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ABSTRACT

This report presents brief history and a state-of-the-art survey of Life Cycle Cost
(LCOQ) analysis, in particular LCC analysis in oil and chemical industries, based on a
detailed literature survey, internet-web browsing, and interviews with experts. A
main objective of the LCC analysis is to quantify the total cost of ownership of a
product throughout its full life cycle, which includes research and development,
construction, operation and maintenance, and disposal. The predicted LCC is useful
information for decision making in purchasing a product, in optimizing design, in
scheduling maintenance, or in planning revamping. This report presents a LCC
procedure consisting of six steps, which are “Problems definition”, “Cost elements
definition”, “System modeling”, “Data collection”, “Cost profile development”, and
“Evaluation”. Sub-activities to be encompassed in the six steps procedure are
described. This report also presents codes and standards related to LCC analysis,
and software tools for LCC analysis. Appendices include a list of references, samples

of cost breakdown structure, and descriptions of software tools for RAM analysis.
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1. Introduction

This report presents a general introduction to Life Cycle Cost (LCC) analysis, in
particular LCC analysis applied in oil and chemical process industries. Most of the
content in this report is based on a literature survey and interviews with experts

within LCC analysis and reliability engineering.

Life Cycle Cost (LCC) analysis is a collective term comprising many kinds of
analysis, e.g., reliability-availability-maintainability (RAM) analysis, economic
analysis, risk analysis, and so on. A main objective of the LCC analysis is to
quantify the total cost of ownership of a product throughout its full life cycle, which
includes research and development, construction, operation and maintenance, and
disposal. The predicted LCC 1is useful information for decision making in
purchasing a product, in optimizing design, in scheduling maintenance, or in

planning revamping.

LCC analysis may be applied for®1:

- evaluation and comparison of alternative design;

- assessment of economic viability of projects/products;

- 1dentification of cost drivers and cost effective improvements;

- evaluation and comparison of alternative strategies for product use, operation,
test, inspection, maintenance, etc.;

- evaluation and comparison of different approaches for replacement,
rehabilitation/life extension or disposal of aging facilities;

- optimal allocation of available funds to activities in a process for product
development /improvement;

- assessment of product assurance criteria through verification tests and their
trade-offs;

- long term financial planning.

1 The numbers in superscript specify references listed in APPENDIX A of this report.
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It is easily understood that the total cost of a product through its life cycle comprises
not only “acquisition costs”, but also many other cost categories such as “ownership
costs”, like operation costs, maintenance costs, logistics costs, etc. As shown in
Fig.1-1, the ownership costs may be higher than the acquisition costs. It is believed
that a typical range of the ownership costs is 60 percent to 80 percent of the total
LCC. For instance, according to a standard of LCC analysis, the ownership costs of
a fighter aircraft are 53 % of the total LCC, and the ownership costs of a basic
trainer aircraft occupies 91 % of the total LCC®. If we do not care about the
ownership costs at purchasing a product, it is likely that we get surprised by the
growing ownership costs after the purchase. It is consequently important to try to

minimize the LCC at an early phase of the product life cycle.

Total LCC

Ownership
cost

Figure 1-1: Life cycle cost consisting of acquisition costs and ownership costs®?
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2. Definitions

Life cycle

Time interval between a product’s conception and its disposal®.

Life cycle cost (LCC)

Cumulative cost of a product over its life cycle®.

Life cycle costing
Process of economic analysis to assess the life cycle cost of a product over its life cycle

or a portion thereof®.

Cost driver

LCC element which has a major impact on the LCCW,

Cost profile
Graphical or tabular representation showing the distribution of costs over the life

cycle (or portion thereof) of a product®.

Life cycle cost breakdown structure

Ordered breakdown of the elements of cost to arrive at a product’s total life cycle®.

Availability
The ability of an item to be in a state to perform a required function under given
conditions at a given instant of time or over a given time interval, assuming that the

required external resources are provided @,

(It is assumed that Availability depends on the following three system performance

measures:. Reliability, Maintainability, and Maintenance support performance)

Reliability
The probability that an item can perform a required function under given conditions

for a given time interval (t1, t2)@?.
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Maintainability

The probability that a given active maintenance action for an item under given
conditions of use can be carried out within a stated time interval, when the
maintenance is performed under stated conditions and using stated procedures and

resources(@5,

Maintenance support performance
The ability of a maintenance organization, under given conditions, to provide upon
demand, the resources required to maintain an item, under a given maintenance

policy®,

Corrective maintenance
The maintenance carried out after fault recognition and intended to put an item into

a state in which it can perform a required function®.

Preventive maintenance
The maintenance carried out at predetermined intervals or according to prescribed
criteria and intended to reduce the probability of failure or the degradation of the

functioning of an item®.

Logistics support

The materials and services required to operate, maintain, and repair a system.
Logistics support includes the identification, selection, procurement, scheduling,
stocking, and distribution of spares, repair parts, facilities, support equipment, and

so on®D,

Supportability
Inherent characteristics of design and installation that enable the effective and

efficient maintenance and support of the system throughout its planned life cycle®9,
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3. Brief History of LCC analysis

We find one of the roots of LCC analysis in some US-Department of Defense (DOD)
programs©@7:338D_ DOD has incorporated optimization of LCC into their activities
such as logistics, operation, and acquisition. For instance, the concept of
minimization of LCC is found in a process named “Integrated Logistics Support
(ILS)’®D, a program called “Acquisition Category One (ACAT 1)’¢3 and in the
“Design-to-Cost (DTC)”3? procedure.

ILS is defined as “ a composite of elements necessary to assure the effective and
economical support of a system or equipment at all levels of maintenance for its
programmed life cycle” in DOD Directive (DODD) 4100.35 issued in Nov. of 1968 €,
The ILS has some derived programs such as NAVMAT, BUPERS, NAVFAC, and

other systems commands.

ACAT I1s a program for major weapon systems, and details a policy basis for weapon
system acquisition processes. The policy is interpreted into DOD Directive (DODD)
5000.1 which is implemented by DOD Instruction (DODI) 5000.2, “Defense
Acquisition Program Procedure” DODI 5000.2 specifies that LCC should be

considered for decision at each milestone®3.

Design-to-Cost (DTC) procedures have been included in all major U.S. Army
aviation procurements since 1972. The policy for DTC is addressed in DODD 4245.3
issued in 1983. The DOD’s policy on this concept is; Cost parameter shall be
established which consider the cost of acquisition and ownership; discrete cost
elements shall be translated into “design to” requirements. DTC goals should be
established for all elements of future LCC which are design controllable.
Acquisition strategies must then be structured to achieve these goals. In 1989, the
DTC program was approved as a tri-service document (MIL-STD-337). Nondirective
guidance implementing DTC may be found in the DOD Design to Cost Handbook,
DOD-HDBK-787.

During the period of 1970s to the beginning of 1980s, the LCC analysis was mainly
applied in the military field. After that period, the applications of LCC analysis
have spread to other industries such as aircraft, electrical power plants, oil and

chemical industries, and railway systems as shown in  Fig.
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3-1(28,38,39,124-126,129-131,133-136)
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Oil & Chemical @
7 1 &

Railway
systems

Figure 3-1: Development of LCC analysis applications
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In the electrical power plants and oil & chemical process industries, LCC analysis

seems to be more closely linked to system availability analysis,

so-called

reliability-availability-maintainability (RAM) analysis, than in other industries,

because the production regularity is one of the major topics of concern for plant

owners®83958  The importance of RAM analysis in LCC prediction has also been

pointed out in a report within the military field®3.

LCC analysis in oil and chemical industries therefore tends to focus on prediction of

the unavailability of the total system due to component failures, maintenance and

spurious trips of emergency shutdown systems(34:36,39,124),
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4. Timing of LCC analysis

LCC analysis is preferably carried out in any and all phases of a product’s life cycle
to provide input to decision makers. However, early identification of acquisition and
ownership costs provides the decision makers with more opportunity of balancing
performance, reliability, maintenance support and other goals against life cycle

costs®.

Figure 4-1 shows the typical cost profiles of commitment and expenditure of
activities performed in each program phase, and also shows the range of uncertainty
in cost prediction®. It illustrates that LCC analysis in the early program phase has
significant opportunities for minimizing the LCC, because the cost profile of
commitment rapidly increases in the early program phase. It is generally believed
that 80 % of the LCC is allocated by decisions that are made within the first 20 % of
the life of the project.

However, we also have to consider the uncertainty of the LCC estimated in each
program phase. The uncertainty of the LCC analysis significantly depends on the
timing when the LCC is predicted. It is obvious that in the earlier program phases,
the predicted LCC has more uncertainty than in later program phases. The
uncertainty that exists in the conceptual studies, are in particular quite large, and

rapidly decreases after development has begun as shown in Fig.4-1.

It 1s therefore important to decide the best timing of the LCC analysis for each
program in consideration of the trade-off between the commitment curve and the

uncertainty curve.
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Figure 4-1: An example of influence of program decision stage on LCC
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5. Basic Process of LCC Analysis

5.1 LCC Sub-processes

Many procedures of LCC analysis have been proposed526:29.30.33 Tt is obvious that
the procedures are not completely the same due to differences among the systems
analyzed. However, we find some common processes, which seem to be essential, in
all of the proposed procedures. It may be summarized as six basic processes as

follows (please refer to Fig. 5-1):

Process 1: Problems definition
Process 2: Cost elements definition
Process 3: System modeling
Process 4: Data collection

Process 5: Cost profile development

Process 6: Evaluation

Processl
Problems
Definition

Process2
Cost Elements
Definition

Process3
System
Modeling

Process4

Data Collection

Process5
Cost Profile
Development

Process6

Evaluation

{ Result
(Reporting)

Figure 5-1: The basic LCC processes in six steps
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Figure 5-2 illustrates a concept map of LCC analysis developed from the six basic
processes. Figure 5-2 shows that LCC analysis is a collective activity comprising the
six basic processes symbolized by a hexagon surrounding the core hexagon named
“LCC”. Each basic process is further broken down into sub-activities listed in each
sub-area. LCC analysis starts from the process “Problems definition”, and the other
five processes are iteratively carried out clockwise in Fig. 5-2 as long as the system
does not satisfy the criteria defined in the first process. The arrow with the word of
“Iteration” on the upper left of Fig. 5-2 expresses that a baseline system, which is an
Initial design concept, may be improved throughout the iterative LCC analysis.
More detailed information of each sub-activities incorporated in the LCC analysis is

introduced in the following sections.

*Base line system/
Alternatives

» Evaluation criteria
definition (affordability,
system effectiveness,
acceptable risk level)

» Operational philosophy,
development

¢ Optimization

* Cost break )
down structure *,
development

- Sensitivity analysis

The most S
desirable m « Uncertainty analysis
alternative i+ Costdrivers

identification

Problems
Definition

« Cost categories
definition

* Reporting » Decision Evaluation
* Availability :
Cost ¢ Maintenance and
« Model run Profile Modeling )'nspection '
« Cost treatment\ Devel. Data : LOgISt_ICS
(inflation, » Production

% time value of Collection

regularity
. money, taxes and

~depreciation) . 32’?652@2)&”'
+ Actual data * Human erro.:r_.-""
preparation « Industrial.~

- Estimation of data ecolo..g_y.-'

Note:

<:>Z A process of LCC analysis B :

Figure 5-2: ALCC concept map (The six basic processes and sub-activities)
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5.2 Process 1: Problems definition

5.2.1 Scope definition
The first step of any LCC analysis should be to clearly the problems and the scope of
work. The term “scope” means aspects, such as the scope of program phases to be
modeled, the scope of equipment to be modeled, the scope of activities to be modeled,
etc. A clear definition of the scope is necessary to get a clear definition of the cost
elements (please refer to section 5.3), which are the basis for predicting the total

LCC. We have to clearly define all assumptions in the LCC analysis as well.

5.2.2 Evaluation criteria definition
The evaluation criteria in the last process named “Evaluation” in Fig.5-1 should also
be defined in the Process 1. The criteria should encompass not only the total cost,

but also system performance and effectiveness as show in Fig. 5-3.

Cost Effectiveness
FAcquisition cost -Characteristics
-Ownership cost -Performance
- etc. - etc.

Criteria of LCC
(Cost Effectiveness Study)

Figure 5-3: Cost effectiveness studies in LCC

Figure 5-3 illustrates that decisions concerning “Cost” of a system should not be
made independently. The decisions should be made with considering “Cost”,
together with “Effectiveness” of the system as well®31249, The effectiveness may
comprise system characteristics, like production capacity, product quality etc., and
also system performance characteristics, like system availability, the safety
integrity level of shutdown systems, etc. Regulations, codes and standards, and

project specifications may specify the system effectiveness in many cases.



Page 13

Life Cycle Cost (LCC) analysis in oil and chemical process industries

5.2.3 Operational philosophy development
Operational philosophy, e.g. operational requirements and maintenance strategies,
etc., should be developed before the calculation of LCC. The operational philosophy
means, for instance, an acceptable time interval of predictive maintenance, or the
maximum available resources for maintenance, etc. It significantly depends on the

plant owners’ philosophy about the plant operation.

5.3 Process 2: Cost elements definition
5.3.1 Cost breakdown structure (CBS) development

It is important to identify all cost items, or the so-called “cost elements”, that
considerably influence the total LCC of the system. It is accordingly recommended
to define the cost elements in a systematic manner to avoid ignoring significant cost
elements. According to an international standard of LCC (IEC 60300-3-3), it is
recommended to develop a cost breakdown structure (CBS) as a basis to the
definition of the cost elements in the LCC analysis. CBS may be developed by
defining items along three independent axes, which are “Life cycle phase”,

“Product/work breakdown structure”, and “Cost categories” (please refer to Fig.5-4).

Labor cost of the product
over the life cycles

Cost l
categor‘iy' )
A
Product/work
breakdown
structure
v L

7 Labor cost
Power supply

< »

L‘ife cycle phases ]

Design and xample of a life
development cycle cost element

Figure 5-4: Cost element concept (source:IEC-60300-3-3)
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We also find a similar concept of the three-dimensional CBS in the US-DOD ILS

program®v

5.3.2 Cost categories definition
As mentioned above, it 1s very important to consider all cost element that
significantly affects the total LCC. Analogous to the difficulty to find one universal
method of LCC analysis, it is also difficult to define the cost elements that are
applicable for every LCC analysis, because LCC analysis may be applied to various
types of systems. Many configurations of the cost elements have therefore been
developed for LCC analysis(1'5:26:61,64,114124125  Samples of the definition of cost
elements applied in some industries are listed in APPENDIX B of this report as a
reference. We recommend that CBS and cost categories should be tailored for each

application area for LCC analysis.

However, we find some cost categories on the highest level that are commonly used
in many LCC analyses; i.e, “Acquisition costs” and “Ownership costs”. This
categorization of cost elements is adopted in IEC 60300-3-3. The two cost categories
may be alternatively called “Capital expenditure (CAPEX)” and “Operation
expenditure (OPEX)” in other cases, e.g. in ISO 15663. Of course, we can flexibly
expand the cost categories on the highest level depending on the system to be

analyzed.

For instance, a reference4 defines three cost categories on the highest level of the
CBS, which are “Acquisition cost”, “Operating cost”, and “Cost of deferred
production”. The cost of deferred production may be generally quantified based on
the unavailability performance of the production system, and a unit cost of the
product. The cost of deferred production may give a considerable impact on the LCC,
if the unavailability of the system and/or the unit cost of the product are high. It
seems to be common for plant owners in oil, gas and electric power industries to
contract to supply a certain amount of production within a period. If the contracted
production amount is not supplied, a penalty fee is charged on the plant owners.
Accordingly, it is a feature of LCC analysis in o1l, gas and electric power industries to

take the cost of deferred production into consideration as an important cost category.
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A reference 125 further introduces the cost induced by hazards that could occur in a
rallway system, the so-called “Hazard cost”, in addition to the other three cost
categories on the highest level, the three cost categories which are “Investment
cost”, "Maintenance and operating cost”, and “Delay cost”. “Delay coat” is rather

similar to “deferred production” in oil and chemical process industries.

Figure.5-5 shows a sample of a cost category definition, which may be applicable to
the CBS in LCC analysis of oil and chemical process facilities. The sample of the
CBS is proposed with reference to some CBSs listed in APPENDIX B of this report.

1. Life Acquisition Cost (LAC)
1.1 Equipment purchase cost
1.2 Installation cost
1.3 Commissioning cost
1.4 Insurance spares cost
1.5 Reinvestment cost
1.6 Design and administration cost
2. Life Ownership Cost (LOC)
2.1 Man-hour cost
2.1.1 Corrective maintenance
2.1.2 Preventive maintenance
2.1.3 Servicing
2.2 Spare parts consumption cost
2.2.1 Corrective maintenance
2.2.2 Preventive maintenance
2.2.3 Servicing
2.3 Logistics support cost
2.4 Energy consumption cost
2.5 Insurance cost
3. Life Loss Cost (LLC)
3.1 Cost of deferred production
3.2 Hazard cost (Liability cost)
3.3 Warranty cost
3.4 Loss of image and prestige cost

Figure 5-5: A sample CBS in LCC analysis for oil and chemical industries
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5.4 Process 3: System modeling

We need to make a model to quantify the cost elements encompassed in a LCC
analysis. To make a model means to find appropriate relations among input
parameters and the cost elements. If any existing models appropriate for estimating
of cost elements are available, we can utilize the models to estimate the cost

elements. If not, we need to establish new models for the cost elements.

In general, a system should be modeled from many viewpoints such as availability,
maintainability, logistics, risk, human error in the system, etc., as shown in Fig. 5-2.
However, it is supposed that the availability and the maintainability are the most
significant cost drivers in LCC analysis, because they may have a wide range of
impact on the cost elements categorized as operating and support cost®3.
Furthermore, availability and maintainability are parameters, which could be
controlled in a design phase by system designers. It is therefore very important to

properly model the system availability and maintainability.

5.4.1 Availability modeling
The availability of production facilities has significant effects on the cost category
“3.1 Cost of deferred production” listed in Fig. 5-5. If the product has a high selling
value, the cost of deferred production accordingly increases. So that the higher
selling value the product has, the more important it is to achieve high production

availability in order to reduce the total LCC.

A general definition of “Availability” is found in Chapter 2 of this report. In oil and
chemical process industries, “Availability” may be calculated by subtracting
shutdown time plus the loss time of major stoppage from the total calendar time of
system operation, and dividing it by the total calendar time of system operation.
This calculation of availability is only applicable, if we have plenty of data of actual

plant operation

In prediction of availability, we may use various measures®0314955  For instance,
the availability of a repairable component is approximated by dividing the mean
time to failure (MTTF) by the MTTF plus mean time to repair (MTTR) as expressed
in Eq. (5.1), if “as good as new” after repair and no trends in the time to failure are

assumed®1.49),
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MTTF

MTTF + MTTR
_ MTTF

- MTBF

Availability =

(5.1)

where MTBF represents the mean time between failures, which is equal to
MTTF+MTTR (please refer to Fig. 5-6)

time

e

MTBF

v

A

up ——

down

—>

MTTR MTTF

Figure 5-6: MTBF, MTTF and MTTR

We also find some alternatives to Eq. (5.1) as measures of system availability®0.

_ MTBF
A= MTBF + MCT
(5.2)
_ MTBM
A= MTBM + MAV
(5.3)
_ MTBM
A= MTBM + MDT
(5.4)

where:

MCT the mean corrective maintenance time;

MTBM the mean time between maintenance;

MAV the mean active maintenance time;

MDT the mean maintenance down time including active maintenance time, logistics

delay time, and administrative delay time.

Ai, As, A, are called “Inherent availability”, ”“Achieved availability®,

and "Operational availability”, respectively.
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Ai excludes preventive or scheduled maintenance actions, logistics delay time, and
administrative delay time. A; indicates the availability in an ideal support
environment, i.e., readily available tools, spare parts, personnel, etc.

Aa includes preventive or scheduled maintenance actions, but excludes logistics
delay time, and administrative delay time. Aa indicates the availability in an ideal
support environment with consideration of preventive maintenance.

A, includes preventive or scheduled maintenance actions, logistics delay time, and
administrative delay time. A, indicates the availability in an actual operational

environment.

To estimate availability measures of a total system, some conventional
methodologies have been developed for general purposes. The conventional
methodologies are reliability block diagram (RBD), fault tree analysis (FTA),
Markov modeling, Petri net, etc. The details of the conventional methodologies are
discussed in many publications (textbooks or standards)(.16:17.1849,52,53) Many

applications of the conventional methodologies have been reported7.59.60.74)

We also find that some modeling methodologies have been developed rather recently,
which are dedicated for RAM analysis in oil or electric power industries. Most of the
proposed methodologies are structured with a combination of some conventional
modeling techniques (e.g. RBD, FTA, Markov, etc.).

For instance, we find the following methodologies are developed for availability
modeling:

(1) A combination of Markov modeling and Petri net modeling®®.

(2) A combination of FTA and Markov modeling®®.

(3) A combination of FTA and Flow network®?.

The pros and cons of each of the conventional modeling methodologies have been
discussed in some references7?. The international standard IEC60300-3-100

tabulates characteristics of analysis techniques as shown in Table 5-1.
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Table 5-1: Characteristics of analysis methods (Extracts from Table 2 of IEC60300-3-1)

Characteristics
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Abbreviations in Table 5-1 are as follows:

0 With restrictions/exceptions.
nc Not capable, or not applicable
¢ Capable

Table 5-1 is an extraction of Table 2 of IEC60300-3-1. The original table contains
many remarks and descriptions of each item in the table. Please refer to the original
table in the IEC60300-3-1 for further information. Table 5-1 indicates that there is
no single, comprehensive availability (dependability) analysis method. Analysts

should choose the method which best fits the particular system or analysis objective.

The methods mentioned above are applied not only for predicting availability of a
total production system, but also for modeling subsystems of the total system or a
specific phenomenon of components, such as a reliability level of emergency
shutdown systems (ESD)®436 4243  degradation of components®%5) —a life

distribution of a component 4%, the effect of periodical testing of a component 69, etc.

Methodologies to roughly predict the reliability (availability) of complex systems
comprising many components have been developed to reduce the efforts of reliability
analysis(3435.4647, The methodologies model the total system as a group of homogeneous
components, so that it is possible to approximate the reliability of the total system using
some simple formulas. For instance, a new method based on the theory of stochastic
processes has been proposed to estimate the reliability of redundant structures
composed of multiple components of the same type (with respect to failure

behavior)“46).

Modern process plants are usually controlled by many software packages installed into
distributed control systems (DSC). Not only for control loops for production, but also
control loops for safety, like emergency shut down systems, it is a recent trend to control
them using software packages, e.g. programmable logic controller (PLC)19.89.137),
Methodologies of availability (reliability) assessment for software have therefore become
more important in order to quantify the availability of total production systems. Such
methodologies have recently been developed©3-95),

5.4.2 Maintenance and inspection modeling
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The frequency of maintenance or inspection considerably influences on both the
“availability performance” and the “operating cost”, i.e., man-hour cost, spare part
consumption cost. Maintenance may be categorized in two main type: “Corrective
maintenance” and “Preventive maintenance”. The definitions of corrective
maintenance and preventive maintenance are found in Chapter 2 of this report.
Sometimes, a preventive maintenance based on condition monitoring by modern

measurement and signal-processing techniques is called “Predictive maintenance”.

Maintainability may be measured through a combination of different factors as
follows ©®):
(1 Mean time between maintenance (MTBM), which includes both preventive

and corrective maintenance requirements.

(2 Mean time between replacement (MTBR) of an item due to a maintenance
action.
3 Maintenance downtime (MDT), or total time during which the system (or

product) is not in condition to perform its intended function. It includes
mean time to repair (MTTR)

(4) Turnaround time (TAT), or that element of maintenance time needed to
service, repair, and/or check out an item for recommitment.

(5) Maintenance labor hours per system/production operating hours.

6) Maintenance cost per system/production operating hours.

Since the frequency and quality of maintenance or inspection significantly affects
the total LCC, in particular the “Ownership cost” (OPEX), many strategies for
improving the efficiency of maintenance or inspection have been studied and
standardized6:13:15.23,63) For instance, methods like “Reliability-Centered
Maintenance (RCM)”, and “Risk-Based Inspection (RBI)” are applied for planning of

efficient maintenance or inspection.

RCM is a systematic process used to determine what must be done to ensure that a
physical asset continues to fulfill its intended functions in its present operating

context®D,

The RCM concept and methodology has been reported in many textbooks, papers,

and reports®87), Applications of RCM have been reported as well©5:67,
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As a methodology for RCM, the following twelve major RCM steps have been

proposed in a reference(?:

(n Study preparation

(2 System selection and definition

3 Functional failure analysis (FFA)

(4) Critical item selection

(5) Data collection and analysis

6 Failure mode, effects, and criticality analysis (FMECA)
(7 Selection of maintenance actions

® Determination of maintenance intervals

9 Preventive maintenance comparison analysis
(10) Treatment of non-critical items

(11) Implementation

(12) In-service data collection and updating

RBI is a systematic inspection process to prioritize equipment inspection based on
probability and consequence of failure. It could reduce the potential for catastrophic
equipment failure and provides the ability to efficiently allocate limited inspection

budgets and personnel.

For instance, in the U.S.A., a standard (OSHA passed Standard 1910.119 "Process
Safety Management of Highly Hazardous Chemicals") states that "Inspections and
tests shall be performed on process equipment and inspection and testing
procedures and the frequency of inspections shall follow generally accepted good
engineering practices... " in Paragraph (j) Mechanical Integrity. This standard may
encourage companies to incorporate an efficient inspection or testing strategy, such
as the RBI strategy. We also find requirements of RBI in the standard API580/581®.

In practice, maintenance activities should be carefully managed, because
maintenance activities might induce accidental events, e.g., in the chemical process
industriy®?. According to studies by the British Health and Safety Executive of
deaths in the chemical industry showed that some 30% were linked to maintenance
activities, taking place either during active maintenance or as a result of faulty

maintenance.
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5.4.3 Logistics modeling

Logistics may be measured by indexes like “Logistics support” and

“Supportability”132 as defined in Chapter 2 of this report.

Elements covered by a logistics model and quantitative measures of logistics may
vary depending on a type of logistic system to be modeled. It is therefore impossible
to specify elements and measures to be considered in any logistics modeling. For
instance, a DOD guide of Integrated Logistic Support (ILS) specifies the following

eight elements to be considered in the analysis of logistic support®0.82),

(1 Maintenance personnel

(2 Training and training support

3 Supply support

(4) Support equipment

(5) Computer resources

6 Packing, handling, storage, and transportation
(7 Maintenance facilities

® Technical data, information systems

Sparing analysis is an important topic in supportability analysis. A number of spare
parts stocked in warehouses on site may influence the time to repair and the
operation cost, so that the sparing analysis may employ the primary reliability
parameters and may reveal much valuable information in addition to the number of

spares(77880  Some methods to predict support cost have been developed™.
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5.4.4 Production regularity modeling

Regularity may be defined as follows:
Regularity is a term used to describe how a system is capable of meeting demand for

deliverys or performance®@?.

A reference®? illustrates the relation of availability, production availability, and

deliverability as shown in Fig. 5-7.

Regularity
Availability Availability, Production |~ . -
) > ) o JDeliverabilit
(item) (system) Availability y
Uptime Downtime
Reliability Maintainability || Consequence Consequence Compensation
Design Organization of item failure for production Storage
Tolerances Resources Configuration Capacity Linepack
Design margins Tools Utilities Demand Substitution
Quality control Spares etc. etc. etc.
Operating Accessibility
conditions Modularization
etc. etc. Source:NORSOK Z-016

Figure 5-7: Measurements for regularity management

“System availability” is the ratio of a period of up time to a period of operating time.

“Production availability”, defined as the ratio of production to planned production,
could be simple measure of regularity. It is, however, possible to consider not only
the production system, but also buffer tanks or any other back-up systems in case
that the production system is down. Therefore, regularity may preferably be

measured by a factor called “deliverability” defined as follow:

“Deliverability” is the ratio of deliveries to planned deliveries over a specified period of
time, when the effect of compensating elements such as substitution from other

producers and downstream buffer storage is included@2.



Page 25

Life Cycle Cost (LCC) analysis in oil and chemical process industries

We can define various measures for production regularity, it is therefor important to
explicitly define the measures to be applied in a regularity analysis according to the

contents of the contract.

For instance, in an actual regularity analysis, the following three measures may be

applicable as measures of “production availability”.

(1) Production availability:
The ratio of real gas production to contracted production volumes. The

production availability may be expressed per year or as a life cycle average.

(2) Demand production availability:
The percentage of time when the system is capable of producing 100% of the

contracted production volume.

(3) On-stream production availability:
The percentage of time the production rate in the system is larger than zero.

This measurement reflects the risk of having a total production shutdown.

Figure 5-8 illustrates the above three measures for “production availability”. When
an actual production profile is shown in (a) of Fig.5-8, the three measures, which are
the production availability, the demand production availability, and the on-stream
production availability, can be accordingly drawn as shown in (b), (c), and (d) in

Fig.5-8, respectively.
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5.4.5 Risk (hazard, warranty) modeling

The potential risk related to a system is useful information for decision making in
system development, if the risk is quantified. To control risk within a certain level
during plant operation, references®”89 point out the importance of management of
risk through the plant life cycle, and the importance of safety assessment at

purchasing equipment.

An international standard (IEC-60300-3-3) recommends considering liability costs
derived from risk analysis executed in the LCC analysis. It is also recommended to
include warranty costs in the CBS of the LCC analysis. In a case study 129, the loss
cost due to the occurrence of accidental events has been actually incorporated into
the LCC analysis. (please refer to the CBS of B8 in APPENDIX B of this report)

Risk is generally quantified by multiplying the magnitude of the “consequences” of

accidents by the “frequency” of the accidents.

As for the quantification of the risk of hazardous events, the “consequence” is
derived from predicted damage in case that potential hazard scenarios would
happen, and the “frequency” is derived from probability of occurrence of the

potential hazard scenarios.

Methodologies for risk assessment were originally developed within the nuclear
industries, and applied in space, offshore, and chemical process industries®8), In
oil and chemical process industries, many models for estimation of “consequence”
and “frequency” of hazardous events have been reported, and various software tools

have been also developed(®90-92),

As for the quantification of the risk of warranty, the “consequence” is quantified as
cost per claim, and “frequency” may be represented by expected times of claim per

warranty period(®3.84
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5.4.6 Human error modeling
In the actual operation of a process plant, a human error may induce a hazardous
event, and the contribution of the human error is not negligible in many cases.

Human error has been defined as follows(139:

“any member of a set of human actions or activities that exceeds some limit of
acceptability, 1.e., an out-of-tolerance action where the limits of human performance

are defined by the system”

Human error may be categorized into the following three types(139.

(1) Omission error

- failing to carry out a required act

(2) Action error

- failing to carry out a required act adequately;

- act performed without required precision, or with too much/little force;
- act performed at the wrong time;

- acts performed in the wrong sequence.

(3) Extraction error

- unrequired act performed instead of or in addition to the required act.

There is a range of techniques to quantify the human error, 1.e., so-called Human
Reliability Quantification (HRQ). Among these are: THERP (Technique for Human
Error Rate Prediction)) HEART (Human Error Assessment and Reduction
Technique), SLIM (Success Likelihood Index), etc. The pros and cons of HRQ

techniques are summarized in reference(13%,
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5.4.7 Industrial ecology modeling

Growing concern over potential global climate change, loss of bio-diversity, acid
precipitation, and the effect of multiple chemicals on ecological systems has
highlighted the need for flexible problem-solving approaches. According to the
growing concern of ecology, requirements and procedures to reduce impact on the
environment due to system operations have been discussed, e.g. the Framework

Convention on Climate Change, in the Kyoto Meeting in 1997.

For instance, the clean air act amendments of 1990 issued by the US-Environmental
Protection Agency (EPA) introduces a new mechanism to encourage companies to
reduce pollutant emissions, the mechanism which is tradable pollution “permits” for
sulfur dioxide (SO2) emissions. According to the introduction of the tradable permits,
a company that succeeds to reduce pollutants emission below a permitted amount
can sell the right of emission as equal to the margin between the permitted amount
and actual amount of their emission. The company accordingly has two options to
observe the regulation. One option is to reduce the emission level of the company by
himself. The other option is to buy the right of emission from the other companies.
We consider that the Clean Air Act Amendment (CAAA) framework may enable us
to quantify the impact on the environment due to SOz emission as a cost factor in
LCC analysis.

US-EPA reported a framework for environmental health risk management in 1997.
It proposes a general framework to work in a wide variety of situations. In the

framework “ecological risk assessment” is defined as:

“a process used to estimate the likelihood of adverse effects on plants, animals from
exposure to stressors, such as chemicals or the draining of wetlands. The process
includes problem formation, characterization of exposure, characterization of

ecological effects, and risk characterization.”

US-EPA has also proposed a guideline for ecological risk assessment, which is
prepared to help the ecological risk assessment in practice®. Methodologies of

financial analysis related to environmental issues have also been developed®®.
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5.5 Process 4: Data collection
Accuracy of input data is crucial to improve the certainty of the LCC prediction. As
for data collection, it is required to identify the requirements of input data and to

access reliable data sources related to the LCC analysis.

If actual data are available to quantify cost elements in a CBS, each cost element
may be quantified by directly applying the collected actual data to the model of LCC.
If actual data are not available, the cost elements relevant to the non-available data

may be estimated, e.g. based on expert judgements.

5.5.1 Actual data preparation
A wide variety of data, e.g. reliability data, maintainability data, operation data,
cost data, etc., are required in LCC analysis. It is relatively easy to find data sources
providing reliability data, however difficult to find data sources for operation data

and cost data that are available to the public.

As for reliability data and maintainability data, there are some standards to specify
collection of data’:29, A number of data sources have been developed through a lot
of effort to collect data®7.99.100-105.107.127  Procedures for data collection have been
developed as well®®. The following data bases of reliability data are available to the
public: e.g. OREDA Handbook(Offshore Reliability Data), IEEE Std. 500,
MIL-HDBK 217F, NPRD-91, T-Book, WASH-1400, AIChE CCPS guidelines,
EIReDA, etc. (49,102,105,107)

Concerning operation data and cost data, most of the data are stored in operating
companies’ in-house databases. A database is, however, available in the market; a
software tool called “ICARUS2000”. The software tool has been developed by
ICARUS Corporation, (600 Jefferson Plaza Rockville, MD 20852-1150 USA).
ICARUS 2000 is a computer-aided design, estimating, and scheduling system. The
software 1s used to evaluate the capital cost of process plants and mills worldwide,
and provides a data base containing cost data of plant components based on some

particular area, e.g. gulf coast base, Japan base, etc.
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5.5.2 Estimation of data
When actual data related to an analyzed system is not available, the value of data
may be estimated. To estimate the value of data, in particular cost data, some
methods have been proposed such as stochastic models, parametric techniques, and

analogous techniques®.

(1 Stochastic models take into account the random nature of events and rely
on specialized statistical techniques.

(2 Parametric techniques are based on statistical analysis of historic data
bases. It usually results in a cost estimating or cost factor relationship.

3 Analogous techniques draw on relationships between current and similar
previous data. Expert judgement is used to make adjustments to the

previous data to reflect characteristics of the data under consideration.

As for estimation of reliability data, some methodologies have been
reported 1444849106 For instance, a method based on Bayesian reliability theory,
which derives posterior (estimated) information from prior (known) information,
may be applicable in prediction of reliability data“14849 A reference1%® proposes a

method to predict the failure rate of degraded components.

A reference®? discusses about the difference between predicted reliability data and
actual reliability data of field systems. The main six causes of the differences are
1dentified in the reference, i.e.;

(1) Data accuracy

(2) Prediction of techniques

(3) Environmental factors

(4) Manufacturing processes

(5) Design related factors

(6) Short-term management factors

It is recommended to consider the above six causes when estimating reliability data.
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5.6 Process 5: Cost profile development

One of the main objectives of LCC analysis is an affordability analysis considering a
long term financial planning. In the affordability analysis, a cost profile over the life
cycle is key information. Figure 5-9 illustrates a sample of cost profile. It is
consequently an essential process in LCC analysis to draw a cost profile over the
entire life cycle or to provide a summary identifying the cost for each cost element in
the CBS. It is obviously noticed that the cost profile of each design case should be
compared on a common basis or reference point when making financial judgements.
It is also recommended to examine an economic analysis when modifying system

design or planning investment(112.113,128),

Base line system

Alternative

System cost

System life cycle (years)

Figure 5-9: A sample of cost profile

5.6.1 Model run
A development of the cost profile is achieved through running cost models developed
in a LCC analysis with input data. It may be done by manual calculation, with
simple standardized spreadsheets, or with dedicated computer tools. Chapter 7
discusses some computer tools for LCC analysis in the market. Please refer to

chapter 7 for further information.

5.6.2 Cost treatment (inflation, tax, and depreciation)
For financial judgement, it is required to consider the effect of inflation, interest
rates, and exchange rates, taxation, etc. However, due to the difficulties of
accurately predicting inflation and exchange rate, the cost profile may be prepared
at “constant prices” basis®W. It is important to compare alternatives on a common

baseline.
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To estimate the impact of discounting and escalating, the following common

equations (5.5) and (5.6) may be applied®.

Discounting is a process for taking account of the changing value of money. Since
LCC analysis considers costs that will be incurred some time in the future, it is

necessary to discount all revenues and expenditures to a specific decision point.

.
NPV =) C,-(1+ X)™

n=0
(5.5)
where
NPV  is the net present value of future cash flows;
Cn is the nominal cash flow in the n-th year;
n 1s the specific year in the life cycle costing period;
X is the discount rate;
T is the length of the time period under consideration, in years.
Escalating takes account of the change in price levels over time.
EF =(1+E)x(+E,))x(1+E;)x---x(1+E,)
(5.6)

where
EF 1s the escalation factor in year n;

Ei is the escalation rate in i-th year.
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5.7 Process 6: Evaluation

We need to select the most desirable system configuration among the base line
system and the alternatives evaluated in the LCC analysis shown in Fig. 5-2.
During the processes of LCC analysis, we need to check if a system (a baseline or a
design alternative) meets the criteria defined in the first process of the LCC analysis.
If a baseline system does not satisfy the criteria, the baseline system should be
modified as an alternative system, and the LCC of the alternative system should be
evaluated. Sensitivity analysis is conducted to identify high-cost contributors. This
information may reveal cost drivers in the CBS, so that alternative systems may be
effectively found according to the result of the sensitivity analysis. During the

evaluation process, the uncertainties of the input data should be considered.

5.7.1 Sensitivity analysis
Sensitivity analysis examines the impact of changes in input parameters on the
result. Varying the input parameters over a range to see the impact on cost can help
highlight the major factors effecting costs, and show the effects of tradeoffs on

cost®3),

Many different methods have been developed for sensitivity analysis, which are
often tailored to the particular application19,

In general, there are two main approaches to sensitivity analysis™?. One is a
deterministic approach, the other is a stochastic approach.

The deterministic approach computes the partial derivatives of performance indices
with respect to fluctuation of parameters. The performance indices may be RAM
performance measures, the LCC measure, etc. The parameters may be failure rate,
repair rate, cost, etc. The deterministic approach may be applicable only to a simple
system with few parameters.

The stochastic approach evaluates probabilistic properties of the performance
indices against the possible statistical distributions of the parameters. The
stochastic approach may be performed by Monte Carlo (stochastic) simulation. The

stochastic approach can handle a complicated system with many parameters.
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5.7.2 Uncertainty analysis
Uncertainty analysis 1s an attempt to consider possible ranges of the estimate and

their effect on decisions.

Different sources of uncertainty may be categorized into the following three main
groups(115>.

(1) Parameter uncertainties

(2) Modeling uncertainties

(3) Completeness uncertainties

If the uncertainties in LCC analysis are estimated by uncertainty analysis, the

figures provide confidence to decision makers in their judgements.

Methodologies and case studies for uncertainty analysis are found in

references116.118),

5.7.3 Cost drivers identification
One of the objectives of LCC analysis is to identify cost drivers, which have major
impact on the total LCC, and to find cost effective improvements® If a cost driver is
1dentified, it is important to establish cause-and-effect relationships, i.e. to identify
“causes” of the high cost. For instance the causes may be a frequent failure in a
certain equipment, or a high utility consumption in a sub-system. To modify system
design according to improvements of cost drivers may effectively reduce the LCC of

the system.
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5.8 Optimization

Optimization is the process of seeking the best. In LCC analysis, this process is
applied to each alternative in accordance with the decision evaluation®”. The
optimization may be proceeded through the iterative LCC processes shown in Fig.
5-2. In a broad sense, the optimization process generally means to find a set of
parameters that minimizes the LCC of the total system, however, in a narrow sense,
the optimization may be applied to specific activities in the LCC processes such as
design optimization(20122129  maintenance optimization“®!2D), spare part

optimization®410 etc.

We find some methodologies for optimization reported in textbooks and other
references. A classical optimization methodology is based on the slope of a function
y=f(x), which is defined as the rate of change of the dependent variable, y, divided by
the rate of change of the independent variable, x. If a positive change in x results in
a positive change in y, the slope is positive. Conversely, a positive change in x
resulting in a negative change in y indicates a negative slope®?. The slope of a
function guides system designers to change system parameters. The approximation
of the slope of function may be obtained with comparing the value of the function at

two arbitrary points, or with using partial differentiation.

The so-called “Genetic Algorithms (GA)” method has recently been applied to
optimization problems. GA uses the Darwinian principle of natural selection to
search for the optimal solution to a problem, and is analogous to biological
organisms22, Typical processes of GA are as follows:

(1) Coding of “gene”

(2) Defining fitness function of the gene

(3) Replication of genes

(4) Reproduction of genes (Crossing-over of genes)

(5) Mutation of genes

(6) Selection of genes

(7) Go to (3) until predefined criteria are fulfilled

A concept of randomness is incorporated into GA through the processes of

o«

“reproduction”, “mutation”, and “selection”. The concept of randomness allows GA to

find reasonable solutions even if the space of fitness function is non-linear.
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5.9 Reporting of LCC analysis

According to the international standard IEC60300-3-3, a documentation of the
results is mandatory in LCC analysis. It states that the following six elements
should be included in the report:

(1 Executive summary

A Dbrief synopsis of the objectives, results, conclusions and recommendations of
analysis. This summary is intended to provide an overview of the analysis to the

decision makers, users and other interested parties.

(2 Purpose and scope

A statement of the analysis objective, product description, including a definition of
the intended product use environment, operating and support scenarios;
assumptions, constrains, and alternative courses of action considered in the

analysis.

3 LCC model description

A summary of the LCC model, including relevant assumptions, a depiction of the
LCC breakdown structure, an explanation of the cost elements and the way in which
they were estimated, and a description of the way in which cost elements were

Integrated.

(4) LCC model analysis
A presentation of the LCC model results, including the identification of cost drivers,
the results of sensitivity analyses, and the output from any other related analysis

activities.

(5) Discussion
A through discussion on and interpretation of the analysis results, including any
uncertainties associated with the results, and of any other issues which will assist

the decision makers and/or users in understanding and using the results.

®) Conclusions and recommendations

A presentation of conclusions related to the objectives of the analysis, and a list of
recommendations regarding the decisions which are to be based on the analysis
results, as well as an identification of any need for further work or revision of the

analysis.
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6. Codes and Standards

6.1 Four standards of which the title includes the term “LCC”

As discussed in chapter 5, LCC analysis comprises a comprehensive coverage of
many analyses, so that many codes and standards are accordingly related to the
LCC analysis®27), We find four standards of which title includes the term “LCC”;
these are: IEC60300-3-3, [SO15663, NORSOK-0O-CR001/2, and SAE-ARP4293/4294.

This section presents a brief description of each of these standards.

6.1.1 IEC Standards
LCC standards:
IEC-60300-3-3: Life cycle costing [1996-09]

The IEC (International Electrotechnical Commission) is a worldwide organization
for standardization. The IEC-60300 series are standards for “dependability
management”. IEC 60300-3-3 presents a basic concept and procedure for LCC
analysis, e.g. a cost element concept and a general LCC process of six steps. It does,
however, not present a detailed LCC procedure. The following six-step approach is
recommended in this standard:

Step 1: LCC analysis plan (including problem definition and analysis objective);
Step 2: LCC model development;

Step 3: LCC model analysis;

Step 4: LCC analysis documentation;

Step 5: review of LCC results;

Step 6: LCC analysis update.

6.1.2 ISO Standards
LCC standards:
ISO 15663 Petroleum and natural gas industries — Life cycle costing — [Draft (DIS)
as of Dec., 1998]
Part 1: Methodology
Part 2: Guidance on application of the methodology and calculation methods

Part 3: Project implementation guidelines

The ISO (International Organization for Standardization) is a worldwide federation
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of national standards bodies. The work of preparing international standards is
normally carried out through ISO technical committees. ISO collaborates closely
with the IEC on all matters of electrotechnical standardization. The ISO 15663
series are standards of “LLCC in petroleum and natural gas industries” in particular
offshore facility, however ISO 15663 may be applicable to LCC analysis in the other
industries. ISO 15663 introduces a framework of methodology of LCC analysis
together with a case study, which shows more detailed methods. It is remarkable
that guidelines of project implementation of LCC analysis are introduced in the part
3 of this standard. The role of participants in LCC analysis, which are operators,

contractors, and vendors, is discussed in the guidelines.

6.1.3 NORSOK Standards
LCC standards:
NORSOK O-CR-001, Life cycle cost for systems and equipment [1996-04]
NORSOK O-CR-002, Life cycle cost for production facility [1996-04]

NORSOK (norsk sokkels konkuranseposisjon or in English the competitive standing
of the Norwegian offshore sector) standards are developed by the Norwegian
offshore oil and gas industry. 0O-CR-001 is a LCC standard for systems and
equipment in general, and O-CR-002 is a LCC standard for oil production facilities.
Both standards define all cost elements to be analyzed and provide spreadsheets to
calculate the cost elements for LCC estimation. In this sense, this standard is the

most practical of the four LCC standards.

[NOTE]
After the issue of the ISO 15663 (to be the end of 1999), the NORSOK O-CR-001/002 will be
replaced with the 15O 15665.

6.1.4 SAE Standards
LCC standards:
SAE-ARP4293: Life cycle cost- techniques and applications [1992-02]
SAE-ARP4294: Data Formats and Practices for the LCC of Aircraft Propulsion

Systems.

SAE is an American national standard. SAE-ARP is the abbreviation of The Society
of Automotive Engineers Aerospace Recommended Practice. SAE-ARP4293

describes the concept of life cycle costing with emphasis on cost analysis and
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applications as applied to the phases of the program cycle. Cost elements,
estimating techniques and other factors that have a bearing on LCC are described;
including use of cost estimating relationships (CER), simulation techniques, and
top-down/bottom-up approaches. SAE-ARP4294 is directed at LCC analysis of

aerospace propulsion systems.

6.2 Codes and standards related to LCC analysis

Not only the four standards mentioned above, but also many other standards are
related to LCC analysis. We have surveyed 24 codes and standards related to LCC
analysis, including the four LCC standards. A relationship among LCC activities
1llustrated in Fig. 5-2 and the related standards is summarized in Table 6-1. If a
standard describes a content relevant to an LCC activity, we check with a cross (X)
the corresponding box in Table 6-1. Some standards still in draft version are, also
included in Table 6-1. The first five Number 1 through 5) standards in Table 6-1 are
standards dedicated to LCC analysis, the other 19 (Number 6 through 24) standards

are standards for specific LCC activities.
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Table 6-1: LCC sub-activities and related codes & standards (Standards in Table 6-1 are identified in the following page)

Brocesses Activities LCC Standards Specific Standards
P24 a7 [aapoptpapad 1o 1ap7{1apa20)21 2212524
1.1 Scope definition X x| X X
{ Problems Definition 1.2 Evaluation criteria definitiontaffordatility \ \ \ ‘s
syster effectiveness, acceptable risk level)
1.3 Operation philosophy development X X
2 Cost Elements Definitian 21 Cost break dlljwn stltu!zlture development| x | x X
2.2 Cost categories definition Xl x| x| x|x
31 Availability modeling X x| x X X Xlw|x]x X
3.2 Maintenance and inspection modeling X x| x X Xl u | ox X | x
. 3.3 Logistics modeling X
3 ystern lodeling 34 Production regularity modeling X X X
3.5 Rickthazard, warranty) modeling X X X ¥ | x
2.0 Industrial ecology modeling X X
4 Data Colletion 41 ﬂwtlual Fiata preparation X X X X X
4.2 Estimation of data X | % X | x
51 Model runt Any tools provided? x| %
5. Cost Profile Development |52 Cost treatment(nflation, tax, and
depreciation) SRENE
.1 Sensitivity analysis X X
fi. Evaluation f.2 Uncertainty analysis XX | Wl x]x X
fi.3 Cost drivers identification X | % X X
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Note(*) of Table 6-1
LCC standards:
IEC60300-3-3: Life cycle costing®
I1S015663(Draft):Petroleum and natural gas industries -Life cycle costing-?
NORSOK O-CR-001: Life cycle cost for systems and equipment®
NORSOK O-CR-002: Life cycle cost for production facility®
Note: NORSOK O-CR-001 and 002 will be replaced with ISO 15663 after the ISO

W N+

being eftective.
5 SAE ARP-4293: Life cycle cost - Techniques and applications®
Specific standards:
API RP 580/581: Risk based inspection®
BS5760: Part2: Guide to the assessment of reliability”

EPA 40CFR68: Chemical accident prevention provisions®
EPA/630/R-95/002B (Draft): Proposed Guidelines for Ecological Risk
Assessment®

10 IEC60300-3-1: Analysis techniques for dependability: Guide on

© 0w 3 O

methodology19

11 IEC60300-3-2: Collection of dependability data from the fieldV

12 IEC60300-3-9: Risk analysis of technological systems(2

13 IEC60300-3-11 (Draft): Reliability centered management(?®

14 IEC60706-1: Guide on Maintainability of Equipment: Introduction,
requirements and maintainability programme4

15 IEC60706-4: Guide on Maintainability of Equipment: Maintenance and

Maintenance Support Planning®®
16 IEC61025: Fault tree analysis (FTA) (16)
17 IEC61078: Analysis techniques for dependability - Reliability block

diagram method@?

18 IEC61165: Application on Markov techniques(®

19 IEC61508: Functional safety of electrical/electronic/programmable
electronic safety-related systems1?

20 I1S014224 (Draft): Collection and exchange of reliability and maintenance
data for equipment©@®

21 NORSOK Z-013: Risk and emergency preparedness analysis®@V

22 NORSOK Z-016: Regularity management & reliability technology??

23 NORSOK Z-CR-008: Criticality classification method@3
24 MIL-STD-1388-1A: Logistic support analysis@%
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7. Software Tools of LCC analysis

The purpose of this chapter is to present introductory information of software
packages for LCC analysis on the market; including a brief description, contact
points, and basic functionality. It is NOT the purpose to select the best LCC tool on
the market. The most appropriate tool will depend on the specific system and the
objectives of the LCC analysis. No commercial information (license fee, etc.) is
reported. All information in this chapter is based on publications of software
packages (leaflets, user manuals), correspondences with the developers, and

Interviews to them in February or March of 1999.

7.1 Classification of software package for LCC analysis

There are two main categories for software packages for LCC analysis;

“Effectiveness analysis tools (RAM analysis tools)”, and “Cost analysis tools”.

Effective analysis tools (RAM analysis tools) are utilized to model a plant system
and to predict the system performance, e.g., availability, maintainability, etc. The
predicted values are crucial input data to estimation of cost elements in the LCC
analysis. For instance, the frequency of maintenance significantly affects the
maintenance cost, and the period that the production rate does not meet the
contracted value determines the cost of deferred production. Software packages for
RAM analysis may be further categorized into two types; “Simulation tools” and

“Analysis tools”.

The simulation approach may be categorized as “numerical-stochastic modeling”,
which is also called Monte Carlo simulation98199  The analytical approach may be

categorized as “numerical-deterministic modeling”(109,

Cost analysis tools are mainly utilized to calculate LCC based on a predefined cost
breakdown structure, e.g., the equipment cost, the maintenance cost, the cost of
deferred production, etc. Cost analysis tools sum up the cost elements, estimate the

1mpact of inflation, develop the cost profile, and calculate NPV, etc.
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Figure 7-1 illustrates the classification of software tools for LCC analysis. In this
chapter five software tools for RAM analysis, MIRIAM, MAROS, AvSim+, UNIRAM,
and WinRAMA, and two software tools for cost analysis, LCCWare, and Relex LCC,

are introduced (please refer to Fig. 7-1).

LCC Tools
|
[ ]
Tools for Cost Tools for Effectiveness
analysis analysis (RAM analysis)
e.g.,
-LCCWare
-RelexLCC
Simulation approach Analytical approach
(Numerical-stochastic) (Numerical-deterministic)
e.g., e.g.,
-MIRIAM -WinRAMA
-MAROS (TARO) -UNIRAM

-AvSim+

Figure 7-1: A classification of tools for LCC analysis

Tools based on the simulation approach predict system reliability at each operating
time elapsing /events based on failure rates of each component in the system, and
simulate system state at each time/events. Figure 7-2 illustrates a typical flowchart
of the simulation method. The “event list” in Fig. 7-2 records all events that occur in
the system in chronological order. The events may be a component failure,
maintenance on the component, logistics required for the maintenance. The time at
which an event occurs or the duration of the event is determined by generating a
random number, which is substituted for a cumulative distribution function of the
time of the event. Figure 7-3 illustrates a method to determine the time of
occurrence of the event (t). We assume a single component of which time to failure
(T) is distributed with a probability density function f(t) . The cumulative
distribution function F(t) is derived from Eq. (7.1)
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F(t) = Z(u)du

(7.1)
A random number (0 = v = 1) is generated, the time to failure of the component is

derived from F1(v) as shown in Fig. 7-3.

Initialize event list

v

Increment TIME to the next event

A

\ 4
Change the system state appropriately

\ 4
Collect statistics, Update event list

\4
The simulation period has expired ?

YES

NO

\4
Analyze collected statistics

Figure 7-2: A typical flowchart of RAM analysis with simulation approach

Component of which time to failure
is distributed with f(t)

— ) —
f(t) F(t) 1
—>

t e

»

~tv

Figure 7-3: The determination of the time to occurrence of an event
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Simulation tools are very flexible and capable of modeling a variety of parameters.
Some simulation tools can model the maintenance time according to skill level of
crews, or the logistics delay according to weather conditions. Simulation tools
therefore can provide highly accurate prediction in system performance. Much
effort (time and cost) is, however, required for making models and executions of LCC

model.

Tools based on the analytical approach calculate system reliability by using some
pre-defined formulas. For instance, if we assume that MTTF and MTTR of a
component are quantified, the limiting availability of the component may be

approximated with Eq. (7.2).

MTTF

Limiting availability =
MTTF + MTTR

(7.2)

In general, analytical tools output more rough prediction of system performance
than simulation tools, because modeling capability of analytical tools is not so
flexible. However, less effort is required for the analysis. It means more parametric

studies can be carried out within a short period.

According to the above discussion, Table 7-1 summarizes the pros and cons of

simulation tools and analysis tools.

Table 7-1: Comparison between simulation and analysis

Advantages Disadvantages

*High precision in predictiong *Long calculation time
«High flexibility in modeling, | *Much effort for making a

Simulation e.g. easy to model a model and data preparation
complicated maintenance | IS required
strategy, etc. «Difficult to verify the model
*Short calculation time Low precision in

_ Less effort for making a predictions

Analysis | model and data Low flexibility in modeling,
preparation , which allows | e.g. difficult to model a
more parametric studies complicated maintenance

within a period strategy, etc.
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7.2 Description of software packages for RAM analysis

This section introduces basic information of five software packages for RAM
analysis, i.e. MIRIAM, MAROS (TARO), AvSim+, UNIRAM, and WinRAMA. All

software packages run under the operating system "Microsoft Windows".

(1) MIRIAM

MIRIAM is a simulation tool developed by EDS in close cooperation with the
Norwegian oil company Statoil for evaluating the operational performance of
continuous process plants in terms of equipment availability, production capability
and maintenance resource requirements. The program is licensed by EDS, and
marketed by EDS and DNV. The program models the stochastic behavior of a
system over its lifetime. It has been developed aiming at modeling operations of
offshore facilities. It can, however, be applied to model systems in the other

industries due to its flexibility in modeling.

Contact points-

a) Electronic Data Systems Corporation (EDS)
Wavendon Tower, Wavendon, Milton Keynes, MK17 8LX, UK
Tel: +44 (0)1908 284247

Fax: +44 (0)1908 282219
URL: http://www.eds.co.uk/

b) Det Norske Veritas AS (DNV),
Veritasveien 1, N-1322 Hoevik, Norway
Tel: +47 67 57 72 50

Fax: +47 67 57 74 74
URL: http://www.dnv.com/

(2) MAROS (TARO)

MAROS is a simulation tool developed by Jardine & Associates Ltd. to model
real-world systems — helping to maximize economic return by providing a greater
level of accuracy and confidence throughout the decision making process. It predicts
system effectiveness in terms of reliability, availability and productivity. MAROS is
capable to handle cost data as well as system effectiveness data. It can be used to

quantify the life cycle cost (LCC) of a system and allows optimization to improve
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overall profitability.

TARO, the acronym of Total Asset Review and Optimization, is a more advanced
simulation tool than MAROS. It contains all the functionality of MAROS but
enables substantially greater complexity in two key areas

a) Multi-product or multi-stream flow

b) Detailed maintenance analysis down to the skill make-up of repair crews. Also

enables more detailed OPEX (Operating expenditure) profiles to be developed.

Contact point:

Jardine & Associates
Suite G, The Copperfields, 25 Copperfield street, London SE1 O0EN, UK
Tel: +44 00171 928 6788

Fax: +44 (0)171 928 6799
URL: http://www.jardine.co.uk/

(3) AvSim+

AvSim+ is a simulation tool developed by Isograph Ltd, and sold by Item Software
Inc. to calculate availability, reliability and maintainability. It uses Monte Carlo
simulation techniques to predict component and system performance. The logic

showing system failures can be represented either by Reliability Block Diagram
(RBD) or by Fault Trees.

Contact points:

a) Item Software (UK) Limited (the dealer)
1 Manor Court, Barnes Wallis Road, Segensworth East, Fareham, Hampshire,
England PO15 HTH, UK
Tel: +44 (0)1489 885085

Fax: +44 (0)1489 885065

URL: http://www.itemuk.mcmail.com/

b) Isograph Ltd (the developer)
Television House 10, Mount Street, Manchester M2 5WT, UK
Tel: +44 (0)161 835 2902

Fax: +44(0)161 839 2462
URL: http://www.isograph.co.uk/ (Under construction as of 21 of June, 1999)
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(4) UNIRAM

UNIRAM is an analytical tool developed by the Electric Power Research Institute
(EPRD to model a power generation plant's configuration and operational
characteristics. UNIRAM is maintained and licensed by Availability Systems, Inc.
(ASI), whose personnel were the original developers of UNIRAM for EPRI. The
model is deterministic and computes the expected RAM parameters of a plant and
1ts subsystems as well as the probability and expected duration of operation in each
possible plant state capacity level. UNIRAM also includes many execution options
for further analyses; e.g., component criticality rankings, subsystems sensitivity
analyses, R&M data uncertainty effects. Three types of plant operation are
evaluated: Continuous (Baseload); Periodic (Cycling); and Random (Peaking). The
software has been used throughout the world in a wide variety of applications
including: all types of power generation plants; chemical and petrochemical plants;

transportation systems; and weapon systems10.110,

Contact point:
Availability Systems, Inc. (ASD
409 Berkshire Drive Riva, Maryland 21140, USA

Tel and Fax: +1 410 956 0189
e-mail: DrJHW@aol.com

(5) WinRAMA

WinRAMA is an analytical tool developed by DNV Industry AS. It is developed to
analyze reliability and availability problems using the Reliability Block Diagram (RBD)
method. It includes the ability to handle flow calculations, and the program calculates
the results analytically. It calculates the system availability, together with the fraction

of time the system and blocks have at different capacity levels.

Contact point:

Det Norske Veritas AS (DNV),
Veritasveien 1, N-1322 Hoevik, Norway
Tel: +47 67 57 99 00

Fax: +47 67 57 99 11
URL: http://www.dnv.com/
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7.3 Functionality of the software packages for RAM analysis

This section shows the functionality of the five software packages for RAM analysis.
The survey of functionality of the tools is carried out by interviews of the originators of
the software and by reviewing user manuals of the software. Most information in this

section is qualitative, not quantitative.

We develop a set of items to be checked from a viewpoint of requirements of RAM
analysis found in actual RAM analysis based on our experience. It should be noted that
the selected items for functionality check represent neither necessary nor sufficient

functions of software tools for RAM analysis.

Four main categories are defined for the functionality check, which are “Input data”,
“Capability of modeling”, “Options”, and “Output data”. The four categories are further
broken down into the items as follows:

1. Input data

1.1 Failure data: Acceptable types of failure data of a component level.

1.2 Maintenance data: What kinds of maintenance can be considered.

1.3 Component throughput capacity: Acceptable types of throughput capacity
data of a unit level.

1.4 Demand of production: Acceptable types of demand of production of a total
plant level.

2. Capability of modeling

2.1 System redundancy: Acceptable configurations for system redundancy?

2.2 Temporary bypass: Temporary bypass piping can be modeled?

2.3 Aging, degradation of components: Aging effects can be modeled?

2.4 Surge tanks, Storage efficiency: The effect of surge tanks can be modeled?

2.5 Periodical inspection for hidden failures: Effect of periodical inspection can
be considered in the availability calculation for hidden failures?

2.6 CCF e.g. Utility failure or Spurious shutdown: Down time due to common
cause failure for a plant system, e.g. electric power failure, cooling water
failure, or spurious trips of emergency shutdown system, etc., can be
modeled?

2.7 Delay time: Delay time due to logistics or administration can be affected in
down time of system depending on the states of the system, e.g. spare

stocks, weather conditions, etc.



Page 51

Life Cycle Cost (LCC) analysis in oil and chemical process industries

3. Options
3.1 Criticality analysis: Measures showing components importance are
calculated?
3.2 Uncertainty analysis: Uncertainty in data, e.g. time to failure, time for
maintenance, can be analyzed?
3.3 Cost analysis: Cost information is provided as a result of RAM analysis?
4. Output data
4.1 System availability or production regularity: System availability is
calculated?
4.2 Mean downtime: Mean down time, which is not fractional dead time, is
calculated?
4.3 Utility consumption: Utility consumption is quantified?
4.4 Maintenance resource expenditure: Expected resource required for
maintenance is quantified?
4.5 Spares and stock-outs: The number of spares spent or spares stocked in a
warehouse are counted?
4.6 Lifetime system cost:- Cost information, e.g. LCC, is generated as an output

data?

Table 7-2 shows a summary of functionality of the surveyed five software packages. A

cross “x” 1s marked if a software package satisfies the functionality specified by each

item. A mark of “()” denotes that the item is satisfied with restrictions.

APPENDIX C shows five individual tables as a supplement of Table 7-2. One table is
dedicated to one software package. Each table shows comments on the functionality of

the tool, which is made by the software originators or the authors.
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Table 7-2: Summary of functionality of the software packages for RAM analysis
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RAM Tools
M RIAM MAROS AvS i + UNIRAM W inRAMA
Type Analticalor Sinuktion? Sinulbtion Simulation Sinulation Analytical Analytical
M ethod Monte Carb Monte Carb Monte Carb Avaikbility Block | Flow network and
Events based) Events based) Events based) D fagram and FTA RBD
Failure data Constant X X X X X
Variabl 1 time, or h ®)
operation m odes x * *
M aintenance data Corrective X X X X X
Ihput data Preventie X X X X
Com ponent throughput |Constant X X X X
. Variable 1 operation
capacity X X
modes
Dem and of production Constant X X X &)
Seasonalvariation X X X
System redundancy Active pararell X X X X X
S tandby operatibn X X X X
Tem porary bypass X X X X
C apability A ging, degradation of com ponents X X X X
ofmodelng [Surge tanks, S torage efficiency X X X X &)
Peribdical nspection for hidden failures &) &) X X
CCF,e.g.Utility failire or Spurious shutdown X X X (x) (x)
. due to bgistics,
Dehy the adn nistratbn, ete. X X X ® &
C riticality analysis X X X X
Uncertainty analysis X X X X
. . Flexbility h cost
0 ptons Costanalysis el onts definitbn X x)
Cost treatm ent NPV
etc.) X
System avaikbility or production regularity X X X X X
M ean downtin e X X X X
O utput data |U tility consum ption X X
M aintenance resource
expenditure x X X
Spares and stockouts X X X
Life tin e system cost X X (x)

Note: () represents w ith restrictions
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7.4 Introduction of cost analysis tools

Two software packages for cost analysis; LCCWare and Relex LCC are briefly

described.

(1) LCCWare

LCCWare is developed by Item Software Inc. to establish a life cycle costing model.
The cost elements are represented in the form of a tree structure that is created
interactively. The objects at the bottom level of the tree represent cost functions that
can comprise both local and global variables and constants. Libraries of frequently

used cost functions allow rapid development of the model.

Contact point:
Refer to Item Software Inc. and Isograph in section 7.2 (3) on page 47

(2) Relex LCC

Relex LCC is developed by Relex Software Corporation, to calculate the cost of a
product over its lifetime. It is capable of handling user-defined Cost Breakdown
Structure (CBS), Net Present Value (NPV) calculation, inflation factor, calculations

of over multiple time interval, sensitivity analysis, etc.

Contact point:

Relex Software Corporation
540 Pellis Road
Greensburg, PA 15601 USA
Tel: +1-724 836 8800

Fax: +1-724 836 8844

URL: http://www.relexsoftware.com/
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8. Concluding remarks

This report presents brief history and a state-of-the-art survey of LCC analysis
based on a detailed literature survey, internet-web browsing, and interviews with

experts.

We find a root of LCC analysis in the military area in the end of the 1960s, e.g., some
programs of the US-DOD. The application areas of LCC analysis have been spread
to other industries since the middle of the 1980s, e.g., electrical power industries, oil

and chemical industries, railway industries, etc.

It 1s difficult to find a specific procedure applicable to any LCC analysis. LCC
analysis is a collective study comprising many kinds of analysis, and the coverage of
LCC analysis significantly depends on the system to be modeled. We have, however,
defined six steps, which may be common for most LCC analyses. They are,
“Problems definition”, “Cost elements definition”, “System modeling”, “Data
collection”, “Cost profile development”, and “Evaluation”. These six basic processes
are initially carried out to a baseline system configuration, and may be iteratively

carried out until a most desirable alternative is found.

We break down the six basic processes into sub-activities to be encompassed in LCC
analysis, in particular LCC analysis in o1l and chemical industries. The
sub-activities are illustrated in Fig. 5-2. We present a brief explanation for each

sub-activity in this report.

The numbers of codes and standards related to LCC analysis is considerable
reflecting the wide coverage of LCC analysis. We present four main standards
closely relevant to LCC analysis, which are “IEC60300-3-3”, “IS015633”, “NORSOK
0-CR-001/002”, and “SAE-ARP 4293”. We briefly review the other standards
relevant to LCC analysis as well, and summarize the relations among standards and

the sub-activities in LCC analysis as shown in Table 6-1.

Some software tools for LCC analysis are introduced. The objective of the
introduction of the LCC tools is to provide brief information just for reference, not to

find the best software tool, because we consider that the most appropriate tool
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depends on the specific system and the objectives of the LCC analysis. Software
tools for LCC analysis are categorized as “Effectiveness analysis tools (RAM
analysis tools)” and “Cost analysis tools” as shown in Fig. 7-1. RAM analysis tools
are further categorized into two types, simulation tools and analysis tools, and their
pros and cons are discussed. Five RAM tools are introduced, and the functionality of

the five software tools are summarized.

One of the main objectives of LCC analysis is to provide useful information for
decision making, e.g., in purchasing a product, in optimizing design, in scheduling
maintenance, or in planning revamping. According to the increasing complexity of
systems, we have to consider about various consequences incurred from a system
from wide aspects and in long perspective. We believe that the importance of LCC

analysis as a tool for the decision making will increase in the future.

Acknowledgements
I wish to express my special thanks to everyone who provided me useful information
through interviews and who responded to my questionnaire. The financial support
received from SINTEF Department of Safety and Reliability and Japan Cooperation
Center Petroleum (JCCP) are gratefully acknowledged.



Page 56

Life Cycle Cost (LCC) analysis in oil and chemical process industries

APPENDIX A: References on LCC analysis

This appendix contains references reviewed during the literature survey to prepare
this report. The references include papers, reports, codes and standards, and books
which deal with one or more issues of relevance to an activities in LCC illustrated in
Fig. 5-2.

The references are classified in the following categories, and references are listed
without any particular order in each category. References are serially numbered
throughout the categories, and the serial numbers are referred in the main body of

this report.

Categories for classification of references

1. Codes & Standards

2. General

3. System Modeling
3.1 Reliability
3.2 Availability
3.3 Maintainability
3.4 Dependability
3.5 Sparing
3.6 Supportability
3.7 Risk
3.8 Software
3.9 Environment

4. Data

5. Model Run
5.1 RAM analysis
5.2 Cost analysis

6. Evaluation

7. Optimization

8. Applications
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APPENDIX B: Samples of cost elements definition

Ten samples of cost element definition are introduced in this appendix. They may be
a reference for an actual LCC analysis.

B1: IEC 60300-3-3 (1996)

1. Concept and definition

1.1 market research

1.2 project management

1.3 system concept and design analysis

1.4 preparation of a requirement specification of the product
2. Design and development

2.1 project management

2.2 system and design engineering, including reliability, maintainability

and environmental protection activities

2.3 design document

2.4 prototype fabrication

2.5 software development
6 testing and evaluation
7 productivity engineering and planning
8 vendor selection
9 demonstration and validation

2.10 quality management
3. Manufacturing and installation

a) non-recurring

3.1 industrial engineering and operations analysis

3.2 construction of facilities

3.3 production tooling and test equipment

3.4 special support and test equipment
5 initial spares and repair parts
6 initial training
7 documentation
8 software )
9 testing(qualification testing)
) recurring
1
1
1
1
1

2.
2.
2.
2.

(b
0 production management and engineering
1 facility maintenance
2 fabrication (labor, materials, etc.)
3 quality control and inspection
4 assembly, installation and checkout
3.15 packing, storage, shipping and transportation
3.16 ongoing training
4. Operation and maintenance
(a) operation
4.1 labor/trainin
4.2 materials ancgi consumables
4.3 power
4.4 equipment and facilities
4.5 engineering modification
4.6 new software release
(b) maintenance
4.7 labor/training
4.8 facilities
4.9
4.1

3.
3.
3.
3.
3.

3
3
3
3
3

contractor services
0 software maintenance
(c) supply
4.11 lanr/training
4.12 spare parts and repair material
4.13 warehousing facilities
4.14 package, shipping and transportation
5. Disposal
5.1 system shutdown
5.2 disassembly and removal
5.3 recycling or safe disposal
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B2: ISO 15663-2 (Draft)

1. CAPEX (Capital cost)
1.1 design and administration man-hours
1.2 equipment and material purchase
1.3 fabrication cost
1.4 installation cost
1.5 commissioning cost
1.6 insurance spares cost
1,7 reinvestment cost
2. OPEX (operating cost)
2.1 man-hours per system
2.2 spare parts consumption per system
2.3 logistic support cost
2.4 energy consumption cost
2.5 insurance cost
2.6 offshore support cost
3. Revenue impact
Revenue impact is based on the production profile given in the plan for
development and operation. For fields already in operation actual and
predicted future production form the basis.
Revenue impact can be estimated from failure data, etc.
For instance, OREDA (offshore reliability data) provides the following data,
- inventory data
- operating data
- failure event data
- maintenance data

B3: NORSOK:0-CR-001 (1996)

1. Capital cost
1.1 Equipment purchase cost
1.2 Installation cost
1.3 Commissioning cost
1.4 Insurance spares cost
1.5 Reinvestment cost
2. Operating cost
2.1 Man-hour cost
2.1.1 Corrective maintenance
2.1.2 Preventive maintenance
2.1.3 Servicing
2.2 Spare parts consumption cost
2.2.1 Corrective maintenance
2.2.2 Preventive maintenance
2.2.3 Servicing
2.3 Logistics support cost
2.4 Energy consumption cost
3. Cost of deferred production
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B4: NORSOK:0-CR-002 (1996)

1. Capital cost
1.1 Design and administration cost
1.2 Equipment purchase cost
1.3 Fa rlcatlon cost
1.4 Installation cost
1.5 Commissioning cost
1.6 Insurance spares cost
1.7 Reinvestment cost
2. Operating cost
2.1 Man-hour cost
2.1.1 Corrective maintenance
2.1.2 Preventive maintenance
2.1.3 Servicing
2.2 Spare parts consumption cost
2.2.1 Corrective maintenance
2.2.2 Preventive maintenance
2.2.3 Servicing
2.3 Logistics support cost
2.4 Energy consumption cost
2.5 Insurance cost
2.6 Onshore support cost
3. Cost of deferred production

B5: SAE ARP4293 (1992)

1. Acquisition cost
1.1 Research, development, test & evaluation cost
1.1.1 Conceptual studies
1.1.1.1 Feasibility studies
1.1.1.2 Program definition
1.1.2 Development & validation
1.1.2.1 Airframe
1.1.2.2 Engines
1.1.2.3 Avionics
1.1.3 Full scale development
1.1.3.1 Airframe
1.1.3.2 Engines
1.1.3.3 Avionics
1.2 Investment cost
1.2.1 Facilities investment
1.2.2 Production investment
1.2.2.1 Initial tooling
1.2.2.2 Production tooling
1.2.3 Production
1.2.3.1 Tooling maintenance
1.2.3.2 Aircraft
1.2.3.2.1 Airframe
1.2.3.2.2 Engines
1.2.3.2.3 Avionics
1.2.3.3 Delivery charges
1.2.4 Initial support
1.2.4.1 Fnltlal training
1.2.4.2 Initial spares
1.2.4.2.1 Airframe spares
1.2.4.2.2 Reserve engines
1.2.4.2.3 Engine spares
1.2.4.2.4 Avionics spares
1.2.4.2.5 Technical publications
1.2.5 Support e(é ipment & simulators
1.2.5.1 Support equipment
.2 5.2 Simulators
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B5: SAE ARP4293 (1992) (continued)

2. Ownership cost
2.1 Operating & support cost
2.1.1 Operating consumables
2.1.1.1 Fuel, oil & lubricants
2.1.1.2 Drop tanks
.1.1.3 Oxygen
1.4 Ammunition

2.1.2 Aircrew
1 Training

.2 Back-up personnel

.3 Overheads

pport

1 Spares

2 Consumables

3 Support equip. depreciation
4 Support equip. maintenance
g Engineering personnel
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8
9
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Other duties (Military)
Overheads
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.1 Personnel & overheads

.2 Replacement spares

actor support

.1 Personnel & overheads

.2 Spares

ined design services

.6.1 Investigation and design

.6.2 Production (Mod Kits)

.6.3 Amendments to documentation
onent improvement program

.7.1 Research, design and development

2.1.4 Depo
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2.2 Disposal cost

B6: SINTEF LCC prediction handbook (1989)

1. LAC (Acquisition)
1.1 CIE (Equipment)
1.1.1 CIEH (Component)
1.1.2 CIEA (Additional equipment)
IIC (Installation, commissioning)
IM (Management, engineering)
1.3.1 CIMV EVendor management, engineering)
1.3.2 CIMC
2. LSC (Support)
2.1 CIR (Investments)
2.1.1 CIRS ﬁ%are parts)
2.1.2 CIRT (Training)
2.2 CYC (ﬁ{earl )
3. LUC (Unavaila 111ty;7

1.2C
1.3C

Contractor management and engineering)
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B7: SINTEF HIIPS project (1996)

1. Capital cost
1.1 Design and administration cost
1.2 Equipment purchase cost
1.3 Fabrication cost
1.4 Installation cost
1.5 Commissioning cost
1.6 Insurance spares cost
1.7 Reinvestment cost
2. Operating cost
2.1 Additional Maintenance Cost due to the introduction of HIPPS
2.1.1 Corrective maintenance
2.1.2 Preventive maintenance
2.2 Spare parts consumption cost
2.3 Energy consumption cost
2.4 Onshore support cost
2.5 Cost of risk (cost of possible rebuilding and clean-up)
3. Cost of deferred production
3.1 Cost of short-duration shutdowns, e.g. due to minor problems or
servicin
3.2 Cost o%lonlg lasting shutdowns, e.g. subsea intervention
3.2.1 reventlve intervention
3.2.2 Corrective intervention

B8: REMAIN (Railway maintenance) project by SINTEF (1998)

1. INV (Investment costs of the system or equipment/product: primary investment)

1.1 Equipment and material purchase cost
1.2 Engineering cost
1.3 Installation cost
1.4 Initial spares cost
1.5 Initial training cost
1.6 Disposal and reinvestment cost
2. AMC (Annual maintenance and operating costs)
2.1 Corrective Maintenance cost
2.2 Calendar based PM cost
2.3 Condition based PM cost
2.4 Operating cost
2.5 Energy consumption cost
3. ADC (Annual delay-time costs)
3 1 Short term delay cost
3.2 Longi1 erm delay cost
4. AHC (Annual hazard costs)
4.1 Human safety cost
4.2 Environmental threat cost
4.3 Cleaning cost
4.4 Rebuilding cost
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B9: US Air Force INPUT data to Decision Support System in Air Force (1990)

1. Acquisition costs
1.1 System Acquisition
1.2 Pre-production Engineering
1.3 Installation
.4 Initial Technical Data
Initial Item Management
Start Up
Shipping Containers
Pre-production Refurbishment
Initial Trainin
0 Tool and Testhquipment
1 Training Devices
2 Support Equipment
3 Hardware Spares )
4 I%pares Reusable Containers
5 New Facility Upgrades
16 Warranty
1.17 Miscellaneous
2. Operating cost
2.1 Labor and Manpower
2.2 Support Equipment
2.3 Repair Parts and Materials
2.4 Condemnation Spares
5 Engineering Changes
6 Repair Labor
7 Consumables
8 Technical Data Revisions
9 Recurring Item Management
1
1
1
1
1

= = = = O 00 =1 O U

1
1
1
1
1
1
1
1
1
1
1
1
1

0 Recurring Training
1 Recurring Facilities
2 Transportation

3 Contractor Services

2.
2.
2.
2.
2.
2.
2.
2.
2.
2.14 Miscellaneous

B10: Henderson, J. T., A Computerized LCC/ORLA Methodology, Proceedings of
EEE Annual Reliability and Maintainability Symposium, (1979)

. Cost of technical data exclusive of Technical Orders (TO's)

. Cost of that portion of the TO's concerned with organizational level maintenance

. Site preparation and installation costs

. Peculiar Support Equipment required for installation and alignment

. Common support acquisition costs

. Training costs associated with Cl-level trouble shooting

. Initial and continuing costs for Air Force special operator training

8. Acquisition costs of peculiar training equipment

9. Maintenance personnel transit time to a site

10. ORLA (: Optimum Repair Level Analysis)-related costs associated with
non-repairable 1tems

11. Design and development costs of a system

12. Acquisition costs of the system hardware

OO Utk W
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APPENDIX C: Descriptions of functionality of software tools for RAM analysis
C1: Functionality of MIRIAM and comments on the items

MIRRIAM Comments
Type Analytcalor sinulhtonal? Sinubtibnal
Monte Carb MRAM m aJ'ntaJ'nS. a list ofeyer}ts, ort_ierfad accordng to the folbw hg p_o'n.tsi (1) Tme:Events ahs.schedu]ed
M ethod Events based) to occur sequentilly, @) Pririty:Concident events are ordered by priority, @) O rder of generatbn:
Comncident events with equalpririty are handkd n the order they were generated.
Faiure data Constant X
Variabk 1 tine, or h MRIAM accepts the folow hg distrbutibns:Constant, Uniform (nterval @,b)), Triangukr, Exponentil]
operation m odes x Gamma, Webull @ param eters), Nom al and Lognom al
Mantenance data Corrective X
hput data Preventive X
Com ponent throughput |Constant X
capacity Ram phg of fowrate is represented by som e fbw kvels varyng i stepwise. Ifany events kadig the
Varibk i operation ram phg fbw occure, the s‘oepw ised ﬂowmbe; are a}ltom.atl'cally applied n thg sinubtbn. Thm}lghput
nodes X capacity m ay be m odelled w ith cakndar variatbn Ge. tin e dependent capacity). A lso there exist a
functbnality called yield, which m eans that new throughputs may com e nto being anywhere hside a fow
network (hdeed very much alke a separator where wellstream is split into gas, oiland water). This yied
Dem and of productibn Constant X
Seasonalvariation X
System redundancy Active pararell X 0 peratihg rukes for active standby can be specified.
S tandby operatin X 0 peratihg ruks for passive stadby can be specified, as well
Tem porary bypass X
Capability |Aghg, degradation of com ponents X
ofmodelng |Surge tanks, Storage efficiency X
C e 1 . . . There is not a data hput field for perbdical testing for hidden failuire. However the effect of perbdical
Perbdialhspectin for hidden failires ® nspection for hidden failire can be m odekd w ith a m odeling technigue.
CCF,e.gl tility failire or Spurbus shutdown X S.purbl.ls shut' down is modeled with data of the faiuire frequency, the affected subsystem s and the repair
tin e distrbution.
Dehy tine due to bg]s.t]cs, X M RIAM consiers weather conditbn, which affects the dehy tme.
adm histratbn, etc.
L . Detaiked histories of failure and repaire are listed for each com ponents kevel subsystem s kevel and the
Critvalty anaksis x toht system kevel
Uncertaity analysis M I.jncerta?lity i%A cons;’dered n the faiure distrbutibn Aand_ the repair ti e di%tjrbutbn of each com ponents. It
is am erit of sin ultional toolto be capablk of considerng the uncertahty i the system.
. . Flexbility h cost
0 ptons Costanalysis cm ents defiitbn
Cost treatm ent NPV
etc.)
System avaibbility or productibn reguhrity X
M ean downtin e X
O utput data |U tility consum ption X
M antenance resource
expenditure x
Spares and stockouts X

Life tin e system cost

Note: () represents w ith restrictions
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C2: Functionality of MAROS and comments on the items

MAROS Comm ents
Type Analyticalor sinuhtbnal? Simuhtbnal
Monte Carb  [MAROS utilises a graphicaluser hterface GUI) which em pbys rehbility bbck diagram s to construct the
M ethod . -
Events based) |hput fike
Failure data Constant X
Variblk 1 tine, or n
operation modes X
M antenance data Corrective X
Ihput data Preventive X
Com ponent throughput |Constant X
capac ity Varibl h operatibn
modes x
D em and of productibn Constant X
Seasonalvarktin X
System redundancy Active pararell X
S tandby operation X
Tem porary bypass X
] Aehe deeradatbn of com ponen s « MAROS offers the use of the Webulldistrbutin w ith the charac‘oeris-t'n life and beta factor‘toibe defined
C apablity Ens, deg P by the user. Sekctin of the beta factor greater than 1.0 e.g. 2 willgive wear-out characteristics
ofmodelng |Surge tanks, Storage efficiency X
Perbdical nspection for hilden failires ® MAROS .does not.have an explicit hput field for the perbdical hspectibn. However, it can be m odeld w ith
a modelhg technigue.
CCF,e.gU tility failure or Spurbus shutdown X
. due to bgistics,
Deby the adm histratibn, ete. X
C riticality analysis X
Uncertainty analsis R To establich an LCC range based on uncertaity of hiput param eters, a num ber of sensitivity or “what if”
scenarbs are run. The results from these runs can then be pbtted to show uncertainty or band w dths of
0 ptbns Cost analysis Zirijzr?%sy cﬁfci?jstgn X The cost profike presented i the ouput fike can be m anipukted by changihg the hput data arrangm ent
Cost treatm ent NPV MAROS now has a htegrated Life—cyck cost LCC) moduk which enabks phts and cakuhtbns of opex,
etc.) * capex, revenue and NPV
System avaihbility or production regulrity X
M ean downtin e X
O utput data |U tility consum ption X
M aintenance resource
expenditure x
Spares and stockouts X
Life tin e system cost X

Note: () represents w ith restrictions
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C3: Functionality of AvSim+ and comments on the items

AvSin+ Comm ents
Type Analyticalor sin uktbnal? Sinubtbnal
Monte Carb AvSin em u]ate.s faﬂugs and repaires on each com ponents through overa system ]ife cycb. Each tine a
M ethod Events based) com ponents fails, AvSin checks whether the system has faikd, or not ushg the bgic dhgram represented
) by FTA orRBD. Allevents are recorded, so detailed nform atbn of system perfomm ance is accordingly
Faiure data Constant X
Var]ab]-e ntme, orn X AvSin accepts the folbw hg faiure distrbutions:Constant, Exponential Webull
operatibn m odes
M aintenance data Corrective X AvSin accepts the folbw g repair tin e distrbutions:Exponential Nom aland Lognom al
Ihput data P reventive X
AvSin does notaccept any throghput capacity data. How ever, the capability to handk capacity willbe
Constant . . R
C om ponent throughput realized i the next versibn.
capac ity Varibl h operatin
m odes
D em and of productibn Constant
Seasonalvariatibn
System redundancy Active pararell X Apportonm ents of faiire/ aghg 1 hot stanby m ode can be specified.
S tandby operation X
Tem porary bypass X
Capability |Aghg, degradation of com ponents X
ofmodelng |Surge tanks, S torage efficiency X
Perbdical nspectibn for hidden failures X AvSin has the data hput field for the htervalof perbdical test for hidden failures.
CCF,e.gU tility failure or Spuribus shutdown X
Dehy tine due to bgistics, X Three defferents dehy tim es can be specified for each com ponent according to the becatn of the
adm histratin, etec. com ponent, ie. on—site, h a depot, and i a factory.
C riticality analysis
Uncertainty analysis X
. . Flexbility f cost User can not create a new cost category n the model However, any cost ekem ents, e.g. risk cost, can be
Optbns Cost anaksk elkem ents defhitbn ) considered ushg the cost category nam ed m iscelhnbus cost.
Cost treatm ent NPV Cost analysis can be exam hed with a software package dedicated for cost analysis nam ed LCCW are which
etc.) is a fam ily of AvSin +
System avaihbility or production regulrity X
M ean downtin e X
O utput data |U tility consum ption
M antenance resource
expenditure x
Spares and stockouts X
Life tin e system cost X

Note: () represents w ith restrictions
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C4: Functionality of UNIRAM and comments on the items

UNRAM Comm ents
Type Analyticalor simuktbnal? Analytical
" Avaibbility B bck D agram (ABD) shows functibnalconnections am ong basic subsystem s i the plant w ith
Avaihbility B bck . . X
M ethod D fagram and FTA data of throughput capacity. ABD do notneed to correspond to the physicalarrangem ent of equm ent.
Failure m odel for each basic subsystem is represented by a bgic diagram 1 the fault tree style.
Failure data Constant X
Variabk h tine, or h ) The Uncertainty O ption albws for variation 1 the estinate of the mean; The WebullO pton albws for
operation m odes variation h com ponent faiure rate with tine.
M aintenance data Corrective X
Ihput data Preventive X
Com ponent throughput |Constant X
capac ity Variabk n operation
m odes
Dem and of productibn Constant X
Seasonalvarition X
System redundancy Active pararell X
Standby operation X
Tem porary bypass N This can be. accom odated J:n the devebpm ent of the UN ]RAM m odelbyluse ofa pgrfect Q:l) dummy
bypass basi subsystem with reduced throughput capacity i parallelw ith the orighalbasic subsystem ().
Agie. desradation of com ponents . The WebullO ptbn provides this function by pem itthg the user to enter alpha, beta, gamma W e bull
C apability £ng; deg p param eters for selkected com ponents abng with designated overhaul tin es.
ofmodelng Surge tanks, S torage effiency . These effects are represen‘rgd withh the basic UNIRAM modelas surge tin es at the com ponent, gate, and
subsystem lvels as appropriate.
Peribdical hspectibn for hidden faiures
CCF,e.gU tility failure or Spurbus shutdown x) It can be modeled with defining a unit representing CCF i the structure diagram i series.
. due to bgistics, Dehys due to bgistics or adm histrative are assum ed to be contaned within the MDT values used for each
Dehy tine . . x)
adm histraton, etc. com ponent.
C riticality analysis X
It has the statisticaluncertainty optin uses M onte Carb sam plhg to sekct M TBF and/orMDT valies to
Uncertainty analysis X be used for each com ponent havihg multpk values for each iteratibn. The m easures are then evaluated
analytically and averaged over the iterations w ith the corresponding 90% confidence values com puted
. . Flexbility ih cost
0 ptons Costanalysis olom ents defhiton
Cost treatment NPV
etc.)
System avaibbility or production regularity X
M ean downtin e X
O utput data |U tility consum ption
M aintenance resource
expenditure
Though not cakukbted directly by UNRAM, the effects can be evaluated by determ hing the in pacts on
Spares and stockouts MDT values w ith changes n sparig kvels and then usihg the Data Change O pton. The com panin
program, UNKSAM, is intended to do this functin.
Life tin e system cost ® The user hputs a cost perm egaw att hour or a cost per ton as part of the nput fik. The outputs then

provide a cost valie per peribd associted with varbus determ hed param eters

Note: () represents w ith restrictions
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C5: Functionality of WinRAMA and comments on the items

W nRAMA Comm ents
Type Anakticalor sinubtbnal? Analytical
Method Fbw netwok and |Fbw network shows phystalconnectibns among basi subsystem s h the phnt w ith data of throughput
RBD capacity. Failire modelfor each bast subsystem i represented by the bgt dagram h RBD styk.
Failre data Constant X Failire data i represented either by M TTF or by probability of failon demand @FD)
Varibk n tine, orn
operatbn m odes
Mahtenance data Corrective X Repatr tine i represented by MTTR
Ihput data Preventive
Com ponent throughput |Constant X
capacity Variabk h operatbn
modes
Demand of productbn  |[Constant ®) Productbn regubrity can be cakbuhted based on the result of system avaibbility.
Seasonalvariatibn
System redundancy Active pararell X
S tandby operatibn
Tem porary bypass
Capability |Aghg, degradatbn of com ponents
ofmodelhg [Surge tanks, Storage efficiency &) It can be modekd ifa com ponentw ith a proper MTTF and MTTR is added i the system 1 paralel
Perbdical hspectbn for hidden faiures X W hRAMA has the data nput fied for the ntervalof perbdical test for hidden failire.
CCF,e.gl tility faiire or Spurbus shutdown &) It can be modekd ifa com ponent w ith a proper M TTF and MTTR i added 1 the system h series.
Dehy tine 23; ;Ojszi]tséﬁ,s’efc. ®) Alldehy tine can be modekd if they are iclided 1 the valie of MTTR
Criticality analysis X
Uncertahty analysi
. . Flexbility n cost
Optbns Cost analysis obmonts defhiton
Cost treatment NPV
etc.)
System avaihbility or productbn reguhrity X
M ean downtin e
Output data |U tility consum ptbn
M antenance resource
expenditure

Spares and stockouts

Life tine system cost

Note: () represents w ith restrictons
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