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1 Introduction

1.1Background

In 1998, the petroleum Safety Authorities Norway (PSAN) gaveuastns to the oil and gas
companies for testing of safety critical valves. Thigutation follows the widely accepted
standard IEC 61508 for functional safety systems. In order to sinthéfyse of IEC 6150 the
PSAN recommends OLF guideline. According to PSAN the emergeafeyy critical valves as a
part of safety function system should be tested annually.

1.2 Objectives and research context

In projects that affect safety there are risk and uncertdumyto different issues such as future
income, costs, loss of lives, damage to the environment and etc.e3imgy,t as a tool for
increasing the reliability, is an activity which can affédoe safety. The testing interval has a
direct influence on reliability and relatively on safety. The ainthis project is to discuss the
rationale for the PSAN requirement, as annual testing by thetopeis considered as too strict.
The expected utility theory which is the backbone for all econdmmé&ing is used as basis for
the discussion. This thesis also discusses that the requirement ohtesimg likely will be too
strict also from a societal point of view, if the effects asfnual testing are seen only as
improvements in reliability of the valves. One is then disregarttiadact that testing of safety
critical valves also has negative effects on safety for tinds®e perform the tests, as well as
negative effects for the environment. This thesis work should be seen in relation se#relres
carried out by Associate Professor Abrahamsen E.B. and riskgeraeat group at university of
Stavanger regarding to addressing issues related to the probléalaoting the different
concerns safety and economy. The paper at the end of this thekisddresses one of these
problems.

1.3 Structure of thesis

This project consists of two parts. Phis an introduction for the palt, which consists of my
paper and constitutes the main content of the thesis. The rest oihparbnsists of; Section 2
terminologies which provide a basic definition about the terms whiehused in this thesis,
including relation between safety and reliability and some Imagintenance definitions. Section
3 introduces rules and regulations regarding safety criticaksaklso, the definition of such
valves. Section 4 contains a brief introduction to IEC 6150 standard andg@déline, in
addition, this section includes maintenance/testing important ste@sors5 introduces impacts
of testing and describes simple testing procedure for Emerggéhoy down Valve (ESVS).
Section 6 provides a review and discussion of basic decision analghigling expected utility
theory, cost-benefit analysis and cost-effectiveness asalys addition, it gives some
information about consumer theory which is a part of expected utiktyry. Figure 1.1 gives a



clearer view on the structure of this master thesis andetlson of including the part one in
present work.

Key words in the paper
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Safety ESD Negative Expected
critical valves testing interval impacts of testing utility theory

A A A

A A A A

Section 2

Figure 1.1 Frame work of this master thesis



2 Terminologies

2.1 Historical perspective

Reliability evaluation introduced to the industries after World War the first time. On that
time, the using of two engines instead of one engine in airpl@agsompared with respect to
the past accidents rates per hours flying time. [1]

The first formal reliability analysis was conducted by Lud®eafter World War Il in Germany.
The Werner Von Braun Company had problem with V-1 missile. Theskrses of ten missiles
were so week they all blew up on the launching pads or fell igdEnglish Channel. Lusser
suggested that maybe it is better to use many week linesadsf one week line. Based on this
idea, Lusser produced the low of reliability. This low stated fitvah system which works only
if its components work, reliability is equal to the reliabiktyich is produced by its elements.
This low was a based for applying a better design, use strorageriafs, harder and smoother
wearing surfaces and est. in different systems. The resulisiofj such systems had grate
economical improvements in USA industries. [1]

The relation between safety and reliability introduced duringG@®&D War. Americans and
Russians had a competition for sending a man to moon. The big concehowdo make the
space craft safe and reliable. So, large amount of money inv@steducation and research in
the reliability and the risk. [1]

Nowadays, with public interests in risk and safety, many indlizgthcountries are concerned
about reliability and risk analysis. In Norway the parliamenrtedtéghat we want to be a world
leader in offshore safety. Thus, the oil and gas industry in Nofa@gs many regulations,
standards and guidelines which are concerned about risk and reliability.

2.2 Objectives of reliability and risk analysis

The primary purpose of risk and reliability analysis is to proad@undation for decision
makers to decide which solution and or action is needed for diffataatiens. Some of the
main objectives of reliability and risk analysis are as fallows. [1]

» To provide bases for comparing reliability and risk with acceptanceiarite

* To prepare foundation for evaluating the project profitability

» To prepare a more effective and safer procedures regardindiopgi@nd or monitoring
the plant

* To provide systematic view for understanding the events and conseqdercesthese
events

* To have a better view on the system and interaction between congohdhne system
based on the analysis

* To increase the motivation and competence for following up the systematic safe
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The benefit of analysis depends on how we plan the analysis, howlove @i@ this plan and
how efficient is our safety management.

Several subject areas involve with execution of risk/reliability analgsish areas can be;

* Knowledge about the system operational and technical aspectdl ass Vi@ctors that
lead to failure

* Knowledge about the analysis methods and techniques and also in nsasybeaic
economical knowledge

» Data (accident data) regarding reliability/risk should exist fomeding these issues

2.3 Definitions
2.3.1 Model

Models are use in different areas such as reliability/riskysisaand economy to simplify the
realistic world. These models can be graphical or matherhatidee important point is that
models are idealized and simplified the real life, so, the teeftdm models are valid in the
model and they can be correct only to the extent that the moeeallistic’. The characteristic of
such model is; simplicity and accuracy. [1]

2.3.2 Probability and frequency

“Probabilities are referring to the future event that has niname one possible of outcomes. In a
specify satiation (stochastic) only one of these outcomes vgpdrg however, we can not say
which. The probability of an event is measure as a chance ofreccarof an event in the
interval [0, 1]. The probability is usually can be estimated (assg¢dased on the historical data
such as; accident statistic and the operating statistics of components ams’s\d{e

“Frequency; can be defined as an average number of events per ume afrtper operation”.

[1]
2.3.3 Accident

Accident is defined as “undesirable event that can lead to Loss @mhlife, personal injuries,
significant damage to the environment or significant economic.l¢s5'Such an undesirable
event called accident in this project.

2.3.4 Reliability

“Reliability is defined as a characteristic of the abilif a component or system to perform a
specific function”. [1]

The measure for reliability level can be varying in different sibaat Such measure can be;

10



* Average lifetime

* Average number of failures per unit of time (frequency of failure)

* Probability of system or components functioning in the specific pafitime such as
Probability of Failure on Demand (PFD).

2.3.5 Reliability analysis

“The systematic way to analyze reliability can be defired aeliability analysis”. The result of
this kind of analysis can be used as; [1]

* Foundation for making decision on alternatives and actions regarding opgmiz
reliability and cost

* Recording the reliability

» Bases for determining requirements on reliability of equipment and system

* Foundation for Quantitative Risk Analysis (QRA) and qualitative risk analysis

2.3.6 Reliability management

“By using reliability management, one can understand all sysiemasurers used in order to
reach the specific reliability level that requested bgdpfined policies, goals and acceptance
criteria. One of the important parts of reliability managemeés reliability analysis.
Acknowledge that one part of safety management is reliability manadeiii¢nt

2.3.7 Risk

In this project maybe the everyday speech meaning of rislbbearseful. Every day speech is
defined risk as a danger that the accidents exposes to humameliGgmvironment and economic
values. One way to express risk quantitatively is to use the equation

Risk = frequency (probability) x consequences (of the accident) (1.1)

Although, the general and more complete definition of risk is; Rak loe described by
(A,C,U,P,K),where A is the initiating event ,C the consequence oktlaat and the prediction
of it, U is uncertainty about what value C can take, P is probabilithis event and K is the
background knowledge. [2]

2.3.8 Risk analysis
Systematic way of analyzing risk is risk analysis. [2]
2.3.9 Safety

One of the meanings is which used in this project is that thgy s&f¢he characteristic of ability
to prevent damages and losses due to consequences of accidents thiesthexccidents are
occurred randomly or as results of actions”. The damages ancclosé® either monetary such

11



as economical values or non monetary values such as life and béditman beings or
biological and physical environment. With this definition we can thay there is a strong
relation between risk and safety. When the risk is high, safety is low and vice[¥grsa

2.3.10 Safety management

“By using safety management, one can understand all systemadisurers used in order to
reach the specific safety level that requested by predefimdicies, goals and acceptance
criteria.” [1]

2.3.11 Acceptance criteria

Acceptance criteria can be defined as the desirable or abéepevel of risk or reliability.
Acceptance criteria can be stated by verbal or numerignsént/quantity. Such statement or
guantity can be stated by governments or company requirementpt@uoe criteria can be for
example the criteria for; Quality, A certain number of aatisiger year and or a certain number
for the probability of failure on demand (PFD). [1]

Our understanding and attitude to the risk level of activitiesvewekey factors that can affect
the acceptance criteria. Some important factors that can hétpachieve these understanding
and attitudes are;

* Benefits associated with the activity

* The probability of having a significant accident
» Whether the technology is old or new

* Whether the risk is voluntary or not

2.3.12 Failure
“A failure is an unsatisfactory condition”. [3] Failures can be divided in to two groups
1. Functional failures

These are the failures that unable the system or subsystemaio di# standard level of
performance. These failures can be categorized to functiaihates. These inabilities of the
item can be either inability to perform a specific function ofgeer lower than the required
level of performance. However, there are possible situations leatdmbination of these
inabilities be existed for the item. For Emergency Shutdowlvega(ESV’s) inability to be
closed in emergency situation is an example of functional failures.

2. Potential failures

These are identifiable physical conditions which can assure thatidoal failure(s). Such
failures in many situations are hard to find. Fortunately, Religb@entered Maintenance
(RCM) which is defined as a process for maintenance syrateting, bring the definition of
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potential failure as a specific group of failure to the mainten#imeery. Due to this, concepts
such as inspection (testing) and condition monitoring find their applicat the maintenance
world. Thus, one can find the potential failure(s) by doing inspectioexfample pressure tests
on the valves. [3]

2.3.13 Definition of system failure

One can find this meaning by using the definition for system ahues. We can divide failures
in systematic failure such as leakage in shutdown valves or n@m&y&t failure such as human
error during testing of the valves.

2.4 Relation between Safety and reliability

Safer activities in the company can be achieved by the miableesystems and equipments.
Having a non reliable shutdown system or valve can cause the undepn@t#ss shutdown that
can be lead to lose of the revenue in the company. Also, tijiaifi equipment has a direct
effect on the safety of staffs and environment. In addition, itidigect effect on the reputation
of the company since the failures in such systems and maih&incan delay the production or
making a big disaster. [1]

Reliability management is the systematic way that caealehow much reliability is needed
regarding the goals, policies and acceptance criteria. Howineris acknowledged that the
optimized level of reliability should be seen by cost-benefittyaisa Thus, optimized reliability
level of the system should produce as a result of the economic zgdioni process as a part of
reliability management.

Safety/reliability management should be involved within the whédeclycle of plant which is
planning phase, the construction phase, the operational phase and decommiasmnamgoval
phase. So, it is continues task that should be developed in line withtagkerand activities. In
line with the aim of this project | just go into the safetgktand development in operational
phase. Reliability management tasks can be considered in linetivéh area of management
such as economic management. Flowchart in figure 1.1 shows the ésselmiaility
management procedures and task. [1]

13



Overall goals and criteria
regarding reliability

\ 4
Alternative solutions such a$,_
extending the testing inten

A 4
Reliability and risk
Analysis

\ 4
Evaluation of results

\ 4
Actions/choice of
solutior

\4
Final solution

Figure 1.1: The reliability management flowchart in operation phase

The acceptance criteria and indirectly the goals in operatiore pbaseliability can be found in
the standards and guidelines see for example section 3 of piessist One of the important
parts in operation phase is maintenance. With doing maintenancebliesezel of reliability
with respect to the acceptance criteria and company goalbecabtained. This is the key to
reach desirable level of safety.

2.5 Maintenance

For many years the subject of maintenance was known for humansehaice traditionally

was seen as a costly point where the company wealth reducéalittueosts. Recently this view
to maintenance had been changed. Nowadays, maintenance is not only aeeapportunity to

increase the company profit but also the opportunity to incrdasesafety level. These
achievements can be gained due to this fact that maintenancainsathie desirable level of
availability, reliability and operability. [3]
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2.5.1 Maintenance definition

As all devices can be impaired, maintenance defined as a functidricis necessary to be done
for the devices to restore the production process. [3]

2.5.2 The objectives of maintenance

It is important to know the fundamental maintenance objects dueowingy the modern
industries that need more complex equipment and relatively compliexemance function(s).
This maintenance objects can be understood from the below explanation

“It is the task of the maintenance function to support the productiongzegth adequate levels
of availability, reliability and operability at an acceptable cost.”[3]

From the above sub-objectives (availability, reliability, opergbitihe reliability definition was
explained in pervious pages. To avoid repeating here the rest of sub-objegdarned.

» Availability-The proportion of time that component or system is functioning in abedf
state, is called availability. It is a maintenance job to prowddeeptable level of
availability. This desirable point should be seen by optimizing dbilawith respect to
cost. [3]

* Operability- It is the ability of the system to provide daisie level of production with
respect to design limit(s). [3]

» Cost- All the maintenance activities optimization and/or exeawgimould be done in the
light of economical analysis process. [3]

2.5.3 Maintenance strategy

Each time the failure happens company will lose wealth. Faslweld repair and this is costly.
Often failures can cause bigger failures or even catastroptieat which is not only exposed
cost to company but also reduces their reputation.

On the other hand, failure prevention is costly, so, always thargasle-off between prevention
of failure and the costs of failure. One should decide to preventitheefaccurrence or let it
occurs and then handle it. The way that we treat with failures is called naaingestrategy. [3]

2.5.4 Maintenance Plan

The first essential element for executing maintenance, like athgvities, is to have a
maintenance plan. The foundation designing maintenance plan can béréoumdany different
approaches (methodologies). One of the best options for plan desigafmn is Reliability
Centered Maintenance (RCM) (as it is accepted by manytexgee e.g. ref. [3]). RCM can be
defined as a process for maintenance strategy setting. RCk\aad what maintenance to do,
when and how often.

15



RCM object is to give a maintenance plane. Such plan is a conapirtdtmaintenance strategy
for handling different failure in different equipments. The charfFigure 1.2 shows strategy
structure of maintenance. This figure can give a better understanding oamaagd strategy.

Maintenance
Strategies

Corrective
Maintenance

Preventive
Maintenance

Design-out
Maintenance

Used based Preventive

Maintenance

Maintenance

Calendar based
Maintenance

Aged based
Maintenance

Condition
monitoring

Inspection

Figure 1.2: Maintenance strategies [3]

From the above chart the Inspection will be explained due to aim ®fptbject. Interested
readers are encouraged to read literature, such as refdBinee this subject for further
information.

2.5.5 Inspection

It's a kind of maintenance strategy which indicates that theoewnt or system should be tested
or inspected as often as the desirable reliability level can be guarantee

There are lots of standards and guidelines for doing such maintestaaiegyy. In this thesis
OLF guideline and IEC6150 are used as an example for doing inspectithe &mergency
Shutdown Valves (ESV).
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3 Rules and regulations

In 1998, based on the one rational sentence which states that “Htplbrablilicing measures

shall, to the extent possible, be given priority over consequenceinmgdueasures” [1], the

Petroleum Safety Authorities Norway (PSAN) gave instructiortdmil and gas companies for
testing of safety critical valves. The new instructions waetban the inter alia Section 42 old
existed regulation where there were instructions for establisistgorogram for safety critical

valves, functionality tests and leakage test.

In this new regulation emphasize is on minimizing the intereakdge through a closed
sectionalizing valve. This regulation was published at the ActviRegulations, Chapter IX
(Maintenance).In this Section PSAN stated that the emergamayglown system verification
should satisfy the Safety Integrity Level (SIL).This requieats and numbers can be defined
and calculated based on IEC 61508 standard and OLF’'s Guideline 070.LFhguieline
notices the general requirement is to verified safety afitialves with full-scale function test at
least once a year. Such test not only should cover the all padhs sé@fety function but also it
must take into consideration the leakage rate through close valve. [4], [5]

Regarding the above requirements PSAN expects the operators to:

* ldentify and perform criticality classification of safety criivalves

» Establish limit values for evaluation of each safety critical valve’s iomality

* Prepare test program for testing of safety critical valves

» Establish routines for evaluation of test results compared to predefined lingsval

3.1 Safety critical valves

The safety critical valves in this project are defined tie “valves that should close and
sectionalize the main process in order to secure platform ienagrgency situation” [4].
Emergency Shutdown valves (ESV) can be included to this kind of valves. In this projeét ESV
used as an example of safety critical valves. Other seafdtyal valves like Sub Sea Isolation
Valves (SSIV), Blow Down Valves (BDV) and etc, are not addressed in presdat{$jor

17



4 The concept of Functional safety and IEC 61508

IEC 61508 provides requirement to minimize the failure and hazartiseo$ystems that are
safety critical. This standard is concern about the functionalysadea part of the overall safety.
Functional safety depends on a system or equipment operating correctly in résptaisguts.

Functional safety is defined as a method of dealing with elinoimatr reduction the hazards in

the safety-related systems. In general, the hazards andhsikl e conducted to find the

significant hazards for equipment or any associated contra@myist its intended environment.

Then, this analysis will reveal that the functional safety isesgary to ensure adequate
protection against each significant hazard or not.

“In this standard term safety-related is given to the systdmt are required to perform a
specific function or functions to ensure risks are kept at an actéptel”. [6] Such functions
are defined as safety function. The requirements to achieve functionalazafety

1) Safety function requirements (What the function does), That can be flamdhazard
analysis

2) Safety integrity requirements (the likelihood of a safety fonctbeing performed
satisfactorily), which can be found from risk assessment

These two elements are the foundation of functional safety. “@maesrule in this standard is
the higher the level of safety integrity, the lower the likelihood of dangerdusefa[5]

4.1 E/E/PE safety related systems

Nowadays, most safety function duty is being carried out withtreldc, electrical or
programmable electronic system (E/E/PE). Thus, the present staiodases on this kind of
systems. The IEC 6150 contains requirements to minimize failisle 8s random hardware
failure mechanisms and common cause failures in the E/E/P&rsysind control them when
they arise.

In this standard some requirements such as concept, scope deflratzand analysis and risk

assessment are needed for the areas that are still notédiged to use the E/E/PE safety-
related systems. If there is any possibility of using E/BE#2Enology, then, the standard should
apply for finding the safety requirements for such system. Emelatd can help firms to do this

job in a methodical, risk-based manner.

The other requirements such as documentation, management of funcéfatg] Bunctional
safety assessment and competent can be used in not only, EAlBEaated systems but also,
in other safety related systems.

18



The examples of E/E/PE that are named in IEC 61508 are;

* Emergency shut-down systems in a hazardous chemical process

* Railway signaling system

» Automobile indicator lights, anti-lock braking and engine-management systems
 Est.

Such safety-related system includes all parts of the sytht@inare essential for doing the safety
function.

4.2 Objectives of IEC 61508
The aims of IEC 61508 are as fallows;

» Show the potential of using E/E/PE system for improving the ysafetl economic
performance

» Protect the safety framework being replace by technological developments

* Provide a technically sound, system based approach, with suffiteedtiility for the
future

e Support the safety-related systems requirements of perform@deication with risk-
based approach

» To generalize the standard that can directly apply in various industries sucbhasema
process chemical plants and rail or product standard (e.g. power drive system)

* Provides a means for users and regulators to gain confidence whgrasiputer-based
technology

* Provide requirements based on common underlying principles

4.3 Technical approach
IEC 61508;

» Uses a risk based approach to identify the safety integqtyireaments of E/E/PE safety
related systems, and includes a number of examples of how this can be done.

* Uses an overall safety lifecycle model as the technicahdveork for the activities
necessary for ensuring functional safety is achieved by the E/E/Risdéted systems

» Covers all safety lifecycle activities from initial concejprough hazard analysis and risk
assessment, development of the safety requirements, specificalésgn and
implementation, operation and maintenance, and modification, to final dessioning
and/or disposal

 Encompasses system aspects (comprising all the subsystenyisgcaut the safety
function, including hardware and software) and failure mechanissnsidm hardware
and systematic).
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» Contains both requirements for preventing failures (avoiding the inttioduaf faults)
and requirements for controlling failures (ensuring safety even when da@lfgesents)

» Specifies the techniques and measures that are necessaryeiee dbki required safety
integrity

4.4 Safety integrity levels

The present standard introduces 4 different level of safety perioenfar safety function such

as table 3.1. They called safety integrity level (SIL), eaththese levels needs some
requirements. The requirements are more restricts in (Sllhighvis the highest safety integrity
level, compare to for example (SIL 3). The lowest level is (§ILThus, for the system that has
more critical safety duty in plant, one should apply higher SIL lsvelhich has more rigorous

requirements.

Safety Integrity Level (SIL) Probability of Failure on Demand JPFD
4 “4PFD <10'
3 “4(PED <10’
2 S4PFD <107
1 “4PFD <10'

Table 4.1 PFD requirements regarding SIL

One important note here is that in systems with more than oes $ahction which requires
different SIL level, the strictest SIL level should apply tbe entire E/E/PE safety-related
system.

4.5 |EC 61508 base for other standards

The authors of this standard say that this standard can be usgly dhyeindustries. Also, they
mentioned it can be a basic foundation for other standards retatbd £/E/PE safety-related
systems or sub systems. Some application areas of IEC 61508 for exampliakoess

* Facilitate the maintenance of the ‘as design’ safety integrity dPE/Bafety-related
systems
* As a basis for carrying out assessments of safety lifecyclatiasi

Although, IEC 61508 is a general standard for different industtesptocess industries has
developed their own standard for Safety Instrumented Systems \(@®iiSh is called IEC 61511.
The OLF Guideline combined these two standards.

4.6 OLF Guideline

IEC 61508 is a widely accepted international standard that providebased approach to
determine SIL for systems performing safety functions. Theiagin of this standard is also
recommended by PSAN regulations. To meet the IEC 61508 requirenogmtsf calculations
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and QRA analysis need to be done which create difficultieh®ousers. OLF guideline try to
provide documents for simplify the use of standard IEC 61508.

OLF provides a guideline for application of IEC 61508 and IEC 61511 in the edaw
petroleum industry. Present guideline is resulted from cooperatioredetdifferent operators
and the various suppliers. In this document one can find the minimune®lirements for the
most common instrumented safety functions on a petroleum productiahaitish in line with
the requirements in IEC 61508.

Also, this document gives some reliability data based on SIL mygemts for different safety
functions based on assumption such as concerning diagnostic coverage, failigafeettes

OLF guideline illustrated three important elements for Safegfrument System (SIS) design.
These elements are

* Relation between SIL and failure probability

» Restriction on design based on the safety failure function, Hardaaltetolerance and
the complexity of the component

* Avoidance and control of systematic failures

This guideline can be applied in all instrumented safety functiamme®f such systems can be
found in PSAN and NORSOK and some are not. In order to be in lihethngtpurpose of this
project, requirements for Emergency Shut Down valves are mentionedrhese requirements
are in the appendix A.4 in this guideline.

Component No. of components Total PFD

ESV 1 8.8x10

Table 4.2: PFD requirement for ESV

According to this guideline risk should reduce by using safetye@lsystems which are safety
instrumented systems (SIS) such as ESD, safety systeh tiasgher technology such as PSV
and additional risk reduction facilities such as procedures. Baseldeoabbve sentence and
figure A.1 in IEC 61508-5 diagram 4.1 is created as a Framework of risk reduction.

21



Non Acceptable Imtial risk
risk

Risk rechuction achived
by all safety-related systems
and external risk
recluction facilities

Required 1isk
Reduction

Acceptable

Actual 11sk
Reduction

Figure 4.1 Frame work for risk reduction

OLF used the safety lifecycle as both IEC 61508 and IEC 61511 itkstta provide the
framework in order to determine the requirements relatingpécification, design, integration,

operation, maintenance, modification and decommissioning of a safgtyimented system
(SIS).
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4.6.1 SIS maintenance

According to this guideline the aim of maintenance of Safetyrument Systems (SIS) is to
keep such systems functions in accordance with the safety maguie specification.
Maintenance/testing regarding to this requirement are edsstefes which can ensure the SIS
does not deteriorate below the predefined safety integrity levaebrder to do this the firm
should fallow the chart below;

Maintenance plaimg

A 4
Maintenance procedure <

A 4
Competence and Training

A 4
Maintenance/testing

A 4
Compensating measure upon overrides and failures

A 4
Reporting of non-conformities and demands

A 4
Improvement of maintenangecedures

Figure 4.1 Frame work for maintenance [7]
4.6.2 Maintenance planning

As every other activity, testing/maintenance planning should be ceadpabr use of the SIS.
In this section in addition to standard routine for planning, expetisald define the category
of SIL level for the SIS. [7]

4.6.3 Maintenance procedures

All the procedures should follow the aim of maintenance which keelghdeterioration blow
the SIL level. OLF guideline illustrates different elemertat tshould be addressed in the
procedures such as tracking maintenance performance.
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4.6.4 Competence and training

The Norwegian low of activity says that the maintenance should belyoeerpert and trained
staffs. Firms should have a program for training the maintenaeege to gain full functional
performance of the SIS. This program should give the staffsaoftemance good understanding
of several issues such as general principles of safety iytégvels and use of compensating
measures.

Operators should be aware of the competence on the function andaspefahe SIS. Such
competence can be achieved by understanding the issues likendral geinciples of safety
integrity levels, how the SIS functions and etc. [7]

4.6.5 Maintenancel/testing

The maintenance description and testing the SIS, compensatingreneasl all maintenance
routine should be included by the maintenance program. Also, the Sifemnaace should
include many elements for example determine the periods forciimpeThis periodic testing
can help the firm to find the potential failures. Such failures can only fimddayarly testing the
SIS function(s). This functional testing includes not only the eBlige(if it's possible regarding
safety and operation limits) but also each sub-system shouldtbd tew®e by one. These sub
systems are; sensing element(s), logic solver and the actuatingsd§¥jce

Although, this sub systems check reduce the need of integral t&diSosuch as valves,
according to the OLF guideline and lows still firm should testkethtge SIS. The integral test of
SIS such as valves requires process shot down. The process shut dowa gawdepportunity

for integral tests if it has characteristics such as;

* The shut down should fulfilled the requirement of functional testing

» All the equipments that are in the scope of functional testing shoutdused by the
shut down zone. Equipments that are not covered by shutdown zone should e teste
separately.

e occurring in the last half of the current test interval

If such a shutdown be executed by the firm, then, according to tie gDideline the next
planned functional test maybe can be skipped.

As a routine for the maintenance the reports for all steps sheufpddpared. Based on these
reported data one should be able to calculate required religdaliggneters such as failure rates

).
4.6.6 Compensating measures upon overrides and failures

According to the PSA regulations operation with impaired Si®isallowed. Thus, planning for
the maintenance should cover the compensation measures in the fallowing opeuations;
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» dangerous detected failures
» overriding of the Safety Instrumented Function (SIF) or part ofStrefor functional
proof testing or maintenance activities

Such planning is essential to ensure that the risk level is, blodetlmed acceptance criteria for
the entire life of installation. [7]

4.6.7 Override/Inhibit/Disable

If one or some subsystems in the SIS are affected by owgridihibiting or disabling then the
safety barrier can not do its job properly. Thus, compensating nesasumanual action should
be per determined in such circumstances. Such activities can be as fallows; [7]

» functional proof testing

* preventive maintenance activities
» field equipment malfunction

» field equipment replacement

4.6.8 Reporting of non-conformities and demand

In order to obtain the aim of maintenance which is keep the SIS lieéoBiL requirements, it is
essential to assess the difference (non-conformities) betleerdadefined behavior and actual
behavior and if it is needed do the modifications. [7]

4.6.9 Improvement of maintenance

The important point that needs to be mentioned here, according to tlué iis thesis, is that
planners should be able to adjust the interval of the maintenancgftéstorder to estimate the
optimum interval for maintenance/testing, planners should use theaddtamportations to
recalculate the parameters such as failure &xt¢7
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5 Impacts of testing

The functional test of the safety critical valves involves tpiteg a pressure at a controlled
steady pace into the safety valves until its open. In readvibi$ kind of test can not be down
unless the operator shut down the production. In fact the procedure for leakage test is

e shot down the production and close the valve
» pressure downstream the valve is bled off
» pressure build-up is measured

In some platforms operators do this test during their annual turnardbhadsthe cost of the test
is less than the platforms that they are not willing to haveatound every year. However,
second group of the platforms should shot down their production for hours to testhiSn the
other hand, these forced shot down production can affect other installation. This m&trigaire
expensive procedure due to the loss of income. Also, it has negativeceffthe safety level in
itself (PSAN 2004) due to production shut down and manual intervention intyydinecarbon
system. Thus, companies are willing to find the optimized interval betwedicateons. [4]

The pros and cons of preventive maintenance should be seen in the light-bérefit theory.
We should do preventive maintenance (testing) as long as the im@atvanthe reliability is
larger than the negative effect of shut down. Table 1 shows thenegétive and positive effect
of this kind of maintenance.

Positive effects of yearly testing Negative effect of yeadying

Improved functionality/reliability in an ESVIncreased probability of test induced failures

situation and test independent failures (e.g. operator
error)

Increased number of process shut downs of the
process can generate leakages
Increased amount of work on the hydrocarbon
system

Table 5.1 impact of safety critical valves testing [4]

Also, suppliers complains that nearly half of the valves sent tbooasor maintenance and
work over are found to be tight and functioning upon initial tests befaretemance is carried
out. This means that the today’s testing procedures are not so &uerddi Thus, we should
optimize test intervals to minimize manual intervention into the hydrocartstensy
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6 Rational decision-making theory review and disos

This section gives a brief introduction to decision analysis yhewnphasising expected utility
theory, cost-benefit analysis, the use of expected values to sdep@ion making. In addition,
some axioms and consumer theory which are the foundation of the ezkpedity theory are
represented in present section. The purpose of this section is t@higidime aspects such as
practical applicability of the expected utility theory, costdsfg analysis and the ability of cost-
effectiveness analysis to reveal value of statistiée) tather than giving the comprehensive
review on these subjects due to the aim of this thesis. Also, thpadson of these two
methods; cost-benefit and expected utility theory, is given.

6.1 Expected utility theory

Consider a decision situation involve uncertainty among possible owtcdrne problem is to
make a “good” decision in this kind of situation. For example think abtugtgin where a firm
wants to choose between investment alternatives. In such ciemgest the optimization of the
expected utility in theory is a ruling paradigm among economicslaaidion analysis which can
reveal how to make decision strictly in a mathematical weg/,esg. [8] and [9]. In mathematical
term, expected utility is introduced by Eu(X), where u represém utility function and X
represents the outcome is which can be different attributes, swdsts and the non-economical
variables. The expected utility is an interesting tool, normatn®ry which can provides
recommendation for decision-makers based on a rational basis. It qaoveel that for our
assumed firm with coherent preferences among consequences asnaste about uncertain
guantities, the only sensible way to proceed is by maximizingcéegbautility. Coherency in
assessment of uncertainties of events for the firm meahsutid follow the rules of probability.
Coherency in consequences for the firm means it adherencesttofaagsioms (ref. Section 6.4).
[10]

In practice it is hard to work out with expected utility theoryliterature such as [8] and [11],
the specification of the utility function is explained by thadtdry process which is not
straightforward and easy to explain. One way to deal withdtiery process is to define the
parametric function for utility function, which is defined up to theaerparameters, and the
value specification is reduced to assigning a number to this peeenFor example assume
utility function u=u(X), where X is the vector of alksX In the way to determine the utility value
first step is to assign utility value to the best and worseoout (consequence). Assume best
outcome which represents by x, has utility value equal to 1, anevdng outcome which
represents by y, has the utility value equal to 0. The problem nimnassign utility value to the
rest of possible outcomes. [12]

Consider an urn of standard balls with different colours. The desibabdeme can results by
picking up let us say black colour. The proportion of black balls repie$y u. Let a ball be
drawn at random; if the ball is black the outcome x results, wiberthe outcome is y. We refer
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to this lottery as “x with a chance of u”. Now, gambler shoeklthe outcome (z) to how extend
is better than y or worse thardue to “x with a chance of u”, with certainty? If u=1 means that
gambler is in a better trade off than z; if u=0 it is worseL decreases, the gambler earns less
and vice versa. Hence there must be a value of u such that you are indiffereen ligtwith a
chance of u” and a certain z, call this numhgdmuthis way the gambler is better than z if up> u
and relatively he/she is worse than z if u  Then, the g value is the utility value of the
outcome z. The other utility values can be assigned in the same way as above. [12]

There is uncertainty regarding outcomes. These uncertainties asséssed by probabilities.
Expected utility can be raised by combining the probabilities &edutility values for the
different outcomes. The alternative with highest expected utditgptimal within the given
framework. [12]

The above example from ref. [12] can show that the specificatiotheo utility function
following this procedure is extremely difficult to implement, andmnost cases not feasible.
There are some methods that can be used for simplifying thisdpireceuch as using the linear
utility function and categories of parametric utility function. Bwtmplification can ease the
elicitation of the utility functions, but it can create new proldeas the specification utility
function is to varying degree reflecting the decision maker’s prefesefic

Despite from such difficulties the author of this thesis thinks)\@ed some references, even if it
is to some extend theoretical, for the development of and for theuneea@ent of the goodness of
decision. Such references can be provided by expected utility. [11]

There are also different practical analysing methods which can aduedsasl@ance between costs
and benefits such as cost-benefit analysis.

6.2 Cost-benefit analysis and cost-effectiveness analysis

Cost-benefit analysis can be seen as an approach for baldmeibgnefits and cost of a project.
The country currency is the common scale used to measure benefits andheoiteaTs to give
the monetary value to the list of burdens and benefits. Transfiomnmof goods to the monetary
value should be done in the way that reflects the maximum amourddietyss willing to pay
for the project. Assigning monetary value to the market bundleasy, as the prices on the
market bundle reveal the willingness to pay. The problem arissn@swants to assign the
willingness to pay for non-market (non-economical) goods, such tramtion is difficult to
assess. Different methods exist for doing such job such as contuadgstion and hedonic price
techniques. Here Hanley and Spash [13] approach is referred. [3], [4]

After assigning monetary value to all attributes, the totdiopmance can be calculated by the
expected net present value, the E[NPV], see ref. e.g. [14]. Teuneethe NPV of the project,
the cash flows (the movement of money into out of the business)drdiat@roject are
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determined, and the time value of money is taken to consideratiors¢xyudting future cash
flows by the appropriate rate of return. [7] The NPV formula can be as fallows

n
ag
NpEt=0 s 6.1)

Where ais equal to the cash flow at the time t, i represents theirezl rate of return, or
discount rate. The terms capital cost and alternative cestlao used for i. As these terms
imply, r represents the investor's costs related to not empgjofie capital in alternative
investments. In the projects with known cash flows in advance, the athesfireturn related to
risk-free investments, such as bank deposit, can be used as tHerhsidiscount rate in NPV
formula. In order to outweigh the possibilities of unfavourable outcorhes the cash flows are
uncertain, which is the common case, the cash flows are normatgsents by their expected
values E[g and rate of return is then increased based on their Capitat Agicing Model
(CAPM). This is not representing all the risk adjustments, dméy systematic risk will be
addressed by such approach and it will ignore the unsystenskicThe unsystematic risk is
related to the specific project uncertainty, such as accigdgnthence, the systematic risk refers
to the general market movements, such as movement cased by political evénts. [14

Cost-benefit analysis can be distinguished by the cost-effaesge analysis. The cost-
effectiveness analysis can calculate the form expectedoeosixpected saved lives (statistical
life) indices. Although, such analysis can not explicitly assigmesab the benefits, such as
statistical life, as is essential in the cost-benefit analysis. [10]

6.3 Comparisons of approaches and some concluding remarks

The main obstacle between these analyses is to what extestwilleng to make the factors in
the problem clearly comparable. Different views are exist éatvexpertise regarding to which
of these analysis can be used in problems. Usually, safetyiekkero adopt cost-effectiveness
analyses, while, economists and decision analysts prefers to adojecest analyses and
expected utility theory in their problems. [10] In many literadureee e.g [15] and [16],
comparisons and the frame work for using such analyses can be founmairhpoint here as
ref. [10] and [14] illustrated one should see these methods as ateokhich can not replace
the management review and judgment. These tools can provide a usefudbbaneasuring and
development of the goodness of decisions, but not in the traditional wpsowatling hard
recommendations.

6.4 axioms

Consumer behaviour's fundamental axiom is summed up in one statemarg: Sagople
choose the best thing they can afford”. In the way of understacdimgumer behaviour, three
different steps need to be explained;
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Consumer preference, Budget constraints and Consumer choices

To explain the concept of consumer preference economists try t@raose question on how
consumers preferences one good to another. They answered this questesctiibing these
preferences graphically. Before introducing these graphs some asmsmgttould be explained;

» Completeness: preferences are assumed to be complete. Invotbey market baskets
(bundle) are comparable and rank able. Thus, for two imaginary niedletts A and B,
the consumer can prefer A to B, B to A, or be indifferent (each bwsadisfied the
consumer equally). [17]

* Reflexive: Any bundle is at least as good as itself. In nma#iieal language for each
combination of two goods such asand % we can write: (xX2)>(X1,X2).[18]

» Transitivity: preferences are transitive. Transitivity can lmest explained
mathematically. Let's say the consumer have three bundles sukfxgs;), B(yi,Y-)
and C(z,2,). If he or she prefers A to B: {X2)>(y1,y2) and B to C: (y,¥2)>(z1,22), Then
this consumer will prefer A to C: {x2)>(z1,22). [17]

* Monotonicity: More is better than less. Consumers are neverasatsfsatiated, more is
always better, even if just a little (as long as we don’t henkesirable goods such as air
pollution).[17]

6.5 Indifference curves

The consumer’s preference can be shown in different curve whidilésl indifference curve.

An indifference curve represents all combinations of bundles thatderoke person with the
same level of satisfaction. As an example, assume Tina amdie with two services,1X
internet and x telephone. She will be satisfied if she uses 10 hour telephone and 50 hours
internet per month. She will also be as satisfied if 20 hours teleaimon®0 hours of internet are
given to here. Figure 1 shows all the combinations of consumiagd«x which satisfy her.

60
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20

10

0

Intternet (units per month) X,

0 10 20 30 40

Telephone (units per month) X,

Figure 6.1 An Indifference curve
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This graph illustrates the internet consumed hours per month on thertakiaxis and the

monthly telephone consumption on the vertical axis. The curve illestthé bundles for which
the consumer is indifferent toy(x). [17]

6.6 Indifference maps

Consider the above example again, all the combinations of personsiefeas be shown by a

set of indifference curves called an indifference map. Figureh@ws an example of an
indifference map ¥ Vs, Va.

Good 1 (x)

Good 2 (x3)

Figure 6.2 An indifference map

As more is better, vhas the highest level of satisfaction andthe lowest level. Note that
indifference curves can’t cross each other. If like in figitbey cross each other then points A
and B locate in the same indifference curve that means, henceoriBener is indifferent
between them (they locate in different indifference curves)soReas indifferent between A and
D. Consequently, he or she should be indifferent between B and D. Thushthag be on the
same indifference curves. However, as figure 6.3 shows these twis poe in the different
indifference curve yand \y respectively. So, indifference curves can't intersect each other. [17]

Good 1 (x;)

Good 2 (x3

Figure 6.3 indifference curve can’t cross
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6.7 The shape of indifference curve

“The shape of an indifference curve describes how a conssmaélling to substitute one good
for another’[17]. It's reasonable due to the fact that real life is full tafde-offs. Tina

consumption example illustrated that she is willing to give up 20 hafuirgernet to gain 10
more hours of telephone service.

Many different kinds of indifference curve established in economical warbih as perfect
substitutes, perfect complements, well-behaved and so on.[17] Due to the aim ofthjtilg
the well-behaved indifference curve is explained here. Interestedseadesncouraged to read
literature in the field of microeconomics, see references [10] and [11].

6.8 Well-behaved indifference curve

Recall the assumption in the indifference curve: more is b&ttiendtonicity).It is obvious that
by applying this assumption resulted curve has negative slopee nove from the right to the
left of the curve then he/she will see a worse position, and if amwe finom down left to the
right up he/she will has the best position. [17]

The other assumption here is: an average is better than egtr&wo, if two bundle such as
(x1,%2) and (y,y») are selected from one indifference curve the assumption says that

1 1.1 1

=X+ = X+ =

SXEF Y1, 5Xot oY2) (6.2)
Actually, the above assumption is a special case of the below assumption when t=12

(8¢ (1- hyr, o + (1-t)yp ) when @ t<1 (6.3)

The assumption above can reveal the convex shape of a well-behavestenddéfcurve such as
figure 6.4, because a convex set has the property that if yoangkevo points in the set and
draw the line segment connecting those two points, such line segamehe laid entirely in the
set. [2]

Better
bundleg |

Good 1 (x)

Worse
bundles

Good 2 (x)

Figure 6.4 Monotonic preferences
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6.9 The marginal rate of substitution

It's useful to know the amount of the consumer is willing to give opnfone good to obtain

more from the other good (s).This amount is called the margiteabf substitution (MRS).As a

matter of fact, it's the same as the slope of indifferenagwe; also, recall that the slope of
indifference curve is negative, so MRS is a negative number g pa@t on indifference curve

for two goods (xX2). Equation (6.4) shows the relation between MRS and slope of inddtere
curve in a mathematical way. Figure 6.5 shows it graphically.

Slop%i% = marginal rate of substitution (6.4)

Good 1 (x;)

(ioocil (x2)
Figure 6.5 The marginal rate of substitution (MRS)

The well-behave indifference curve above shows MRS will deereég going down on carve.
This means that the consumer’s willingness of using one good decdfeas give him or her

more from one good. It can be also seen as just another justifitatithe convex shape of the
well-behaved indifference curve. [17]

6.10 Utility

“People obtain utility by getting things that gives them pleasund by avoiding things that give
them pain”. [17]in economy it refers to the “giving number to the satisfacti@at & consumer
gets from a bundle”.

6.11 Utility Function

Utility function is a formula that assigns number to every cominnaif bundles (indifference
curves)in the way that the more-preferred bundle (indifferent cwhieh is located on the right
side of the graph) has a higher number than the bundle which iprédssred (indifference
curves which is located in the left side of graph). For exampledmnthe bundle of v(xxy)

with utility function equal to v(xX2)=x:°%2> . Related curves are depicted in figure 6.6 for
v=1,2,3.
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Good 1 (x)

9

4
1

Good 2 (x3)
Figure 6.6 indifference curves for different v values
6.12 Budget Constraints

In real life consumer have various limitation for using the gsuath as budget. Remember the
Tina example she has a limited income per month. Let's sapahes income monthly and
assume she just want to spend all her money on two services (redlephone).The price
of telephone is Pand the amount that she use it is T, also price of interngtses R and the
amount of she use it is I. The amount of money she will spend phtele and internet services
are RT and Rl respectively. As a result, the combination of two servicessthatcan buy will
all lie on this line: TR+IP=S, which is plotted in the figure 6.7.

A

e

Budget Line

(monthly)

Internet

Teiephmle | S
(monthly) P
T

Figure 6.7 The budget line

In economical terms, budget line indicates all the combinations aidT| for which the total
amount of money spent is equal to income. It's obvious that by aigatige amount of income
the budget line location will shift to the right, also, a changéénprices of services or goods
can change the slope of the budget line.
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6.13 Consumer Choice

The fundamental logic in consumer choice is one clear and Iagoéénce:"consumers choose
the bundle that maximises their satisfaction from their segdtlid[17] So, maximizing the
bundle must satisfy two conditions:

* It must be located on the budget line: As budget line includes the maximum amount of
money that the consumer has.

* It must give the consumer the most preferred combination of goods and services.

Meeting this condition will force us to one point on the indifferenceecwvhich is the point

where the slope of the indifference curve is equal to the slopleedbudget line. Figure 6.8
shows this situation.

Good 1 (xy)

Gonci 2 (X4
Figure 6.8 The optimal point

As figure 6.8 illustrated, point A is the point of tangency betwbenindifference curvezvand

the budget line. Such point is called optimal choice. At this pdiRE is equal to budget line
slope. [17]
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7 Further work

In projects that affect safety there are risks and unceesirglated to different attributes, such
as future income, costs, loss of lives, damage to the environment andRisk management is
all activities used to manage these risks and uncertaintieswutlher of this thesis wants to work
on the development of new knowledge, principles and methods to improvsktnganagement,
especially addressing issues related to the problem of hadatin@ different concerns safety and
economy.

The purpose for the near future is to improve the paper in thdlpairthis thesis with some
numerical simulation (comparative statistic) and publish it on the journal.
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SOME CONSIDERATION ON HOW OFTEN SAFETY CRITICAL VAVES SHOULD BE
TESTED BASED ON EXPECTED UTILITY THEORY

ABSTRACT

The regulation given by the Petroleum Safety Authority NorlBAN) requires annual testing
of safety critical valves. In the present paper we distusgationale for this requirement, as
annual testing by the operators is considered as too strict.Xpeeted utility theory which is
the backbone for all economic thinking is used as basis for the simcusVe show that
requirements formulated by the authorities on how often safdigatvalves should be tested,
usually will be stricter than what the operators prefer. We show that the requirement on
annual testing likely will be too strict also from a sagligtoint of view, if the effects of annual
testing are seen only as improvements in reliability of theegalOne is then disregarding the
fact that testing of safety critical valves also has negatfects on safety for those who perform
the tests, as well as negative effects for the environment.

1. INTRODUCTION

In 1998, the Petroleum Safety Authorities Norway (PSAN) gaveuictstns to the oil and gas
companies for testing of safety critical valves. The nastructions was based on the inter alia
Section 42 old existing regulation where there were instructmmestablishing a test program
for safety critical valves, functionality tests and leakage tests.

In this paper we will use safety critical valves such asrgemey shutdown Valve (ESV) as an
example from the oil and gas industry. However, our arguments antsrean be used in any
industry which safety of testing is a critical issue in their field of work.

According to PSAN the Emergency Shutdown Valves (ESVs) shoulddbedtat least once a
year. This kind of testing should not only cover the all parts of dfetysfunction, including
closing of the valve but also, it must take into consideration thk@dearate through the close
valve. [1], [2] The traditional way to ensure that there is no leakiagugh a valve in closed
position is to arrange a differential pressure over the valvet@uigtect a possible pressure
change in the inventories upstream/downstream the valve, dued&agé through the valve in
closed position [9]. Some of the valves in the gas support netewekhowever located
upstream/downstream large gas inventories on the seabed. In st casebe very costly to
introduce a differential pressure, and also technically chatigrig carry out a test as described
above.

!In this paper some texts are inspired from [4] Efldlue to publish the extended version of prepaper under the
name of both authors Moharramzadeh A. and AbrahaiBdg.
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Doing such test requires that the production be shutdown. More preferaddg tests are
planned to be carried out in the turnarounds. However, often some fawlitggers do not like
to have a yearly turnaround. In such a situation they are forcgtitadown the production for
several hours to do valve testing by law. Such shutdown is not desoabl@nager(s), not just
because of lost the production time and money, but the fact that theyvare of the negative
shutdown impacts on their safety level due to manual intervention in to the hydroceastawn. sy

Firms complain that cons of annual testing are much higher tharogdor them on their safety
level. We can see testing in relation with safety. This relation can bebdesby three elements;
first the testing of the component normally reduces the probabiflifgilure and increase the
safety level relatively. Then, one can say regarding to safety and thisng¢lperform testing in a
very short period to increase the reliability and relativelgtyafSecond element is that often
doing testing (or shortly after tests) is involved with some proibaloif accidental events. The
third element is that failures are often introduced during executiciesting. The last two
elements are negative impact of testing. Due to such negativetgripen says that the annual
testing is too strict. [3]

But does it mean that annual testing of ESVs is inappropriatearOwe say that annual testing
is appropriate even if it is inappropriate for the company?

To answer these questions we use the expected utility as a foarfdatour argumentation. The
expected utility theory, as a backbone for all economic thinking,ssthtg the best decision
alternative is the alternative with the highest expected utility. Wenatilrepeat the rationality of
this principle, but it has validity under very reasonable conditiondofyical and consistent
behavior; see for example [4].

The purposes of this paper are twofold. First-we show that requitenf@mulated by the
authorities on how often safety critical valves should be tesselly will be stricter than what
the operators prefer. The reason maybe is that the authorgiesataking into account the
negative cost of testing and operator’s activity usually causegiveegaternalities to society.
Second-we show that the requirement on annual testing likelybwilioo strict also from a
societal point of view, if the effects of annual testing aensonly as improvements in reliability
and relatively safety. The above statements are in linte tvét fact that the investment on the
testing as a reliability increasing tool for an expectddyumaximizer will normally be higher
in circumstances where one omits the negative impacts of testing.

This paper is organized as fallows; in section 2 an expectéyg middel is developed to analyze
the appropriateness of annual testing of safety critical vdlssin the view of firm then
regarding society point of view, when they consider the negatmnpadt of testing. Then in
section 3 regarding finding optimal interval for testing, a sdmtussion about the value of a
statistical life is given. Finally, in section 4 we draw some conclusions.
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2. AN EXPECTED UTILITY MODEL FOR ANALYSING THE APPRORIATENESS OF
ANNUAL TESTING OF SAFETY CRITICAL VALVES

In this section an economical model is developed to study the appeopsa of annual testing
of safety critical valves in decision-making. Attention is gite both firm and society view.
First we will see the appropriateness of using annuahtefdr an expected utility maximizing
firm.

2.1 On the appropriateness of annual testing of safety criticaés/dbr an expected utility
maximizing firm

Consider an assumed firm that has interest in one oil and gasTie$ company has preference
over wealth x and non-economic variable h. In the following, h is referred to an ex{atatity
but it can be also any kind of non-economic values such as injurieréfegences can be
represented by the utility function

U(x,h)
We follow the standard in the literature and assume that tlity €aihction has a concave form

and it is increasing with x. The relevant marginal utiligyy@efine with @U/ax) that illustrate

the wealth increases. The firm then considers the utility @xéa dollar of wealth to be higher
when it is relatively poorer than the utility of an extra doNden it is relatively richer. We also
assume that the utility function is decreasing and convex on h.iriinéhen considers that the
disutility of one extra fatality is reduced by the number aiflfties. This indicates that the
disutility for the first fatality is higher than the disuyl of going from 10 to 11 fatalities. We
assume in the simple model for this firm there are just tatesbf the world: one where there is
no accident and one where an accidental event occurs. If an accslemtiahot occurs the firms
wealth and the number of fatality are respectivelyamd h (h;= 0). Also, we can assume the
firm’s wealth reduce to a leveb Xxo<x;) and the number of fatalities increase to a leydhjr

0) if an accidental event occurs. We assume also the firmshweduce with a constant level A
if an accidental event happens. Such assumption seems reasonablryirta®@s such as
emergency shutdown valve (ESV) failure which can lead to thfpialost. The initial number
of fatalities given an accidental event and the initial wealéhhe and X%, respectively. The
probability of an accidental event (being in state 2) is denoted p.

Suppose that the firm’s probability of an accidental event is depgiodirihe period of testing
the safety critical equipment in the field, such as critsediety valves for example ESVs. We
suppose that the period length of doing tests depends on the investmdssts. Thus, the
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probability of accidental events depends on r, P(r).It is logacalssume that the probability of

failure P is the concave decreasing function 3?’;‘br <0 andazp/azr < 0. This means that the

probability of failure will be reduced by decreasing the megstinterval (increasing the
investment on testing). In practice it is sometimes notydalle because of testing failure
occurrence.

The magnitude of increasing number of expected fatalities (vVhdepe the investment r. If we
consider the (v) as an expected value of fatalities, then it depanpsobability P of accident
which depends on r. Thus, we can assume that v is a convex increasitign of r,a”/ar >0

andan/azr < 0. We can say that the expectation of fatalities will inoeebshe accidental event
occurs during testing the ESV.

Collecting the above, under these assumptions the firm’s probleendsobse r in order to
maximize;

EU max= [1-P(] U(x,hy) + P(NU(e,hp) (2)
Where

X1=Xo-T; %=Xo-T-A ()
and
h=0; b= ho+v(r) (4)

The derivative of the expected utility with respect to r is;

OB 5 = [(=2P/a, JUCtih)| + [9Y/5, (~DA~PON|+ PF/5, U by +

[P(r) Y/, COI+ 19U/, (0)P()] =0
-PU (X1, ) -Usa(1-P(1)+RU(x2,h)-P (1) U+ UnaV/ P (1)=0

P{U(X2)-U(X1)]=Uxa(1-P(r)) + P(NU2 —P(r)V; Un2 (5)

P = [1-P(1)]Ug +P(1) Uy —P(1)Up Vi
I U(x,.hy) -U(x,.hy) o

Where U; denotes partial derivatives of, With respect to i, ) denotes partial derivatives of,U
with respect to i, Vis the derivative of V with respect to r andi® the derivative of P with
respect to r. Note that, hich can be calculated here is a negative value due to the oéture
expected utility theory which states that U is a concave negldgnction so, U(xhy)<U(x1,h).
Thus, the denominator of equation 4 is negative.

From the equation (6), the essential condition to maximize theydtihiction is that a marginal
decrease in the probability of failure due to an increase of thetmeats in testing be equal to
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the expected utility of consumption in wealth, [1-P (P (r)U;, minus disutility of expected
fatalities due to increasing the investment on tests, Rif)ldivided by two states of utility,
U(X2,p)-U(X1,hy). [10] This means that the firm’s optimal investment in tesigngt the point
where the marginal utility of the last dollar spent on reduahqgorobability of accidental event
is equal to the reduction in probability in losses, caused by theddat spent on testing. The
marginal utility spent on increasing in reliability consief two parts;I) marginal utility from a
decrease in the wealth, (1-P(nN):¥ P(r) U, and {I) marginal disutility from an increase in the
number of expected fatalities; 31V, P(r). Hence, even though the fatalities regarding tests can
not decrease or increase the reliability, it will influence ftlma’s decision as long as the firm
considers about avoiding accidents. If firm omits this term in the pmbidich means that firm
is not take into account the expected fatalities during testsh@tly after that), then the firm
will increase the investment of tests and relatively shorteretbteperiod without considering
about the whole safety level. This seems to support the notion tigigariacus only on testing
as a tool for increasing reliability in absents of seeing @spotential activity that can affect the
expected fatalities, will lead to underestimating the safetgsures and it will if the effect of
negative impacts of tests are not taken into account.

As we see from the condition (6) firm’s can find the optimal pfun®; and relative investment
on testing or similarly the test intervals. Now assume th#hancase of testing ESV the firm
optimal point of investment, which is calculated by equation (6),itha@tpoint * which
denotes investment r* and the relatively test pettod

To graphically show the results of firm’s decision problem, Wieviothe literature standard and
introducing % axis as the investment on testing of safety critical vaW&sintroduce the xaxis
as investment on other activities in figure 1. We assume hégothe firm has the constant
income (budget line). The budget line for the firm is shown in figure 1.

X

Budget
Line

INVESTMENT
ON OTHER ACTIVITIES

X
INVESTMENT
ON TEST
Figure 1. Firm’s budget line

By putting all the non-economical terms,(\ito monetary value (e.g. by the equation 18 in
section 3 of present paper or [5]), we can find which combination betweed % that will be
optimal for the firm. The firm optimal investment on testing ofshéety critical valves depends

43



on the firm’s preferences. To graphically illustrate the 'Brpreferences for all combinations of
x1 and %, we can draw a set of curves that each provide the firm Wwehsame level of
satisfaction. These curves are known as preference curves. driieesn infinite number of
indifference curves, one for every possible level of satistact In fact, every possible
combination betweenixand % has an indifference curve passing through it. In figure.2 there
such curves are depicted.

X2

X
Figure 2. Indifference curve map forand %
Combination betweenpand % on Us are preferred to those on,Wvhich in turn are preferred to

those on . This is simply a reflection of an assumption that more idgnexd to less, as maybe
seen by comparing A, B and C.

Given the indifference curves (preferences) and the budgemmean determine how much
money the firm will invest in the testing. Assume that then finvests in testing to maximize
satisfaction (normally profit) they can achieve, given the possihtece available. Figure 3
shows how the problem is solved.

Xz

Figure 3. Optimal investment on testing in the firm’s view
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Point D on indifference curve;Us not the most preferred choice, because the firm can move to
a higher utility level by spending more money in the testingnil&ily, the firm can do better
than point F. The firm can then move to a higher utility level by dhgds invest less money in
the tests. Thus, point E maximizes the firm’s satisfactiorthist point the slope of the budget
line is equal to the slope of the indifference curve. In the ecoabigrature, the tangent to the
budget line and the tangent to the indifference curve are referrad the Marginal Rate of
Transformation (MRT) and the Marginal Rate of Substitution (MR&pectively. We can see
that at the point E, MRT is equal to MRS, MR$ MRT. At this point the firm invest an
amount of r* on testing, which will reduce the investment on othigritaes to the point a. The
r* represents the amount of money the firm willing to spend on tegthwcan denote the test
intervalt*.

2.2 On the appropriateness of annual testing of safety critical valves fracrabpoint of view

An optimal point of investment on testing, and relatively testingrwad, for society is equal to
the optimal investment on testing for the firm if no markdtifas exist. A market failure exists
when the production or use of goods and services by the marketafficient. One important
instance in which market failure can occur is externalities.eRternality is an economically
significant effect due to the activities of an agent/fimattis not influencing the agent’s/firm’s
production, but which influences other agents’ decision [6]. Externatiiesbe positive and
negative. The standard example of negative externality is pollfrtbam one firm that reduces
productivity or well-being for other firm/individuals. Howevercén just as well be the effect of
accidents caused by a firm’s activity if the firm doesta&e these into account when managing
its activity. An example of a positive externality is théeef of a bee farmer’'s activity on
surrounding fruit farms. If the firm is in some way made to thieeexternality into account, we
say that the externality is internalized, and it is not an externality @eyi7]

The analysis regarding the appropriateness of annual testingety satical valves from a
societal point of view in a situation with no market failuresqsial to the analysis from section
2.1, as an optimal investment in testing for the society is equidet optimal investment in
testing for the firm if no market failures exist. Certajrtlye annual testing of the valve, which
requested by regulations, cannot be appropriate for society whearketrfailure exist. But can
we draw the same conclusion in situations if market failures exist?

To answer this question we have to expand our model from section Zriclbging the
externality, z, as a new factor. You may look at the externality as a costafidendal event for
society which is not a cost for the firm. The externalityt depends on the non economical term
h, which depends on investment on testing r. Thus, z depends on r. We asstrttes tha

externality cost z(r) is an increasing and concave functior??yiap,> 0 andazz/azr <0.
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As the externality is not a part of firm’s decision problem,dpgmal investment in testing for

the firm is r* in the same way as mentioned in section 2.1. Howaeemvestment in testing is

too low from societal point of view. The firm takes account ofptheate costs of an accidental
event (the costs that it imposes on it-self), but it ignoresdbietal costs (the private costs plus
costs that it imposes on society).

In order to determine the optimal amount of money spent on testing drsocietal point of
view, we ask what would happen regarding the investment on testiogtd imposed by the
firm on society are borne by the firm itself. In this case the firm would ehotus

EU max= [1-P(r)] U(x,hy) + P(nU(e,hp) (7)
Where

X1=Xo-T; %=Xo-I-A-Z(r) 8
and
h,=0; b= ho+V/(r) 9)

The first order derivative is;

OEU 5y = [(=F /5, JU Ger k)] + [0V 5, (=)@~ P))] + 9%/, Uy by )] +
[P(T) aU/axz (—1)] + [aUﬁahz (Vf')P(T)] +[6U/axz (_Zf‘)P(T)] =0

-PU (X]_, hl)-le(l-P(r))+F?U (Xz, hz)-P(r) Ux2+Uh2VrP(r)-szer(r) =0

PLU(X2,h)-U(x1,h)]=Usa(1-P()) + P4 —P(NV; Un+P(F)ZUso (10)
P= [1-P(0)]Uxi +P(1) Uy —P(1) Upa Ve + P(1) Uy Zy
r Ulx,.h,)-Ulx,.h)) (11)

From the equation (11), the essential condition to maximize tliy @dihction is that a marginal
decrease in the probability of failure due to increasing of the timegg on testing be equal to
the expected utility of consumption in wealth, [1-P(RP(r)Uq+P(r)U2Z;, minus expected
disutility of expected fatalities due to increasing the investnon tests, P(r\3V,, divided by
two states of utility, U(xhy)-U(x1,h1). As we mentioned before, This means that the firm’s
optimal investment on testing is at the point where the margihgy of the last dollar spent on
reduction in probability of accidental event is equal to the reductiqerdbability in losses,
caused by the last dollar spent on testing. Now assume that tisemewe on testing which can
satisfy the equation (11) is r** and the relevant testing intestauch investment is**. By
comparing the equation (11) and (6) we can see that in the equatiame(hiye a positive term
P(nZUy,, is which reduce our Rrecall that Pis a negative value) and relatively increase
investment on testing. Thus, the investment regarding new probaijiligflure would be r**
which is larger than the previous optimal investment r*, r**>r* andtingly t** is shorter than
the t*, t™*<1*. This means that the marginal utility benefits of a given stwent in testing
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increase if all the costs are taken by the firm compardtiecituation where some costs are
taken by society and not by the firm itself.

We can say that the marginal rate of substitution (MRS) irsticgety point of view is higher
than the marginal rate of substitution for the firm; MRSy> MRS:m. To graphically show
such a situation we can say that the optimal investment in tivegtés the firm implies that the
marginal rate of substitution for society is at the point wiscreater than the marginal rate of
transformation; MR&ciety> MRT. Recall that the optimal point of investment on testing ibeat
point E for the expected utility maximizing firm in figure \Bhere the marginal rate of
transformation (MRT) is equal to marginal rate of substitutidikR$), MRT= MRSm. The
requirement MR&iety™> MRT dictates that the optimal solution from a society point efwvi
(point F) is to the right of point E. Figure 4 shows this situation.

Xz

X
Figure 4. Investment on tests in the view of society

From figure 4 we can see that point F is not optimal for the dsnMRT at this point is higher
than MRSm. The firm could be better off if the investments on the testmegraduced.
However, at point Ehe MRT is equal to the MR&:ety This means that society can be better off
if more money is invested on the testing of safety critical valves.

This can be a support for the society emphasizing on strict regulaitiannual testing of safety
critical valves. We can see from the above graph that the sstietyd force the firm to take in
to account the society costs and invest more on tests. Such ¢arcdse done by regulations
which are in line with the Jones-lee [8]. Jones-lee statedhbaise of acceptance criteria from a
societal point of view can be appropriate, even if such criteriateith& axiomatic basis of the
expected utility theory. However, in practice it is not possilole the government to pay
attention to individual situations. The same requirement has to beeddfipt all possible
situations; otherwise the inefficiency in the allocation of seaesources is then very likely.
This is in line with [7] where it was shown that the use of pieceee criteria can be appropriate
for society if government adopted such a requirement for each possible situation.
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Now, we want to see the firm’s problem of finding the optimal poinheéstment on testing
with the standards (regulation) requirements. In the standardsutherity requests the safety
critical valves such as ESV’'s to be tested annually. If thjulagion takes to account the
negative impact costs of testing such as expected fatathiesefm (V(r)) then the optimal point
for the probability of failure in the society eye is equal witk standard. On the other hand,
what will be the firm decision problem if the standards do not take account the negative
impacts of tests? To see the influence of such ignorance imnriie problem, we will show the
expected utility maximize without considering negative impa€tgests. Such expected utility
could be;

EU max= [1-P(1)] U(x,hy) + P(NU(e,hp) (12)
Where

X1=Xo-T %=Xo-r-A-Z(r) (13)
and

=0 b=hy (14)

The first order conditional is

OBV oy = [(= /5, JUCer. k)| +[9V/5, (~DA—PON| +[0%/5,UCx; y)] +
[P(r) 95, D1 +[%Y/5,,, (=21)P(]= 0

P{U(X2,hp)-U(X1,h1)]|=Uxa[1-P(N)]+P () Ue+P(r) ZUx: (15)
p = [1-P(0)]Ux+P(1)Ugy +P(1)Ug, Zy
! T_T(Xl .113) —T_T(Xl .111 ) (16)

Condition (16) says that a marginal decreasing of the probabilfigilafe due to increasing of
the investment on testing is equal to the expected utility of cqusumin wealth, [1-
P(N]Ux1+P(NUe+P(r)Z Uy, divided by two states of utility, Up)-U(X1,hy). This means that
the firm’s optimal investment on testing is at the point wheratitiey of the last dollar spent on
reduction in probability of accidental event is equal to the utlitthe reduction in losses. The
marginal utility spent on reduction in probability only consists of riteginal utility from a
decrease in the wealth, (1-P(r):¥ P(r) Ux+P(r)ZUy. This result can explain the state that the
testing is a tool for reducing the probability of failure and ¢mty thing that can stop the
investment on testing from going to infinite is the cost ofrigstAssume that P* can satisfy
condition (16) which is equal to annual testing of the vaw&) and investing on testing
(r***). By comparing the two conditions (11) and (16), we can see tmatpbsitive term of
(Un1V(P(r)) omits in equation (16). It means that the ne¥#*Hs less than the previous one
(P**), recall that R is the negative value. Regarding to our first assumption whigtoksability

is a concave reducing function of (r), the company should invest mah on tests(r***>r+*).
Thus, the test period in the view of standards for the firmss tean calculated period with
respect to condition (113%*< t**). This means that the request for the annual test of safety
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critical valve is too strict in the society view. This metra the requirement of annual testing
of safety critical valves underestimate the safety measuresr&ughement can not increase the
safety level, but also increase the probability of an accident such asefathiring testing.

From the analysis above, we can see that the use of an annumy tetdival for the safety
critical valves can not be appropriate for society, but can only be inappropriate.

Collecting the above arguments, the calculatedinPthe view of society, £ should be
somewhere between*Pand R*** P *<P**<P *** The investment on testing should be
between the standard view and firm view. Thus, the interval betwseshisuld be betweeri
andt***, t***< t**< t* This indicates that the marginal utility benefits of a givevestment in
testing increase if we ignore negative impacts of testingyraphically show this results we can
say that the marginal rate of substitution in the standards weawgher than both firm and
society point of view, MR&ndard>MRSsociety MRSsm. This circumstances denotes that the
marginal rate of investment on testing for the regulation (stdeylas at the point which is
greater than the marginal rate of transformation in then fiand society view,
MR Sstandar® MR Ssociet? MR Seirm=MRT. According to this requirement the optimal solution from
a standard point of view (G) is to the right of point E and F. Figure 5 shows this situation.

Xz

X

Figure 5. Optimal investment on test in standard, society, Firm

Figure 5 illustrates that point G is not optimal for the firsnMRT at this point is higher than
MRSerm, in addition, this point is not optimal for society as MRT at this point is also greater t
MRSsociety Both firm and society could be better off if the investments stintg are reduced.
This means that the annual testing intervals of safetyalritadves are too strict for the society
and the firm.

Hence, we can not omit the term P4, as we argued in section 2.1. Also, we have to note
that an increase in fatalities will increase the soaetgst of accidents. Thus, society can not
omit the term that includes the expected fatalities during testing.
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Until now attention has been given to not neglecting the negative irnpgest, also, we show
that annual testing of safety critical valves is too strict for soaietlyfirm. One can also ask then
“what is the optimal period between tests?”

3. THE VALUE OF A STATISTICAL LIFE

Up to know we present model in line with the principle of manyaresers in safety in which
there is no explicit trade-off between wealth and fatalittemsvever, from the above analysis we
can conclude the fact that when the expected fatalities inclmdéak imodel, it influenced the
magnitude of the investment on testing. Most economists will detias trade-off as being
present independently of whether it is explicitly made, as tbhesida made in each case will
reveal how many resources one is willing to invest to reduaéties, and thereby the value of a
statistical life (VSL).

That any decision that includes the fatalities during tesisvalue of a statistical life can be seen
by finding condition below from equation (6).

V. _ I-P@]Ua +P(1) U ~R[UG;,h) -UGx;.h, )]
P(r)Up, (18)

From the condition (18) we can see that changing in the numberabfiéatdue to increase in
the investment on testing, relatively decrease the intervalebetviests, is expressed as a
function of the other values. One can calculate the VSL just tingéntegral from V. Use of
such values at least can avoid more resources being spent on tesinogetise reliability
without considering the negative impacts of testing.
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4. CONCLUSIONS

We have shown that the annual testing of the safety critidabsasuch as ESV’s is not
appropriate, but inappropriate for both firm and society. In fact we Baown that such interval
is too strict for firm if they take into account the negatingact of testing. Such negative
impact, as we use in this paper, can be increasing the expeeiétator the testing crew. By
ignoring the negative impact of testing one may then in tretyspbint of view say that invest
on testing to the infinite to increase the reliability, howevas is acknowledge that testing it
self can be a potential activity that can reduce the whole¢ydafeel of firm, in addition, tests
have negative impacts for the one who perform it as well asnvieonment. Moreover, by not
taking this into account when making decisions, one is likely to alaesources inefficiently
when managing risk, thereby underestimating the safety level.h#ve shown that the
requirement on annual testing usually is stricter than what ritne fprefer. The main reason is
that firm’s activity usually causes negative externalitie society. Also, we have shown that
yearly testing of safety critical valves is too strimt $ociety point of view due to considering the
negative impacts of testing as long as they consider about avoiding accident.

At the end, we have shown that for finding the optimal investmenttinde# will fruitful if we
calculate the VSL in every situation. Although, we have to notegikiang just one value to all
situation can be a recipe for disaster. Thus, in every circunestaachave to calculate the
probability and consequences of testing failure.
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