiream of the

valve shall b performed.

The vaive shabe periodically funcion tested incuding the

emergency shutdown funston bssed on relebity anaysis but 55 3

inimm y2ary. s $hal be verfied scosgtatie o down Sme and

that e vaive closes on sgnsl

APIRE 148
150 10417

G. Common
well barier

None
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159 Table 9 Annulus safety valve

Features Acceptance criteria. See.
‘A Desoription | The slement consits of s bular and an snnus seaing slement when
o be scivated 1 seal of the annulr wellbors.
B Function | s purpose s
3) prevent flow of mecis up the A-annuks:
©) provide 3 prassure sesi i the A-snnulus between the casing snd
e uting
C besign, t2hall b= designed and texted in assordance win AFIRP 148, | AP Spes 144
‘construction 2. tshall e lossted minimum 50 m below sesbed. f annuius s used | AP RP 148
and selection fo producion. the seting depth shal be determined by the
possibity of forming of hycrates and dapositon o wax and scale.
3. tshall e subject o fow srosion resistance verifcaton or all
relevant fuids, it wil become exposed o High producioninjecton
4. When partofthe snnulus safety system,the packing slement shal
‘comply with th same requirements 25 for 3 production packer
5. thall have s WP which excesds the WOP. The WDP shoudbe | 150 14310
based o raservoir pressure less gas gradient elow packer and
evasusted A-annuius soove.
o snaine
2) sutace controled:
b) faibsate cosed.
7.t shouid be placed beiow the well Kiskoff point i order to provide.
well Shutin capasiises below s potent! calision pant.
8. The faisafe ciosing function (maximum seting depth) shouid be
caleulated based on the ighest densy offlids in e anmulus.
D initnl test | 1t shall b leak tested m the drecton o fow o:
and verification | 1. 3 ow pressure which shall maximum be 70 (~1000 ps) bar;
2 wop.
Euse When exposed t high velosiies or abrasive fuid, ncraased tesing
regquency shall be considered.
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1540 Table 10 - Tubing hanger

Features

Acceptance criteria.

See

‘A Description

T lement consists of a body. seal, feed throughs, and bore(s) whih
may have 3 tubing hanger pug profe.

& Function

T fancton = 1
) support the weight of the tubing:
5) prevent flow fom the bore and o the annulus:
&) provide s hydrauic s2al betwesn the tubing, wellnesd and ras:
) provide astab-in connaction point fo bore communicston wit the
&) provide s profie to receive 8PV orpig to be used fo ipping.
Gown the BOP and ripping up the re.

C besign,
construction
and selection

1. The bing hanger shallbe designec, qualied, tested. snd
manufacired in 3scordance win recognized standards.

2. When used in conjuncion wit annulus inecion (gas i, cuting
injection, ) any low temperature cycing sfects nesd io be taken
into consicerstion.

150 13832
150 130284
150 10423

. nitia test
and verieation

Tne losking ofthe tubing hanger shal be verfied by overpull andior
pressire from below exceading the sting weight. Allseals shllbe eak
fested 1 the WP, and should be tested n he directon # s designed fo
hoid pressure.

Euse None.
F Monitoring ‘Continuous monforng of A annuus pressure.
2 Accessible seal (and- and plaform wells) shal be pressure tested
atinstalstion witin 1 year afernsialaton and then 2t 3
madmum fraguency of 2 years.
G_Common | Nons

well barier
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1512 Table 12 - Wellhead annulus access valve

Features. Acceptance criteria See
‘A Description T slement consistsof n annulus =0laton valve(s) and vave
housing(s) connected o the wellead
& Function 1t function i o provide abilt to monor pressure and fiow tofrom e
o,
C besign, 1. The housing shall have 2 material grad and speciication | 150 10423/AP1
construstion and ‘compaitie wih the materals which s atiached 1o Specea
selection 2. The housing and valve(s) snall e fre esistant. 150 15188
3. The acoess point and valve shall nave a pressure raing squal | AP1 Spe 17D
10 or higher nan th welhasdiree system. 150 roseTAR
4. The vaive shsil b= Specera

. designed. qualifed, tested and manufactured in
‘sccordance wit recognized standards:
b gaston
“The scsess paint and vaive shall have 3 pressure rating squsl
00r higher an te welleadiires system.

When used in conjuncion with annulus njection (g2 .
cutings njecion, et the vale shallbe

2) sutace coniroled:
b) auvomatcaly operated; and
@ faiksate cosed.

Low temperaturs eycing effcts should o be aken into
consideraton.

B T T ——

The vaive shall normally be apen for monitorng purposes, with ancther
valve isalaing the acoess o he plaform system. which should ony be.
opened for the purpose of adusting the annuks pressure.
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F-Monitoring

‘Sasing parormance hallbe manitorsd through contnuous
recording of e annulus pressure measured at wellvead
el
The tast evaiuston period i depandent upon volums and
comprassiiiy snd dnall be he for = pariod hat il e,
messurable pressure change forthe sllowsd leak rte.
minimum 10 min.
Manual vaives exposed o infection or production fuids shall
b ek testes every 8 montne. For paseive annul. e manusl
vaves shall be tested yeary.
Injsction vaies shallbe esk tased st regular intervals 52
folows
) monthy, unti hrse consacutive quslfed tass have besn
perormed:;
thereatiar
5) every hves monihs, until three consecutive qualfed tsts
have been perfomed:
thereatiar
) every six monihs.
Ifthe esk rats cannot be messursd dirsctly.indirect
messurement by prassurs montorng o an encicsed volume.
Gounsiream o the vaive shal be parformec.
The emergency shutdown funciion shall be tested yeary. 1
shallbe verfied scceptabl shut down time and that the valve.
Soses on signa.

G. Common well

None
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1512 Table 12 - Wellhead annulus access valve

Features. Acceptance criteria See
‘A Description T slement consistsof n annulus =0laton valve(s) and vave
housing(s) connected o the wellead
& Function 1t function i o provide abilt to monor pressure and fiow tofrom e
o,
C besign, 1. The housing shall have 2 material grad and speciication | 150 10423/AP1
construstion and ‘compaitie wih the materals which s atiached 1o Specea
selection 2. The housing and valve(s) snall e fre esistant. 150 15188
3. The acoess point and valve shall nave a pressure raing squal | AP1 Spe 17D
10 or higher nan th welhasdiree system. 150 roseTAR
4. The vaive shsil b= Specera

. designed. qualifed, tested and manufactured in
‘sccordance wit recognized standards:
b gaston
“The scsess paint and vaive shall have 3 pressure rating squsl
00r higher an te welleadiires system.

When used in conjuncion with annulus njection (g2 .
cutings njecion, et the vale shallbe

2) sutace coniroled:
b) auvomatcaly operated; and
@ faiksate cosed.

Low temperaturs eycing effcts should o be aken into
consideraton.

B T T ——

The vaive shall normally be apen for monitorng purposes, with ancther
valve isalaing the acoess o he plaform system. which should ony be.
opened for the purpose of adusting the annuks pressure.
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F-Monitoring

‘Sasing parormance hallbe manitorsd through contnuous
recording of e annulus pressure measured at wellvead
el
The tast evaiuston period i depandent upon volums and
comprassiiiy snd dnall be he for = pariod hat il e,
messurable pressure change forthe sllowsd leak rte.
minimum 10 min.
Manual vaives exposed o infection or production fuids shall
b ek testes every 8 montne. For paseive annul. e manusl
vaves shall be tested yeary.
Injsction vaies shallbe esk tased st regular intervals 52
folows
) monthy, unti hrse consacutive quslfed tass have besn
perormed:;
thereatiar
5) every hves monihs, until three consecutive qualfed tsts
have been perfomed:
thereatiar
) every six monihs.
Ifthe esk rats cannot be messursd dirsctly.indirect
messurement by prassurs montorng o an encicsed volume.
Gounsiream o the vaive shal be parformec.
The emergency shutdown funciion shall be tested yeary. 1
shallbe verfied scceptabl shut down time and that the valve.
Soses on signa.

G. Common well

None
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1522 Table 22 - Casing cement

Features Acceptance criteria
‘A Description | s slement consists of cement n soid state located n the annulus between
conceniric casing stings, ot the casing/iner and the formaton
NOTE  The shos rack cementis coverad i tabe 24.
B Function | The purposs of the slement i 1 provide s continuous. permanent snd

impemeabie hydraulc seal aiong hole n he Casing anulus o between
casing stings. o prevent fow of formation fids resistpressures from above
or below. and supportcasing oriner srings stucturally

b

‘A camnt program shall bs issued fo sach cement job, mimmum

overng the olowing:

%) essinglinercentrlzation and stand-of o hieve pressure snd
Sesing inegriy over tna anire required olation engin:

b) use of fuid spacers:

) effcts o hydrostatic pressure iferentials inside and outside.
asing and £CD during pumping and loss of hydrostatc pressure
pror o sement settng up:

) therisk o fost reurns and migating messures during cementng

For critcal cement jobs, HPHT condiions and complexffoam siurry

designs he cement program shal be verfied ndependent (intemal or

‘extemal, qualffed personnel

The cament rcips shall be s tested withcry ssmples and seivs

from the rigsite Under representaive wallcondiions. The tes's shal

provide tickening tme and somprassive srengih development

The properties of e set cament shall povide asting zonal sclation,

Structural suppor, and wihstand expecied temperature exposure

‘Cement siuries used fr isolating sources o nflow cortaining

ydrocarbons shallbe designed o pravent gas migraion, inciuding

CO and HiS. i present.

Planned casing cement langih:

3) Shall be designed to allow for future use of the well (siderracks.
recompletons, and abandonmen).

5 General: Shall be minimum 100 m MD above a casing
Snosiwncow.

) Conductor: Shoud b dfined based on strctura nagrty
requiremens.

) Surface casing: Shall be defned based onload condiions from.
wellnead cauipment and operations. TOC should be at
Surfscalsasbec.

<) Production casingfiner: Shall be minimum 200m MD above
casing shos. Ifthe casing penerates 2 source o nfow. he
planned cament length shall be 200m MO above the source of
oo

2 Note: f unable o fl i requirement when running
producton ner he casing cement engih can be
‘combined with pravious casing cement o lf the 200m
MO requrement

aPiRP 108
150 104201
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Features

Acceptance criteria

o tnital ‘Cament snould be et undisturbed untl 1 has reashed sufent compresane.
verifcation | svangh.
1. The cament sealing abiity shall be verfied trough a ormaton
integry test when the casing shosiwindow s drlled out
2. The cement engih shall be verified by one of the folowing:

2) Bonding logs: Logaing methodsiosis shal be selected based on
abilty o provide data for erfcatn of bonding. The.
mesturements shall provide semthalisegmented asta. The ogs.
Shallbe verfied by qualfed parsonnl and documenied.

5) 100 % displacement eficiency based on recorcs rom the cement.
operaton (volumes pumped. retums during cementing. <t
‘Actualdisplacement prassurahiolumes should be compared wit
Simulatons using ndusty recognized software.In case of osses.
¥ shall bs dosumented thst the s zone i above planned TOC.
‘Acceptable documantaton s 1 racord comparison wih simiar
o5 ca5e(s) on a reference wel tat has achieved suficient
lengih verfed by logging.

©) I e event ofosses. tis acceptable to use the PITIIT or LOT
5 the verfcation method anly e essing cemant shall b2 veed
32 3 WBE fo arling the next hol secton. (This matnod shal ot
5@ used fo verfcaton of casing cement a5 3 WBE for producton
o permanent abandonment )

3. Crieal casing cement shal be logged and s defned by th folowing

2)  the producton casinglproducton iner when set inofirough 3
Source o nflow with hydrosarbons:

5). the producion casinglproducton iner when the same casing
‘cementis s paiof e primary and secondary well barers:

) wels with injection pressure which exceeds the formaton integrty
atihe cap rock.

4. Actual cement lengih for a qualffed WBE shal be:

2) above a potental source of inflow resenvoir.

5) 50 m MD verfied by displacement calolations or 30 m MD when
verifed by bonding logs. The formaton integrty shall xceed e
maximum expectad pressure i he base of the nterval.

) 2% 30m MD verfiad by boncing logs when the same casing
‘cement wil be 3 pat of the primary and secondary well barrer

@ The formation inegriy shall exceed the maximum expected
pressure at h base of sach nterval.

©) Forwels wih njecion pressure exceeding the ormaton integrty
atthe cap rock: The cement lengih shal extend from the upper
most injsction point to 30 m MD sbova tp reservar venfed by,
bonding logs

Euse None.
F Monitoring 1. The snnu pressure sbove the ossing oement shal be menared
reguiary when acoess t s annulus exists.
2. Surface casing by conductor annulus oute should be bserved
reguiary.
'G_Common | Iis not acoepiable for use a5 2 common WEE.
well barier

When cs:

sing cement s 2 patofthe primary and secondary well barers ihis

5 defined 35 otcal casing cement and the orferia i D. Intal verfioaton

sspies.
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1524 Table 24 - Cement plug

Features Acceptance criteria see
A Desoription | The slement consists of cament n soid state that form = plug n the

waltrs.
B Function | The purpose of he plug i t prevent fow offormation uds inside 3.

wellzors between formation zonss andior o surfscelsesbed.
C_pesign, 1. A program shall be issued forsach cament plug mstlston. 421 Spec 104
construction 2. Forcrical cement jobs, HPHT condiions and complex surry Class'®

designs he cement program should be verfed by independent
(sl or extemsi) quaifisd personnel

The cement recipe shallbe lab tested withdry samples and
‘ditves from the rigsits under represenisive wellcondons. The.
tests shall provide thickening time and compressive srengih
deveicpment.

(Gement suris used n plugs to isolate sources ofinfow
Gontaining hydrosarbons should be desgned t prévent gss
gration Snd ba sutable or the well amyranment (COs. HLS).
Permanent cement pugs should be designed to provide a lasting
523l with the expected Staic and dynamic condiions and loads.
Ithall be designed for e highas: diflerenial pressire and highest
downhole temperature expected nchuding installaton and st
s,

A minimum cament batch volume shall be defined fo ansure that
homogenous siumy can be made, taking into aceount al sources of
contaminaton fom mixing o placement.

“The minimum cement lug length shall be:

Open role o

Open hole cement | Cased hole cement | surface plug

plugs plogs (nstalled in
surfscs casing)

700 m WD it

minimum 50 m MO

stove any source of

nfoufieakage point A
plug in transion from
open hole 1 casing
Shouid extend steast
50 m MD sbove snd

below casing shos.

SmMDFsetona | 50mMDifsston
mechanicall cement | 3 mechnicsl
Plug as foundation, | plug otherwise
Gtnerwizs 100 mMD | 100 mMD.

Placing one continuous cement pug i a cased hole s an
scoeptatle soution sz part of e prmary and sesondary well
bamers when plsced on s vefied foundation (6.9, pressurs tested
mechanicalcement pug).
Placing on contiuous cement plug i an open hole s an
scoeptatla soution sz part of e prmary and sesondary well
bamers with the following condtions:
. The cement plug shal extend 50m nto the casing
5. tshallbe saton a oundation (TD or acement plug(s)
from TD) The cement plug(s) shall b= placed irecty on
top of ne another.
A casingliner shall have  shoe track plug with 3 25 m MD length.
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Features.

Acceptance criteria

1. Cased hole plugs shoud be tested sitver in the direction offlow or
from sbove.

2 Forthe shos rack o be used 55 3 WEE, the folowing spplies:

. the bleed back volume from placementof casing cement.
shal not signficanty excesd the caloulated volume: and

b, itshal be eiher pressure tested and suppored by
‘overbalanced fld (see EAC 1) or inflow ested.

3. The sirengih development o the cement sury should be verfied
through observation of surface samples fom the mising, oured on
sie inreprasentatve emperature

4. The plug nstalson shsll be verifed trough evalustion o job
‘exesution taking into ascount sstmated hole size. voumes
pumped and reums.

5. The plug shal be verfed by

Plug type | Verification

Openhol | Tegana

Caseanos | Tagana.
Pressure tst which shalt
) be 70 bar (1000 psi)sbove estimsted lask of

pressure (LOT) below casing! potenal leak path,
'35 bar (500 psi)forsurface casing pugs: and

5) ot exceed ine casing pressure test and the.
casing burstrating conmected for oasing wear.

Ifihe cement plug i set on a pressure tested foundation,

pressuretest s ot raquired. i shall be verifed by tagging.

Euse =

F - Monitoring | For tamporary sbandoned wels: The flud levelpressure above the
shallowsst et plug snall be monitored regulary when acoess 1o the bore

G- Comman | ifne continuous cement plug (ssme cement operaton) < defined s partof

well barrier | the primary and secondary well baiers,  shal be verfied by anling out the

plug unti hard cament s confrmed.

1. A open hole cement plug extendad into the casing shall be
pressure tested
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1525 Table 25— Completion string

Features Acceptance criteria. See

‘A Description | Tnis clement consists of wbular pipe.

B_Function | The purpose of ne completon sting s o provide a condt fo formaton
i from the reservai o surace or vios verss, and pravent communaton
between the completion siing bore and the A-annulls.

C besign, 1. Allcomponents n the completon strng (ppehousings and 150 T1300AP1
construction hreads) snall have 15013678 CAL Il connections or CAL IV SpecsCT
and selection ‘connestons when expozed o free gas during i Hatime, 120 13878

2. Dimensioning load cases shallbe defined and documenied.
The weakest poin(s) in the string shal be identfed.

4. Minimum acceptable design factors shall be defined. Estimated
effecs of tamperature, corosion, wear. fatgue and buckling shall
be included n the design faciors.

5. The tubing should be selected with respect o
5)  tensie and compression oad sxposure:
©) burst and collapss erters:
&) tool jon laarance and fishing restitons:
@ tubing and annular fow raes:
@) abrasive compositon ofuids:
) bucking resstance:
@) metallrgcal compositon nrelason to exposure t formaton
or jecton fuid:

) Strengin recucton due o temperatures efects.

D initnl test | Prassurs testing to WOP.
and verioation

Euse None.

F_ Monitoring | Pressure ntagry is montored inough he anmulus pressure.

G_Common | Nons
well barier
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1528 Table 26 - Mechanical tubular plugs

Features

Acceptance criteria

‘A Descrption

“This slement consists of 2 body wif a locking or anchoring devics and
seal between the bore o the casingubing and the plug body. This s 3
mechanicalplug 55t n  profis or anywhere mside sesl conduits
(casinghubuiar)

B Function

The purpose o the plug 1 prevent flow offormation uds and resist.
pressure from above or below, inside wbulars and i the annulus Space.
between conceninc posiioned tbulars.

C pesign,
construstion
nd selsction
(rating,
capacity, etc)

1. The machanicalplug shal be designed and qualifed to wihstand.
maximur diferenial prassire, minimum and maximur
femperatures, number of pressura and femperature cycies, number
of satings, well medium, e Sme expectations and alloads ftwil
e exposed to during the istalstion tme.

2. Down hole flids and conditons (temperature, H:S, GO, ete) shall
e considered in estimatng the He Sme ofthe plug.

3. The pug shall comply wih 150 14310, 25 olows:

) Grade V1 forcesign valicaton:
5) Grade Q1 forqualty conirol

4. The plug shal be designed such that pressure can be squalized
acros5 the plug in  controlled manner,  removed mechanically or
oy drling ot

5. Inadvertent refsase of the plug by mechanicsl motonmpact shall
ot be possible.

. The plug is ot accepied a5 a WBE slone in permanent plugging of
Wels or branches of wels, where integrty n an stemal perspective
s requies.

7. lishall ony be nstalled in a tbular section of the wel wich is
cemented or supporied by suffcent walthickness ' wihstand
Iosd from e plg.

150 14310

. nital
verification and
Verification

sl b lask ested 1 e maximum afferents prassure n the drection of
fow, ffeasible. Alemativaly, t shalbe nfow tested or Ieak tesed i the
opposits diracon to he maximum iferental prassure, providing the abilty
0 263l m botn Grections san be documentsc.

Euse

The plug shall be set 25 close as possible o the source ofnflow and set at.
a depth where the hydrostat pressure above the plug balances the
presurs under e pug

F_Monitoring

Plug integray shallbe monitored regulary f acoess is avalable.

G. Common
well barrier

None
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1531 Table 31 - Sub-sea tree.

Features

‘Acceptance crteria

‘A Description

T, Subees rorzant e onsits o 3 housng wih ores it
ied i production and annlus master vaves, cown phgs, ow
Vahes and crssovr Vs

2 Subses vertes e consists of 3 howsingwithbores that e e
it producton 22 annulas maservas, b of crown PG
S Eomvaves.

& Function

=
2] proide  fow condt fr ydrocarbons from e sbing o he
£lbse s o sirises nes win 1 bl 05108 e Fow By,
Gosing the fow valve ncle e master vave:
) provide moniorng and presse adusementof he annuls:.
) provide verial ool acess hrough e swab vaels) o veriea
reesor rvough rown pug() o horzontl rees-

C esion.
consinction
nd seecton

T Tre subsea wee sl b scuppd it

2) one atsae cosed aomati maste vale and one aksafe
‘osed tomat wing ale inhe main fow decton o the
w

) 7 e has s outets. ese shall e cquipped wit -
S cosed avomate vaves:

) one suab uave and e c3p (verticl ) or o croun s
[Rorzont ee) forcach ore 13 v ove any
o,

) sciston vlves on dounhse contznes hich pnrtes e
ree ok 3nd

2. The e snalbe designed o winstand dynamic and st foads ¢

may be sueciedt oSG noml, exteme 303 acscent 038

Conons.

T
150 130281
150 130284
150 130287

D i test
nd veriication

The vaves Pl b st wih b ow and ngh i aereneal
pressurs n e irecion offow. The ow pess.re tstshall be masmum 35
Bar (500 ps)

The comecion between th subsea vee and te welhesd shal b st o
ki afrental pessure.

Euse

T Eryiy ey e f sy s g
s esing.
2 Bevare of equalzaton uring pening and closingof vaves.

F Monitorng

T The sutomatcvaves shal be esed at reglar envls 35 ol
3) monthy, unt tree consecutve qualfie st v besn
peromes:
trastier
5) every e months,unl tree consecuive quitfid ess
havebeen paromed:
raster
) everysx it
2 fthe ek e camt e messureddiret,indect messurament
by resre montomgof an enciesed volume domseam of .
vale shallbe peromed.
3. Testcurston nallbe mimum 10 .
4. The cmergeny shutdoun uncion shal be festedyery.Iihallbe
VS rep 1t o 1 a7 it e v o o Sr

G- Common
well barir
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1533 Table 33 — Surface tree

Features

‘Acceptance criteria

‘A Description

Thiscementconsiss o 3 housig Wi boes 1 re Taed Wi swab-.
it vaves Kl Serves vaves 0 fow vaves.

& Function

[rr=re

1. provid 2 fowcondui o hyrcarbons o th tsing o the
SiraceEnes wih the abity o sip e fow by cosing i fow.
“ahe ando he maste e

2 proide vercal ool ocess trough he swsb valve:

3. provide an accesspont where kil id can be pumped o e
Rsing

C esion.
consinetion
ndseeston

T The surace vee shall b= <auped wih e ftoming.
2) one fasafe dosed automati mastervabe and one s
‘Gosed2oemae g Vi he i fow Grecion o e el
) #ihe e has fowing e cutes, heseshallbe equpped Wi
‘avomate fak s vaes.
) one manual swab vae ad e capfor s bore at vl
2bove anysdeoues:
) slsion vaes o downle con s i pensttes e
e k.
2 A primary s (ncksive roduction anuls)sha be o meta -
metl tpe.
3 Al comnections,ext blosks st that s witin 3 prcefned
Crveiope s be reression.

4. The e sna be designed o whsand dynams and sat oads .
may besubecied o #0030 norml exverme and esdentl oad
Gontons.

15010823 P!
Speced)
P1Spec oFA
P1SpecoFE
P1SpecorC

D i test
)

The vaves shal b st wih b low 302 g o ceres
pressurs s e Girecion of Fow. The ow press. st sall be masimum 35
B (500 pi)

The comection between te surfas ee and e wellhesd 3l b estad o
ki e s

Euse

F e — e ———————
ehng
2 Bevareof quaizston g opeingand dosng o vales.

F Monitorng

F e T ———
3) monsiy, s consectve qustfed s v b
pomad thaeaner

5] every e monins, i e consecutve ualfed s Fave
S peamec:reeater

) everysimonts.

2 The manus vahes sl b estes vy

3 fihe ek e camt b messured diecty,indect e ssirement
by pressure mniorngofan encosed volume downsiream of .
Vike sl 52 peroma.

. Testcurson shal b= minimum 10 .

5. The emergency shuiown ncion shal b tested yeary I shll be
veriedsceepable shu down Sme and mat e vale lses on
sonal

G- Common
well barir
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1551 Table 51— In-situ formation

Features ‘Acceptance oriteria

‘A Desoription | The sement = e formaton trat ha been arled rough and & located
jscent 1o e cheng ons laion mALETS o puge et e welbore.

B Function | The purposs of e -5t formsion = 2 provi 3 paanent nd ipermesie
i el revening fow Tom e welkore to Sucalseabed o et
fomaton zonee

C esion e llowing appies for e formaton 2 e equied depe

osruction “Tne formason shall be ipermesbie i o fow poensal

1233 0 out of 2one o o cossion:

Tne fomason egrty shll xceed he maximum welbore pressure

ead Sa6 42307 Tab 2 < Fomaten Iy requremants.

The formaton shall be selaced sush ht il o b sFcied By

changes i reservor ressure over b (depetion,compacion.

Facting.re achvason o ks

5. The foratn shallbond dect o te casnglner annus materl
(2 caseg coment) or g n e welbore

©. e famation s bonding ety o e casng (e, the fomatn s
‘ruded o e casng aulus) then e requsemen i e 1552
ecping ormanon a0 3l 39l

1
2 The wettore shallbeplces auay fom fractures andlor faus that my
B

O i testand

Fomaton otegry pressurs shal b variad by ove of s Flowng e

verication | (See42367).
R
2 3L0T shouk e folowed by ashunphase
3 an XLOT. # e minmum fomatn sress i ot aeady know: o
& 3 ocumantea e mocel

Euse =

F Monitoing | Noe

'G_Common well | Nove

amer
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ms‘tx'fm and withstand and other functional requirements for the period that the

WBE will be used,
b) construction requirements for the WBE or its sub-components, and
will in most cases consist of references to normative standards.
For WBESs that are pre-manufactured (production packer, DHSV), the focus
should be on selection parameters for choosing the right equipment and
proper field installation

D. Initial test and
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XTVIS Dul tree valve faiure (LMV, PMV, FWV) and
DHSV not leak tight
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and casing seal assembly faure) -

XIvIv Tree valve falure — Upper Master Valve, Flowing
Wing Valve, Annulus Valve (with no compensating
measuresia place)

TBGHGRLE Hangerfwellhead leaks above leak criteria (ubing 2
hanger faiure which leads to tubing to antulus
communication)

XIVICOMP Leakin tree valve (PMV or PWV) above leak 3
criteria, but compensating measures let other tree
valve take over the barrier function

Annuli/Tubing/Casing issues

TCLKCOR Leakin tubing of casing thru a barrier and start of
corrosion in secondary barrier

TCLKPSI Tubing or casing barrier leak info an anmull that is
not designed for the pressure

TABLK Tubing and production casing feak Gf both are part
of the barrier envelope)
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anmilus valve not verified as  barrier

ANNLFM Leak from formation into annuli and the anmuli not
qualified
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pressure limit (next outer casing not designed for the
pressure).

08 A Annulus to B annulus communication 2

r4C Tubing to A annulus communication (leak outside 2
acceptance criteria)

LEAKANN Leaking annulus but notinto an adjacent annili or 2
ubing,

HYDANN Hyrocarbons in any anmili not intentionally 3
infroduced (no leak through both barriers)

TACCOMP3 Tubing to annulus leak ahove SCSSV or down hole 3

injection valve with measures to conirol potential for
degradation of a barier clement
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within leak rate critetia
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is not effecting or leading to degradation of the
barrier envelopes)

scrLow Sustained casing pressure (no hydrocarbons and not 4
a leak through a barrier)
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injection valye and vell is closed in
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CNTLRBEL Control line leak from below the primary barrier 3
element
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ASCV installed and GLV periodically tested)

Cement issues

CMIPRRFMAE Cement (or other qualified barrier element) is not 2

above production packer tut the cement height is
sufficient to act as priary barrier element, and
formation strength at nest outer casing shoe s too
‘weal to accommodate reservoir gressure (Potential
of breaching to surface if a casing leak below
production packer occurs)
CMIPRRFM Cement (or other qualified barrier element) is not 3
above production packer tut the cement height is
sufficient to act as priary barrier element, and
formation strength at next outer casing shoe is
sufficient to accormodate reservoir pressure (No
potential of breaching to surfaceif a casing leak
below production packer occurs)

Nocmr No cement above packer but. other barrier elements 4
in place, (eg formation strength and next outer
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PoorRcMT Cement above packer but less than requirements or 4
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reservoir pressure. (Potential ofleak breaching to
surface)
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One barrier faifure and the other i intact. Or a single failure may lead to
eak to surface,

One barrier degraded, the other is infact.
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Pressurelimits exceeded and a single failure may lead 1o leak to surface.
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Integrity issue. Pressure loads not affected.
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