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Abstract

The unexpected failures, the down time associated with such
failures, the loss of production and, the higher maintenance costs
are majorproblems in any process plant. Risk-based maintenance
(RBM) approach helps in designing an alternative strategy to
minimize the risk

resulting from breakdowns or failures. Adapting a risk-based
maintenance strategy is essential in developing cost-effective
maintenance

policies.

The RBM methodology is comprised of four modules: identification
of the scope, risk assessment, risk evaluation, and maintenance

planning. Using this methodology, one is able to estimate risk
caused by the unexpected failure as a function of the probability
and the

consequence of failure. Critical equipment can be identified
based on the level of risk and a pre-selected acceptable level of
risk. Maintenance

of equipment is prioritized based on the risk, which helps in
reducing the overall risk of the plant.

The case study of a power-generating unit in the Holyrood
thermal power generation plant is used to illustrate the
methodology. Results

indicate that the methodology is successful in identifying the
critical equipment and in reducing the risk of resulting from the
failure of the

equipment. Risk reduction is achieved through the adoption of a
maintenance plan which not only increases the reliability of the
equipment

but also reduces the cost of maintenance including the cost of
failure.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: Risk assessment; Risk-based maintenance; Maintenance
planning; Power plant

1. Introduction

An oil-fired electrical power plant is a complex process

system comprising different types of processing equipment

working under extreme operating conditions. Failure of

such systems can be catastrophic especially during the

winter seasons for the people living in regions having cold

climates and depending on electricity for heating their

homes. Generally, a mix of different maintenance strategies

is used for the maintenance of such systems in order to

increase the availability and to reduce the operating and

maintenance costs of the plant.

Industries worldwide spend a huge amount of money on

maintenance of production machinery. Each year US industry

spends well over $300 billion on plant maintenance and

operation (Dhillion, 2002). Furthermore, it is estimated
that

approximately 80% of the industrydollars are spent to
address

chronic failures of the equipment and injury to people. An

operating cost reduction of about 4060% can be achieved

through effective maintenance strategies (Dhillion, 2002).

There are different risk-based approaches reported in the

literature. They range from the purely qualitative to the

highly quantitative. A brief review of some of the most

frequently used ones is presented here.

Vesely, Belhadj, and Rezos (1993)used probabilistic
riskassessment (PRA) as a tool for maintenance prioritization.

The minimal cutset contribution and the risk reduction

importance are the two measures that were calculated.

Using minimal cutsets and the risk reduction importance,

the basic events and their associated maintenance were

prioritized. Moreover, basic events having low risk and

unimportant maintenances were ignored.

Vaurio (1995)presented a procedure for optimizing test

and maintenance intervals of safety related systems and

0950-4230/$ - see front matter q 2005 Elsevier Ltd. All rights
reserved.
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components. The method is based on minimizing the total

plant-level cost under the constraint that the total
accident

frequency (risk) remains below a set criterion. The measure

of risk is the time average value of an accident rate.

Component failures, common cause failures and human

errors are included and modeled by the basic events, the

probabilities of which are simple functions of test
andmaintenance intervals. Analytical solutions were obtained

for several risk models, illustrating how different factors

influence the optimization.

Hagemeijer and Kerkveld (1998) developed a method-

ology for risk-based inspection of pressurized systems. The

methodology is based on the determination of risk by

evaluating the consequences and the likelihood of equip-

ment failure. Likelihood of equipment failure is assessed,
by

means of extrapolation, at the future planned maintenance

campaign to identify the necessary corrective work. The

study aimed to optimize the inspection and maintenance

efforts and to minimize the risk in a petroleum plant
inBrunei.

Harnly (1998) developed a risk ranked inspection

recommendation procedure that is used in one of Exxons

chemical plants to prioritize repairs that have been
identified

during equipment inspection. The equipment are prioritized

based on the severity index, which is failure potential

combined with consequences of failure. The reduction in the

overall risk of the plant is accomplished by working high-

risk items first.

Making decisions concerning a selection of a mainten-

ance strategy using a risk-based approach is essential to

develop cost effective maintenance polices for mechanized

and automated systems because in this approach the

technical features (such as reliability and maintainability

characteristics) are analyzed considering economic and

safety consequences (Kumar, 1998). This approach pro-

vides a holistic view of the various decision scenarios

concerning the selection of a maintenance strategy where

cost consequences of every possible solution can be

assessed quantitatively. Risk-based maintenance strategies

can also be used to improve the existing maintenance

policies through optimal decision procedures in different

phases of the risk cycle of a system.

Unexpected failures usually have adverse effects on the

environment and may result in major accidents. Studies byKhan
and Abbasi (1998), Kletz (1994), and Kumar (1998)

show a strong relationship between maintenance practices

and the occurrence of major accidents. Profitability is

closely related to the availability and reliability of the

equipment. The major challenge for a maintenance engineer

is to implement a maintenance strategy, which maximizes

availability and efficiency of the equipment; controls the

rate of equipment deterioration; ensures a safe and

environmentally friendly operation; and minimizes the

total cost of the operation. This can only be achieved by

adopting a structured approach to the study of equipment

failure and the design of an optimum strategy for inspection

and maintenance.

The American Society of Mechanical Engineers (ASME)

recognized the need of risk-based methods and organized a

number of multidisciplinary research task forces to study

risk-based in-service inspection and testing. The results of

this effort are given the codes, standards, and guides
thatappeared in the late 1980s. These research groups worked to

determine appropriate risk-based methods for developing

inspection and testing guidelines for several applications.
A

series of ASME publications present this work, which

includes both nuclear and industrial applications (ASME,

1991).

Balkey and Art (1998)developed a methodology, which

includes risk-based ranking methods, beginning with the use

of plant PRA, for the determination of risk-significant and

less risk-significant components for inspection and the

determination of similar populations for pumps and valves

in-service testing. This methodology integrates non-destruc-

tive examination data, structural reliability/risk
assessment

results, PRA results, failure data and expert opinions.

There has been an increased focus on risk-based

maintenance optimization in the offshore industry prompted

by the recent functional regulations on risk. Apeland and

Aven (1999)presented alternative probabilistic frameworks

for this optimization using a Bayesian approach.

Industry, environmental agencies and the scientific

community have all emphasized the need to include

environmental impact considerations as part of the design

effort of modern chemical process plants. Vassiliadis and

Pistikopoulos (2000) developed maintenance-based strat-

egies for environmental risk minimization for the
processindustry. The work represents the mechanism of

occurrence of unexpected events usually related to

equipment failures and the severity of their conse-

quences. Detailed processes, reliability and maintenance

characteristics are incorporated in the process optimiz-

ation framework. The best preventive maintenance

strategies that accomplish the conflicting environmental

problems were developed.

Dey (2001)presented a risk-based model for inspection

and maintenance of a cross-country petroleum pipeline

that reduces the amount of time spent on inspection. This

model does not only reduce the cost of the pipeline

maintenance; but also suggests efficient design and

operational philosophies, construction methodology, and

logical insurance plans. The risk-based model uses an

analytical hierarchy process and a multiple attribute

decision-making technique to identify the factors that

influence the failure of a specific pipeline segment. This

method could be used to prioritize the inspection and

maintenance of pipeline segments.

Misewicz, Smith, Nessim, and Playdon (2002) devel-

oped a risk-based integrity project ranking approach for

natural gas and CO2 pipelines. The approach is based on

a benefit cost ratio, defined as the expected risk reduction
in

L. Krishnasamy et al. / Journal of Loss Prevention in the
Process Industries 18 (2005) 698170
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dollars per mile over the project useful life, divided by

the total project cost. Risk reduction is estimated using a

quantitative risk analysis approach. The benefit cost ratio

results can be used as a tool to justify the maintenance

budget.

Backlund and Hannu (2002) discussed maintenance

decisions based on risk analysis results. An effective useof
resources can be achieved by using risk-based mainten-

ance decisions to determine where and when to perform

maintenance. A comparative study based on three indepen-

dent risk analyses performed on a specific Hydro power

plant was discussed. The study revealed major differences in

the results. Various factors that affect the quality of the

analyses were identified. Based on these findings, the

authors emphasized the need of homogenized quantitative

risk analysis

A holistic, risk-based approach to asset integrity

management was discussed by Montogomery and Serra-

tela (2002). It is based on proven risk assessment and

reliability analysis methodologies, as well as the need to

have appropriate management systems. Combining risk

assessment and risk-based decision-making tools provides

operators with a realistic way to achieve corporate and

regulators objectives.

The review of the literature indicates that there is a trend

to use risk as a criterion to plan maintenance tasks.

However, most of the previous studies focused on a

particular system and were either quantitative or semi-

quantitative. Recently,Khan and Haddara (2003)proposed

a new and comprehensive methodology for risk-based

inspection and maintenance. The application of method-

ology was illustrated using a HVAC system as a case study.The
methodology integrates quantitative risk assessment

and evaluation with proven reliability analysis techniques.

The equipment is prioritized based on total risk (economic,

safety and environmental). A maintenance plan to reduce

unacceptable risk is developed. The methodology was also

applied to an ethylene oxide production plant (Khan &

Haddara, 2004).

Least-cost strategies for asset management (operation,

maintenance and capital expenditures) are essential for

increasing the revenues of power-generating plants.

The risk-centered approach as used in this study helps in

making decisions regarding the prioritization of the

equipment for maintenance and in determining an appro-

priate maintenance interval. The present work describes the

application of a risk-based maintenance policy for devel-

oping a maintenance plan for a thermal power plant in

Newfoundland, Canada.

2. Risk-based maintenance (RBM) methodology

Risk-based maintenance methodology provides a tool

for maintenance planning and decision-making to reduce

the probability of failure of equipment and the consequences

of failure. The resulting maintenance program maximizes

the reliability of the equipment and minimizes the cost of

the total maintenance cost. Fig. 1 shows a flow diagram

which depicts the process used to develop this methodology.

The following steps are followed.

2.1. Identification of the scope

The plant is divided into major systems, each system is

divided in subsystems and the components of each

subsystem are identified. Each system is analyzed one at a

time, until the whole plant has been investigated. Data

required to analyze the potential failure scenarios for each

system are collected. Physical, operational, and logical

relationships between the components are studied.

2.2. Risk assessment

Risk assessment starts with the identification of majorpotential
hazards (top events) that each failure scenario

may lead to. A fault tree is used to identify the basic
events

and the intermediate paths that will lead to the top event.

Failure data for the basic events of the subsystem are

used to estimate the probability of subsystem failure.

A consequence analysis is used to quantify the effect of the

occurrence of each failure scenario. This is based on a
study

of maintenance costs including costs incurred as a result of

failure. Finally, a quantitative measure for risk is
obtained.

2.3. Risk evaluation

An acceptable risk criterion is determined and used to

decide whether the estimated risk of each failure scenario

is acceptable or not. Failure scenarios that produce

unacceptable risk are used to determine maintenance

policies for the components involved.

2.4. Maintenance planning

Subsystems that failed to meet the acceptable risk criteria

are studied with the objective to designing a maintenance

program that will reduce the risk. Both the type of

maintenance and the maintenance interval should be

decided upon at this stage. In this work, we only use the

maintenance interval to modify the risk. By modifying the

maintenance interval, the probability of failure changes

and this will also affect the risk involved. The probability
of

the top event is decided upon using the acceptable risk

criterion. A reverse fault tree analysis is used to estimate
the

new probability of failure for each basic event. Maintenance

intervals which produce the new probability of failure are

then calculated.

However, one can also look at how maintenance is done

with a view to reduce the consequence of failure as well.

This is not attempted in this study.

L. Krishnasamy et al. / Journal of Loss Prevention in the
Process Industries 18 (2005) 6981 71
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3. Case study: power-generating plant

A case study is used to illustrate the use of the above-

mentioned methodology in designing maintenance pro-

grams. The case study uses a power-generating unit in an

operating steam power plant. A steam power plant is

a means for converting the potential chemical energy of fuel

into electrical energy. In its simplest form, it consists of

a boiler and a turbine driving an electrical generator. The

Holyrood power plant started operating in 1969 using two

units, a third unit (Unit 3) was added in 1979. The data usedin
this work was obtained from the Holyrood power-

generating plant in Newfoundland. The unit under study is

designated Unit 3.

3.1. Identification of the scope

The scope of this study is Unit 3 of the Holyrood

power station. It has a rated capacity of 150 MW

(Loganathan, 2004). Unit 3 is classified into major

subsystems based on the operational characteristics. A

subsystem is comprised of different equipment or devices

such as pumps, feed water heaters, valves and soot

blowers. Fig. 2 shows the hierarchy of systems and

subsystem s of U nit 3 (in terms of their logical

classification). Failure data for the basic equipment were

obtained from the power plant records. Failure models

that best fit the recorded data were obtained using a least

squares method (Dhillion, 2002; Khan & Haddara, 2004).

In arriving at the failure models, both the Weibull and the

exponential distributions were used.Table 1gives a list of

the equipment that constitute Unit 3 and the parameters

of the failure models. Brief explanation of Weibull
andexponential failure model are given in Appendix.

3.2. Risk assessment

3.2.1. Fault tree development

Fault trees were constructed for the different plant

systems. A total of 53 fault trees were developed and

analyzed (Loganathan, 2004). An example is given inFig. 3,

which depicts the fault tree for the event failed to
generate

and supply power. Each basic event of this fault tree (a
total

of 13 basic events as shown in Fig. 3) was subsequently

Identifying subsystem and

components

Collection of failure data and

defining failure model

Risk Assessment

Hazard identification

Probabilistic failureanalysis

Consequence assessment

Risk quantification

Risk Evaluation

Selecting risk

acceptance criteria Comparison of assed

risk against acceptable

criteria.

Maintenance Planning

Development of maintenance

plan to reduce the unacceptable

risk to acceptable level

Definingrelationship among

components, subsystem and

the main system

Identification of the Scope

Fig. 1. Architecture of RBM methodology (revised after Khan and
Haddara (2003)).

L. Krishnasamy et al. / Journal of Loss Prevention in the
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extended in one or more fault trees and analyzed. Using

the results of this analysis, one is able to determine the

probability of occurrence of these basic events. A software

package PROFAT was used to analyze these fault trees,

seeKhan and Abbasi (2000). The result of fault tree analysis

(PROFAT output) for the main fault tree shown inFig. 3is

presented isTable 2.

In arriving at the top event probability using a fault tree,

failure probabilities for the basic events were mostly

determined using failure data obtained from the physical

plant. However, some data were lacking, and for these

components failure rates were estimated either from

reliability data banks (Less, 1996; RAC, 2002) or from

operating experience of plant personnel.

3.2.2. Consequence analysis

Consequence analysis involves the estimation of main-

tenance and the production loss costs.

3.2.2.1. Estimation of maintenance cost. Maintenance cost

typically includes the cost of labor, parts, and the down
time

associated with the repair. The maintenance cost is

calculated using the following equation:

MCZCfCDT$Cv

whereCfis the fixed cost of failure (cost of spare parts),
DT

is the down time, and Cv is the variable cost per hour of

down time, it includes labor rate and crew size. Brief

descriptions of these costs are given below.

Furnace

Economizer

Steam drum

Super heater

Re-heater

Blow down systemChemical supply system

Forced draft fan east & west

Steam air heater east & west

Air-preheater east & west

Air flow control system east & west

Flue gas system

Steam generator

Heavy oil system

Light oil system

Fuel additive system

Turbine- steam supply system

Turbine- Rotating system

Rotating system

Hydrogen supply system

Seal oil supply system

Vacuum system

Cooling water supply system

Screen washing system

Condenser back wash

Water extraction pumps

Gland seal condenser

LP feed water heaters

Reserve feed water system

Water de-mineralization system

Chemical supply system

De-aerator

HP feed water heaters

Feed water auxiliaries

HP feed water pumps

Air and flue gas system

Fuel oil system

Turbine

Generator

Condenser

Low Pressure(LP) feed water system

High Pressure(HP) feed water system

Instrument and service air system Compressors

Air supply system

Power plant(Unit 3)

System SubSystems Components

Fig. 2. Classification of Unit 3.
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The cost of spares includes the cost of raw material,internally
manufactured parts, the parts sent away for

repairs, new spare parts, consumables, small tools, testing

equipments, and rent for special equipments. The cost of

spares and raw materials is drawn from the plant stock

book. For small tools, $3.00 is added per man-hour.

Special equipments rent cost is derived from plant

records.

Maintenance down time includes the total amount of

time the plant would be out of service as a result of
failure,

from the moment it fails until the moment it is fully

operational again. The repair process itself can be

decomposed into a number of different subtasks and delaytimes as
shown inFig. 4.

The cost of labor is an important component of the

maintenance cost. This is based on the hourly rate for

various trades and the information is drawn from the plant

documentation (see Table 3 for rates used in the present

study).

Down time associated with forced outage and forced

de-rating state is estimated from the failure data collected

for the Unit 3. Owing to the lack of data, the down time and

the number of maintenance personnel involved in repair is

estimated by interviewing the maintenance personnel.

Table 1

Failure parameters of various equipments of Unit 3 (details of
Weibull and exponential model is given in Appendix)

Major system Subsystem/Equipment Parameter

1. Steam generator Boiler bZ1.17,qZ50,853.9 h

Burners bZ1.65,qZ40,215.4 h

Re-heater lZ1.74!10K5/h

Water walls bZ1.27,qZ57,746.9 h

Burner piping and valve lZ0.17/year

Igniters lZ9.51!10K6/h

Boiler control bZ1.98,qZ49,061.1 h

Controls furnace draft lZ0.25/year

Steam ins. and control lZ0.08/year

Auxiliary steam and condensate system lZ0.16/year

2. Fuel oil supply system Fuel oil management ins. and control
bZ1.77,qZ52,219.9 h

Combustion control lZ2.90!10K5/h

FD fan #1 bZ1.26,qZ52,523.1 h

FD fan #2 lZ3.00!10K5/h

FD fan motor #1 lZ4.90!10K5/h

FD fan motor #2 lZ2.11!10K5/h

Fuel oil transfer system lZ0.16/year

Fuel oil forwarding system lZ0.08/year

Fuel oil boosting system bZ

2.18,qZ

72,895.4 h3. Air and flue gas system Air pre-heater 1
lZ1.50!10K5/h

Air Pre-heater 2 lZ2.00!10K5/h

Air extraction system lZ0.08/year

Air extraction vacuum pumps lZ0.08/year

Gland seal system lZ0.08/year

4. Turbine Turbine rotors lZ0.08/year

Steam turbine aux. ins. and conrole lZ0.16/year

Turbine bearing #2 lZ0.08/year

Pedestal bearing #1 lZ0.08/year

5. Generator Hydrogen gas cooling system lZ0.08/year

Generator brushes lZ0.08/year

6. Condensate system Condenser tubes bZ1.51,qZ74,607 h

Condenser lZ1.50!10K5/h

Feed water piping and support lZ3.10!10K5/h

Condensate make-up system lZ

0.08/yearCondensate make-up system ins. and control
lZ0.16/year

7. Feed water system Boiler feed pump 1 bZ1.18,qZ33,925.7 h

Boiler feed pump 2 bZ1.34,qZ34,845.6 h

HP heater 4 lZ0.0001/h

HP heater 5 bZ2.9, qZ40,607.4 h

HP heater 6 lZ0.08/year

Feed cycle auxiliary lZ0.08/year

Boiler feed water ins. and control bZ2.21,qZ69,743.4 h

Feed water heater ins. and control lZ0.08/year

De-aerator lZ0.16/year

L. Krishnasamy et al. / Journal of Loss Prevention in the
Process Industries 18 (2005) 698174
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Table 2

Results of fault tree analysis for a failure scenario in Unit 3
(fault tree is shown Fig. 3)

SeeFig. 3 Probability Improvement Improvement index

0 9.995466!10K1 0.000000!100 0.000000

1 9.990911!10K1 1.821995!10K3 9.898002

2 9.990916!10K1 1.819670!10K3 9.885374

3 9.990662!10K1 1.921415!10K3 10.438106

4 9.990832!10K1 1.853704!10K3 10.070265

5 9.990879!10K1 1.834691!10K3 9.966972

6 9.990916!10K1 1.819670!10K3 9.885374

7 9.990916!10K1 1.819670!10K3 9.885374

8 9.990916!10K1 1.819670!10K3 9.885374

9 9.990916!10K1 1.819670!10K3 9.885374

10 9.990772!10K1 1.877546!10K3 10.199786

11 9.995466!10K1 0.000000!100 0.000000

12 9.995466!10K

1 0.000000!100 0.00000013 9.995466!10K1 0.000000!100
0.0000000

Minimal path ways

1

5

8

11 12 13

2

3

4

6

7

9

10

Fig. 3. Fault tree for a failure scenario in Unit 3.
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3.2.2.2. Estimation of production loss cost. The production

loss cost is estimated using the following formula:

PLCZDT$PL$SP

where DT denotes down time, PL denotes production loss

in Mega Watt hour, and SP is the selling price of

generated electricity. Production loss in Mega Watt hour

was computed from the failure data. A price for fuel was

estimated at $45.00 per barrel. The price was derivedfrom the
cost of the No. 6 fuel oil. This is a heavy, high

sulfur residual fuel oil used in ocean liners, tankers, and

oil burning power plants. This price includes overheads.

The combination of production loss cost and the

maintenance cost gives the consequence of the failure in

dollars.

Risk is calculated using the results of the previous two

steps, by multiplying the probability and the consequence of

failure. Risk assessment results are given in Table 4.

3.3. Risk evaluation

An acceptable risk criterion was determined based on

the yearly maintenance expenditure of Unit 3 (found

from records as $2,000,000 per year) The estimated risk

for each individual subsystem was compared against the

acceptable risk criterion. Subsystems whose estimated

risk exceeded the acceptance criteria were identified.

These are the units whose maintenance plan had to be

modified in order to lower their risk. To facilitate this

comparison, a risk index was calculated. The risk index

is the actual risk divided by the acceptable risk. Thus,

any subsystem whose risk index is greater than 1.0 is

considered (see Table 4).

Three subsystems were found to violate the risk criterion:

the steam generator, air and flue gas system, and the high

pressure feed water. A new maintenance schedule had to be

developed for these three subsystems. To find out which

components contribute more the high-risk levels of these

subsystems, a study of the components of the subsystems

was carried out. The results of this study are shown in

Table 5which shows the values of the risk index calculated

for the various components of Unit 3. The components were

divided in three categories, high risk (risk index value

greater than 0.8), medium risk (risk index value between 0.4

and 0.8), and low risk (risk index value less than 0.6).

3.4. Maintenance planning

The strategy that we adopted to lower the risk to meet the

acceptable criterion, was to reduce the probability of
failure

A probability of failure for the top event was determined

such that the resulting risk would be acceptable. A reverse

fault tree analysis was used to obtain the probability of

failure of the basic events, which would produce a

probability of failure for the top event equal to modified

value obtained by meeting the risk criterion. The reverse

fault tree analysis involves top to bottom analysis
approach.

Here the probability of occurrence of the top event is fixedand
the fault tree is simulated to calculate probability of

failure of basic events. The simulation is carried out for

many different scenarios, the scenario giving most realistic

failure probabilities are accepted. The new probabilities

of failure of the basic events were used to calculate

the corresponding maintenance interval using the probabil-

istic model for failure developed earlier. Table 6 shows

the modified probability of failure for the top events and

Table 7 shows the maintenance intervals which would

produce the targeted probability of failure.

4. Summary and conclusions

The paper presents a methodology for designing

maintenance programs based on reducing the risk of failure.

This approach ensures that not only the reliability of

equipment is increased but also that the cost of maintenance

including the cost of failure is reduced. This will
contribute

Table 3

Labor rates

Trade Description Hourly rate

Boiler maker General foreman $46.21Foreman $44.90

Fitter/welder $41.26

Apprentice 3 $38.04

Apprentice 2 $32.81

Apprentice 1 $27.64

Helper $38.04

Pipe fitter Foreman $45.49

Welder/journeyman $42.64

Mill wright Foreman $41.47

Welder/journeyman $40.22

Apprentice $38.60

Journey $34.64

Electrician $25.00

Fig. 4. Analysis of downtime.
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to the availability of the plant as well as its safe operation.
In

the present approach, only the maintenance interval was

considered. This affects the probability of failure
directly,

but its effect on the consequence of risk is indirect.

However, the study can be extended such that theconsequence of
risk is addressed directly. This can be

done by a study of the maintenance strategies which can be

best applied to reduce the failure and its consequences.

In deciding the maintenance interval, we grouped the

equipment that would be maintained at the same time

together and assigned the minimum length of the

maintenance interval for the whole group. This means

that some equipment will be over maintained. However,

the resulting savings in terms of reducing the down time

required to perform the maintenance tasks justify
thispolicy.

The study identified the critical equipment based on risk.

For example, three subsystems were found to have

unacceptable initial risks. These are the steam generator,

the high pressure feed water system, and the air and flue
gas

system. Between the three of them, they are responsible for

about 62% of the overall risk of Unit 3. Reducing the

individual risk of each of these components will result in
an

over all reduction in the risk of the unit.

A study of the failure patterns of the equipment showed

that 18% of the items had a slowly increasing conditional

probability of failure (hazard rate). This was followed by a

well-defined wear-out zone. Only 9% of the equipment

followed a slowly increasing conditional probability of

failure model with no identifiable wear-out region. The

remaining 73% of the equipment followed a random failure

(constant hazard rate) model. The analysis of the failure

patterns of the burners, boiler control, condenser tubes,

boiler feed pump #2, the high pressure heater #5, and the

boiler feed water instrumentation and control showed that,

failures did occur in the wear-out region. The suggested

maintenance plan would eliminate such failures. However,

in other cases the failure pattern suggested a failure
during

the useful life of the equipment (random failures). This

occurred in the case of the boiler, water walls, FD fan #1,

and Boiler feed pump #1. Reducing the maintenance

interval in this case may not change the outcome.

Table 6

Risk reduction results

No Subsystem Initial risk

factor ($)

Target

probability

Risk

reduction

in dollars

1 Steam generator 3,674,434 0.54 1,984,194

2 Air and flue gas system 2,083,945 0.85 1,771,353

3 HP feed water system 2,478,594 0.80 1,982,875

Table 5

Ranking of subsystems and risk index

Rank Subsystems Risk

value $

Risk

index

Level of

concern

1 Air preheater east 2,045,058 1.0225 High

2 Forced draft fan east 1,444,656 0.7278 Medium

3 Forced draft fan west 1,333,840 0.66694 Heavy oil system
1,109,352 0.5547

5 Re-heater 1,107,242 0.5536

6 Super heater 1,102,245 0.5511

7 Furnace 918,590 0.4593

8 Air preheater west 270,734 0.1354 Low

9 Flue gas system 123,272 0.0616

10 Air flow control system west

and east

108,783 0.0544

11 Air flow control system east 108,783 0.0544

12 Steam air heater west and east 108,658 0.0543

13 Steam air heater west and east 108,658 0.0543

14 Economizer 79,781 0.0399

15 Steam drum 73,312 0.0367

16 Blow down system 32,472 0.0162

17 Vacuum system 19,827 0.009918 Water extraction 15,374
0.0077

19 Cooling water supply system 12,827 0.0064

20 Screen wash system 12,618 0.0063

21 Light oil system 11,568 0.0058

22 Fuel additive system 18,350 0.0092

23 Low pressure heater #1 8372 0.0042

24 Low pressure heater #2 8290 0.0041

25 Reserve feed water system 7192 0.0036

26 Gland seal condenser 7165 0.0036

27 Water demineralization

system

6894 0.0034

28 Condenser back wash 2982 0.0015

29 Chemical supply system 2338 0.0016

Table 4

Risk analysis results

Rank Major system Consequence in

millions

Probability of fail-

ure over 20 years

Risk ($) over 20

years

Risk index

1 Steam generator 3,678,481 0.9989 3,674,435 1.837

2 High pressure feed water system 2,478,842 0.9999 2,478,594
1.239

3 Air and flue gas system 2,102,023 0.9914 2,083,946 1.042

4 Generator 1,634,060 0.9780 1,598,111 0.799

5 Turbine-steam supply 1,110,574 0.9999 1,110,463 0.555

6 Fuel oil system 1,110,574 0.9866 1,095,692 0.548

7 Condenser 874,745 0.9939 869,409 0.403

8 Turbine rotating system 302,053 0.9999 302,023 0.151

9 Low pressure feed water system 286,584 0.9995 286,441
0.143

10 Instrument and service air system 25,249 0.9650 24,365
0.012

L. Krishnasamy et al. / Journal of Loss Prevention in the
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Table 7

Maintenance schedule

S. No. Major system/sub system Components Calculated
mainten-

ance interval in days

Modified mainten-

ance interval

1 Steam generator Boiler 298 1 year

Furnace 1 year

Economizer 1 year

Steam drum 1 year

Super heater 1 year

Re-heater 1 year

Water walls 393 1 year

Blow down system 1 year

Chemical supply system 1 year

Auxiliary steam supply system 223 1 year

1.1 Furnace Igniter 90 3 months

Burners 174 6 months

Retractable soot blowers 84 3 months

Rotary soot blowers 84 3 months

Cleaning of ash 84 1 year

Manual door in furnace 135 6 months

Refractory lining in furnace door 152 6 months

1.2 Economizer Economizer tubes 380 1 yearWater supply header
2501 7 years

Vent valve 266 1 year

Globe valve 219 1 year

Cleaning of excessive scaling 21 1 year

1.3 Steam drum Cyclone separator 109 6 months

Feed water control system 555 2 years

Level indicating transmitters (LIT) 119 6 months

Steam drum 145 6 months

Clogged down comer nozzles 116 6 months

Worn gaskets and leakage 174 6 months

Safety valves 152 6 months

Plate dryers 89 6 months

Liners 152 6 months

1.4 Super heater Secondary super heater (SS) 175 1 year

Primary super heater (PS) 175 1 yearSS inlet and outlet headers
4167 10 years

PS inlet and outlet headers 4167 10 years

Safety valves 47 3 months

Temperature indicating transmitters 102 6 months

Steam and control system 77 3 months

Attemperator 4167 1 year

Control valve 101 3 months

Pressure indicating transmitters 123 6 months

Boiler control 79 3 months

Combustion control 32 3 months

Fuel oil management and control 253 1 year

Spray nozzle 103 1 year

Globe valve 106 6 months

By pass valve 120 6 months

1.5 Re-heater Primary re-heater 37 1 yearRe-heater inlet and
outlet headers 41,669 10 years

Secondary re-heater 37 1 year

Control system (attemperator) 59 6 months

Control valve 73 3 months

Nozzle 71 6 months

Globe valve 76 6 months

By-pass valve 86 6 months

TITs 74 6 months

(continued on next page)
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Table 7 (continued)

S. No. Major system/sub system Components Calculated
mainten-

ance interval in days

Modified mainten-

ance interval

1.6 Blow down tank Globe valve (steam drum) 631 2 years

Angle valve (steam drum) 13 2 years

Control valve 82 3 months

Check valve 106 6 monthsLevel switch 29 6 months

By pass valve 49 6 months

Blow down tanks 101 6 months

Water seal 786 2 years

Motorized valve (individual system blow down) 71 3 months

Globe valve (individual system blow down) 60 3 months

1.7 Chemical supply system Chemical supply pumps 1&2 103 3
months

Ball valves 127 6 months

Chemical supply pump Motors 80 3 months

Strainers 112 6 months

Safety valves 129 6 months

Globe valve 120 6 months

Check valve 43 6 months

2 Air and flue gas system Forced draft system west 3 months

Steam air heater system west 1 yearAir pre-heater system west 3
months

Air flow system control west 3 months

Forced draft system east 3 months

Steam air heater system east 1 year

Air pre-heater system east 3 months

Air flow control system east 3 months

Air foil east 3 months

Air foil west 3 months

Flue gas system 1 year

2.1 Forced draft fan west and

east

Force draft fan west (FD) 144 3 months

FD fan motor west 22 3 months

Furnace draft control 48 6 months

Inlet guide van drive 182 6 months

PIT 179 6 months

Combustion control 47 2 monthsInlet, outlet dampers 187 6
months

Inlet, outlet damper drive 182 6 months

Controller 48 2 months

Timer 211 1 year

Relay 535 1 year

FD fan east 44 3 months

FD fan motor east 60 3 months

2.2 Steam air heater Globe valve 324 1 year

Control valve 320 1 year

Com. and gas control 388 1 year

Gate valves 435 1 year

Tubes inspection 364 1 year

Cleaning of fins 588 1 year

2.3 Air pre heater Air pre-heater (AH) west 154 3 months

AH west drive motor 217 3 monthsBasket seals 365 1 year

Plugged hot basket cleaning 200 1 year

Ducts inspection 109 1 year

AH east 118 3 months

AH motor east 217 3 months

2.4 Air flow control system Flow indicating transmitters (FIT)
157 6 months

Flow indicators 517 1 year

Temperature indicating transmitter 157 6 months

Flow control systems (FCS) 175 6 months

Dampers 2403 3 years

Damper drives 196 3 months

(continued on next page)
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An analysis of the operating conditions of the equipment

needs to be done to find out the reasons behind their

premature failure.
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Appendix

Exponential distribution. Failures due to completely

random or chance events will follow exponential distri-

bution. It models reliability during useful life of a system
or

component. The probability density function is given as

ftZleKlt, where l is failure rate.

Cumulative failure probability is given as FtZt

0ftdtZ1KeKltZ1KRt.

Thus, reliability function is given as RtZN

t ftdtZeKlt.

Weibull distribution. Failure events for non-constant

hazard rate functions with respect to time are best

represented by Weibull distribution. The Weibull distri-

bution is one of the most widely used model because of it

versatility to represent different failure depending upon

value of the shape parameter. It is expressed as

ltZb

q

t

q

bK1;

whereq is characteristic life andbis shape parameter of the

failure model.

The cumulative failure probability is given as

FtZ

tKN

ftdtZ1KeKt=qb

. Thus, the reliability is

given as RtZeKt=qb

.

Case bZ1

When shape parameter (b) is 1, Weibull model transform

to exponential model.

RtZ eKt=q1

Z eKlt; wherelZ1=q:
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