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1. Abstract: We describe the Value Analysis Module (VA), which is part of the
Intelligent Real Time Maintenance Management (IRTMM) project. The VA uses a decision-
analytic approach to study the maintenance decision-making in a conventional steam power
plant. We used two test cases from Southern California Edison (SCE) to validate the VA.
In addition, a simulator was built to investigate the problem of scheduling multiple
maintenance activities. The second half of this report studies three test cases from Pacific
Gas and Electric (PG&E). The results show that the VA can handle individual maintenance
activity very well. However, there are some problems remaining. A discussion of them and
the implications for future research is presented at the end of this report.

2. Subject: This report focuses on building a decision support system, based on decision
analysis, to study choice and timing of maintenance decisions.

3. Objectives/Benefits: The objectives of this research are to help the maintenance
managers of a conventional steam power plant make informed and timely decisions
regarding the timing and implementation of maintenance activities. The VA can facilitate
clarifying the nature of the maintenance problems and choosing the best maintenance
alternative available to the decision maker.

4. Methodology: A decision-analytic approach, which is represented as decision trees, is
used to study the maintenance problems. The whole problem-solving process is developed
on an expert system shell: ProKappa, which runs on a Sun workstation.

S. Results: The research shows that a decision-analytic approach can help people
understand the tradeoff between running derated system and committing resources to
maintenance. The problem formulation and analysis clarify the value judgments, choices,
and chances faced by an operator. The computational results of the test cases are consistent
with the practice of experts.

6. Research Status: Two SCE and three PG&E test cases have been used to validate the
plausibility of the VA. Based on the results from the test cases, it is found that some issues,
e.g., recurrent failure, are worth further study. An extension of the current VA is an
ongoing research at CIFE. :
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INTRODUCTION

The Value Analysis Module (VA) was developed at the Center for Integrated
Facility Engineering (CIFE) of the Stanford University. It is part of the Intelligent Real
Time Maintenance Management (IRTMM) project, whose purpose is to address the issues
encountered in maintenance activities of a conventional steam power plant.

For each maintenance plan given by the user, the VA attaches several timing
strategies (repair as soon as possible, at the next period of low demand, at the next
scheduled outage, and defer) to it. Then it uses a decision-theoretic approach, i.e., decision
analysis, to analyze the problem and returns solutions to the user. We used two test cases
provided by Southern California Edison (SCE) to validate the results. Each of them is a real
case from SCE's maintenance history. The comparison shows that IRTMM's output is
consistent with human judgment.

In addition to studying the two test cases from SCE, we built a simulator to
investigate the problem of scheduling multiple maintenance activities. The second half of
this report describes three test cases provided by Pacific Gas and Electric (PG&E) to show
the capability and limitations of the stand-alone VA. All of them are more complicated then
the previous two test cases from SCE. The results show that the VA can handle individual
maintenance activity very well. However, as discussed below in Section 6, the VA fails to
address the effects of recurrent failure and multiple maintenance activities on power

production.






SECTION 1
BACKGROUND

The Value Analysis Module (VA) was originally developed together with two other
modules: Situation Assessment (SA) and Planner, under the Intelligent Real Time
Maintenance Management (IRTMM) project (Simpa, 1993; Simpa and Hayes-Roth, 1992;
Jin and Levitt, 1993; Jin, Kunz, Levitt, and Winstanley, 1992). The project was
implemented at the Center for Integrated Facility Engineering (CIFE) of the Stanford
University, with funding from Electric Power Research Institute (EPRI), PG&E, SCE, and
Shimizu Corporation of Japan.

The IRTMM project wants to address the issues encountered in maintenance
activities of a conventional power plant. The three modules represent the three stages in a
life cycle of maintenance. Figure 1.1 shows how the three modules communicate with each
other.

First, the SA takes the monitoring data of the system operation as input. If it detects
any abnormality in the data, then it reasons about the possible causes of the problem. At
this stage the main purpose is to diagnose problems and make predictions about the failing
system behavior in the future. An example would be a main bearing problem, which would
be detected by an increase in shaft vibration.

Next, the diagnosis is passed on to the Planner. There is a physical model of the
system built in the Planner. Using this knowledge and the diagnosis, the Planner can
elaborate on activities necessary to fix the failing problem. Upon generating maintenance
plans, the Planner also looks for mergeable plans and creates merged plans. At this stage,

maintenance plans are generated based on the diagnosis and knowledge about the system.
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Figure 1.1 IR-TMM Module Configuration.

Finally, the VA receives system behavior predictions from the SA and maintenance
plans from the Planner. For each maintenance plan given by the Planner, the VA attaches
several timing strategies (repair as soon as possible, at the low demand, at the next
scheduled outage, and defer) to it. Based on each timing strategy, the VA generates a set of
possible scenarios! and corresponding values, and then for that specific timing strategy it
calculates the average value weighted by the failing component's life distribution. A life
distribution is the cumulative probability of failure as a function of the failing component's
operational life. At this final stage, the purpose is to evaluate the economic values

associated with each maintenance plan and return them to the user.

1. A scenario is a combination of a possible outcome and the associated probability of occurrence.



SECTION 2
METHODOLOGY

The VA uses a decision-analytic approach to analyze maintenance problems. Given
a maintenance activity from the user, the VA computes the cost and savings of performing
it at different times. Therefore, the decision is about the timing of each maintenance
activity. Given a choice, we take chances. The failing component might break at any time
according to a prescribed life distribution. Thus, the decision we made cannot lead to a
deterministic outcome but to a set of possibilities. To facilitate evaluating the effectiveness
of each decision we use the standard Operations Research technique of defining an
objective function on the outcomes. Usually it is either the cost or benefit. The impact of
each decision is measured by the expected value of the objective function, weighted by the
probability of occurrence associated with each outcome. The "best" decision is thus the one
that has the optimal expected value.

A decision tree shows the choices and chances. A decision tree has two types of

nodes: choice node and chance node, as shown in Figure 2.1.

O

choice node chance node

Figure 2.1 Two Basic Nodes in a Decision Tree.

At the choice node we face a set of alternatives, out of which we can only choose
one. In the maintenance problem, each alternative should be "Perform the maintenance
activity at time ..." Suppose we have three timing alternatives. Then the choice node should

be extended as Figure 2.2.
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Figure 2.2 Available Alternatives of a Choice Node.

Suppose we choose the second alternative: Perform the maintenance activity at time
T2. Then we have two chance outcomes: the failing component fails unexpectedly before
the scheduled maintenance, or it survives to T2 and the maintenance is performed?. We

now incorporate this chance node and redraw the tree, as shown in Figure 2.3.

2. The failing component's life, T, should be a continuous random variable. However, the power
demand/production prediction over time are usually discrete. For the convenience of calculation, the
failure distribution has to be discretized. In this example, for illustrative purpose we only consider two

possibilities: either failed or not failed before T2,
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Figure 2.3 Chance Outcomes Given a Timing Alternative.

Now we assign the probability of occurrence to each chance outcomes. Define

P(T < T2) = P{Failing component fails unexpectedly before T2}

By the probability law,

P(T = T2) = P{Failing component survives to T2} = 1 - P(T < T2)

Now we redraw the decision tree with the probabilities of occurrence attached to it,

as shown in Figure 2.4.
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Figure 2.4 Scenarios Given a Timing Alternative.

Notice that a chance outcome with associated probability of occurrence is termed as
a scenario.

To evaluate the value of each chance outcome, we need an objective function.
Usually it is either cost or benefit. We will use benefit as our objective function.

To simplify the analysis, we compute the benefit of a choice relative to a reference
value. We call the reference the baseline. The simplest baseline to choose is to assume
performing no maintenance activity at any time and no unexpected failure is experienced.
The time span, which is called the study period, can be either infinite or finite.

Now we define the benefit. A benefit, B, is a value associated with a scenério

computed from the following three parts:



» cost savings, S, of operational mode relative to the baseline operational costs.
e cost of downtime, Cgowntime, due to buying replacement power from other
sources.

e cost of repair, Crepair, €ither planned or unplanned.

Symbolically, the benefit B can be represented as:

end of study period
B = z (S - Caowntime - Ctepair) (2.1)

time from now =1

In the above example, let's assume the study period is composed of three periods:
T1, T2, T3, with T1 < T2 <T3.

In the first chance outcome of the sample decision tree, the component fails
unexpectedly before T2. This failure affects the power plant's electricity production and
causes unplanned repair cost.

We assume the unexpected failure causes a forced shutdown, and the power
demand has to be met by buying power from other sources. Denote the loss as C(loss, T <
T2). The unplanned repair usually costs more than a planned repair. Denote the cost for
-unplanned repair as C(unplanned repair). The benefit of the chance outcome, Failing
component fails unexpectedly before T2, is thus the negative of the sum of C(loss, T < T2)

and C(unplanned repair). That is,

Benefit for Failing component fails unexpectedly before T2

= - C(loss, T < T2) - C(unplanned repair)



For the second chance outcome, Failing component survives to T2, we might still
suffer from a plant shutdown to perform the scheduled maintenance activity. However,
since it is planned in advance, the downtime duration should be shorter than that of a forced
shutdown. Define the loss due to a planned shutdown as C(loss, T = T2). Note that
C(loss, T = T2) < C(loss, T < T2). The cost of planned repair, C(planned repair), is

usually smaller than C(unplanned repair). Therefore, we have

Benefit for Failing component survives to T2

= - C(loss, T = T2) - C(planned repair)

Note that in the calculation, the component fails at most once because we assume
that once the component is repaired (either by unplanned or planned repair), it never fails
again within the study period by the same mechanism. Therefore, we have only one level
of chance node in the decision tree. No additional failure is considered.

Now the decision tree is redrawn in Figure 2.5 to show the benefit for each chance
outcome.

To evaluate the value of the second alternative, we compute the expected value of

the benefit. That is,

E[@T2]
= Expected value given decision to perform the maintenance activity at time T2
=P(T < T2) X [- C(loss, T < T2) - C(unplanned repair)]

+P(T =2 T2) x [- C(loss, T = T2) - C(planned repair)]
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Figure 2.5 Scenarios with Objective Values Given a Timing Alternative.

The decision tree is drawn again with E[@T?2] attached to the second alternative, as

shown in Figure 2.6.
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Figure 2.6 Expected Value for the Second Timing Alternative.

In the same way, we can complete the analysis of the whole decision tree and

calculate the expected values for the all alternatives. This is shown in Figure 2.7.

11
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Figure 2.7 A Complete Decision Tree.

Suppose E[@T3] > E[@T1] > E[@T2], then the optimal decision is to perform the
maintenance‘ activity at time T3 because it has the highest expected benefit.
Decision Analysis in the VA

The VA uses the decision trees. However, the tree structure is not shown in the
user interface. Only the expected value for each timing alternative is returned to the user
interface. For each alternative, the VA generates all possible scenarios based on the time

unit defined by the input data. For example, if the power demand prediction is in units of

12



years and the study period is 14 years, we will have 4 chance outcomes if we schedule the

maintenance activity in the fourth year. They are:

» Failing component fails unexpectedly in the first year;
» Failing component fails unexpectedly in the second year;
» Failing component fails unexpectedly in the third year;

» Failing component survives to the forth year.

Once we have calculated the probabilities and benefits associated with all scenarios
of a given timing alternative, we can easily calculate the expected benefit for that alternative
and return it to the user. In the VA we do not suggest the optimal timing decision but show
the expected benefit for all the timing alternatives input by the user.

Assumptions

Right now the VA considers only one failing component at a time, which means
there is only one maintenance activity to be scheduled. The failing component will cause the
power production reduction over time. The life distribution of this failing component is
assumed to be Weibull because it is the most widely used parametric family of failure

distributions (Barlow and Proschan, 1965: 13-16). The Weibull distribution has the form:
P{T<t}=F{)=1-eM (2.2)
where T: failing component's life.

A: scale parameter.

oi: shape parameter.

We assume the failing component is critical to the system, which means if the

component fails unexpectedly or is under planned repair, the system is down. The only
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thing that is random in the analysis is the failing component's life, T. The durations for
planned and unplanned repair are assumed to be constant. The failing component is
monitored continuously, thus we know exactly when it fails. Once it fails, the unplanned
repair is implemented immediately. The time to perform unplanned repair is assumed to
include both wait time to assemble parts and crew plus actual repair time. The deterioration
in component life happens only when the component is operated. That is, when it is idle
during a scheduled outage, it does not age with time.

Another important assumption is that once the component is repaired it is restored to

an as-good condition and will not fail again within the study period.
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SECTION 3
FORMULATION

In this project we are concerned about the condition—bésed maintenance. That is, the
maintenance decision has to be made when the monitoring devices signal certain component
deterioration. Therefore, we can take the time of the degradation signal as time zero, which
corresponds to the age of the component at the time of this signal. Here we take the time
unit to be one hour and the study period to be n hours.

Assume the component failure always occurs at the beginning of each hour. For
example, the component failing at the k-th hour means that the breakdown happens at the
beginning of the k-th hour (or the end of the (k-1)-th hour).

Suppose the component fails at the k-th hour. Total cost of failure would be:
Total Cost if the component fails at the k-th hour
= costs due to deterioration from the first to the (k-1)-th hour, e.g., cost of deration and
marginal costs of operating an aged component, i.e., cost of production loss
+ costs due to shutdown (for repair) from the k-th to the (k-+t,-1)-th hour
+ costs of unplanned repair labor and materials
where t;: repair time.
Each of the first two terms can be further divided into two parts:

cost of buying replacement power to meet the demand - saved variable cost

The second term comes from the fact that when the derated output is less than

demand, we spend more in buying replacement power and less in variable operating cost,

15



which means we save money in plant operation by buying replacement power from outside

sources. Each of the two terms are defined as:

cost of buying replacement power

= max [(demand - production), 0] X replacement power cost

saved variable cost

= max [(demand - production), 0] x variable operating cost of plant operation
Taking the time value of money into account, we have

Total Cost if the component fails at the k-th hour
k-1

= 2 (discount factor)-(replacement power cost - saved variable cost)
i=1
k+t-1

+ 2 (discount factor)"(replacement power cost - saved variable cost)
i=k ,

+ (discount factor)k-(costs of unplanned repair labor and materials)

For the third term in the above equation, we assume that the cost of unplanned
repair labor and materials is spent at the k-th period.

Now we will show how the probability of occurrence for each scenario is calculated.

As mentioned before, we use the Weibull distribution to describe the failing
component's life. The two parameters, A and o, that control the scale and shape of the
curve have a specific relation with the component's mean time to failure p and the standard
deviation, o, of life. Using method of moments (Rice, 1988: 230-234; Lloyd and Lipow,
1977: 137-138), we have

L ST(2 - '
A+ (OL+1) I‘(a+1)‘ 0 (3.1)

16



rd-+ 1
)
b

where U failing component's mean time to failure;
o: standard deviation of failing component's life;
A: scale parameter of the Weibull distribution;

o: shape parameter of the Weibull distribution;

r= ﬁ_: coefficient of variation;

I"(e): gamma function.

Given U and ¢ we can calculate r. Since o is just a function of r (see equation
(3.1)), we can calculate o by numerical methods. From the second relation, A is obtained
once o is known. Notice in equation (3.1) the coefficient of variation r uniquely determines
o.. When r is less than 1, o is greater than 1, which in term causes the failure rate to

increase over time. That is,
r< 1 o>l & increasing failure rate

If we plug o and A into equation (2.2), we can easily obtain the probability of
occurrence for each scenario. Through this transformation, once the user specifies the
component's mean time to failure y and standard deviation of component's life G, the VA
can quickly calculate the probabilities of occurrence for all scenarios.

If we choose a alternative of repairing the component at the m-th hour, then we face
m possible scenarios: the component fails before the scheduled repair at the j-th hour with
probability of P, 1<j<m- 1; and the component survives to the m-th hour with

probability P;. Obviously, by probability law,

17



m-1
> P+P=1
i=1

where P;=P{j-1=<T<j};
P,=P{m-1<T};
T: failing component's life.

Therefore,

Expected Total Cost for the alternative to repair the component at the m-th hour
m-1

= Z P; x Total Cost if the component fails at the j-th hour
i=1

+ P x Total Cost if the component survives to the m-th hour

The expected cost of deferring the repair is slightly different from that of the above.
The component may survive to the end the study period without any repair. Thus the Total
Cost if the component survives to the end of the study period is just the cost caused by
degraded performance within the study period. There is no cost of repair in it. Therefore,

the expected cost of deferring the repair would be

Expected Total Cost for the defer alternative

n

= 2 P; x Total Cost if the component fails at the j-th hour
i=1

+ P X Total Cost if the component survives to the end of the study period

Suppose that there are q+1 alternatives: repair at the m;-th hour, i = 1, ..., q; defer
the repair. There are n+1 scenarios for the last alternative and the number of scenarios of
other alternatives is fewer . For example consider the alternative of repairing at the m;-th

hour. The possible scenarios for this alternative can be represented as the following tree:

18



fails at the first hour P

- Total Cost if the component fails at the first hour
fails at the second hour P2

Total Cost if the component fails at the second hour

fails at the (m;-1)-th hour Pm_1

- Total Cost if the component fails at the (mj-1)-th hour
survives to the mi-th hour P

Total Cost if the component survives to the mi-th hour

Note that the first (m; - 1) scenarios are the same as those of the defer alternative.
Therefore, we can just calculate the scenarios for the defer alternative and use part of them
to calculate the expected total costs for other alternatives.

If we want to address the decision maker's risk attitude, we should replace the cost
(or benefit) for each scenario with the decision maker's utility about the outcome.
However, determining the decision maker's risk attitude and preferences is outside the
scope of the present study. Thus we only calculate the expected cost (or benefit) for each
timing alternative. Once the decision maker's utility function is given, we can easily
incorporate it into the VA. The calculation of the expected utility is the same as that of
expected cost (or benefit).

User Interface and Results

We have used the demand prediction and cost data from SCE to study the timing of
one maintenance activity. Figure 3.1 shows a screen dump of the user interface of the VA.

The dialog box shows that the current problem is the boiler tube leak in Unit 3. The
prediction about the failing component's life distribution is specified by the mean time to
failure, 1000 hours, standard deviation, 250 hours, and time it has been operated (i.e., its
current age), 350 hours. The information about the cost structure and power production
prediction can be accessed from the Parameters button at the bottom. Figure 3.2 shows

the parameter dialog box.
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Figure 3.1 The User Interface of the VA.

nfa 8563.0 nia

nfa 826.0 nfa

List Plan Gantt Merge Help

Open/Close P&ID
Comm Monitor
Work Requests

Load Ptant Madel
Start Simulation
Exit IRTMM

Machine Mode

20



wazix W [BuBgyg

xog Sorerq siajeweled ¢'¢ 2Insig

afaop STEs! Ud 360T WA tREbiE STENAE SARIREIRACE SR01

24 B Rerels 2 v AR KEVIRE R R
Pt Feess vf wik LB i {8 enssavy

i &8¢ iU v &9 Wl (isay avdoy) s

B 5968 i 2 wHey a3 isn) dpmg smaoeiden)

»A iy Rt v g2y {3 (1560 Sunnindaly

P 8¢ v B S RAIBBIR $ KBIRYDLY

5% wiu B A 884 soavang

88¢ v ik L3 {843 D0 RS

DRBIAG ST , IBEBQ ofnno K8y W8S G SURY g sy

{8847 papraadn yutanatusy sung 08z (R84} HONMADI DINRIIS 0001 dsaty) asipnd 01 AuY) HUOW

10 BONILA

— - _ - ISAOSEBIBIINLS
INIIX3 HYIM ONIHY3Ig 44908 £ LIND

(sapmabion

3PoK auyIew

20~ {4wmp) adojs uonrepesbag

L R N N N W

ECEARECITIEENDENCIITTY, a6 s susucdwed
WINLYHI 31%3 e ey

(MW) enelbia LNILXI HYIM DNIHYIE 44808 € LINN
uonenwis weys 00¢ MP) 198310 uotepebag

[OpOK Jueld peo]

2a3 ueld Jreday

ool (4 Jad $) 1507 paxyy uononpod

sysanbay SHoM
ABHUOK WWo) . v (4Hmus1ua0) 150D ajemep uonanpoyy
argd asopjuatgp
[ TN3R NIV S (aHmi/s1ue0) Baud ares

9 {aHMmYI1s1u89) 1500 quawadeiday Jamoy

sdajauered vA Uo7 ajosuad




The first two entry boxes specify the price to purchase electricity from another
source and the price to sell the electricity to customers, respectively. The two entry boxes in
the middle are for the fixed and variable operating costs of electricity generation. The last
two entry boxes show the future power production prediction. The Degradation offset
shows current production level, 300 MW in Figure 3.2, and the Degradation slope shows
how the production degrades with time, the production decreases at a rate of 0.2 MW per
hour in Figure 3.2. In Figure 3.2, the power production degradation is resulted from the
boiler tube leak, which causes steam escape and less heat to the turbine. Right now the
production is assumed to degrade linearly with time.

There are only two timing strategies considered in the above example. Namely,
repair as soon as possible (ASAP) and defer the repair until after the study period (Defer).
The study period duration is 4 weeks (672 hours) in this example. Figure 3.1 shows that
ASAP is better than Defer in this case, because the expected net profit (see the row of
E[Net Profit])for ASAP is $832K, which is higher than that of Defer, $826K. Note that
all the rows with E[] represent the expected value. For example, E[Repair Cost] is the
expected value of repair cost (both planned and unplanned). Therefore, the value for
E[Repair Cost] of ASAP is different from that of Defer, because the probabilities of
failure for the two timing alternatives are different.

The user can click on the Explain VA button to see how each timing alternative
affects the failure distribution, the demand/production prediction, and the revenue/cost
curve over time. Figure 3.3 shows those curves for deferring the maintenance activity. The
horizontal axis in each graph represents the time from now. Since the curves are colored on
the monitor screen, it is not so distinguishable on the black-and-white screen dump.
However, it is shown here to emphasize that the user can use this feature to understand the

effects of each timing alternative on the future outcomes.
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SECTION 4
SIMULATOR

The VA only considers one single maintenance activity when calculating the
expected value of each timing alternative. If more than one maintenance activities are to be
scheduled simultaneously, we can follow the method of Section 2 to draw a corresponding
decision tree. However, the tree will grow very big such that it will take a huge amount of
computation time to do the calculation. Figure 4.1 is just é part of a decision tree regarding
the scheduling of two maintenance activities with a time span of 12 periods. In a power
plant, there may be dozens of maintenance activities to schedule over a year. If the
granularity of the demand/production period is hour, we cannot easily generate the whole
tree and do the calculation.

An alternative approach to study the multiple-activity scheduling problem is to use
Monte Carlo simulation to sample some of the possible scenarios within the decision tree
and then use a statistical method to estimate the true expected value associated with each
scheduling decision. Figure 4.2 shows how the simulation is implemented.

As shown in the figure, the class Component’s lists all the failing components that
affect the system's output. The class System Configuration controls how those
components are structured in the system and thus decides the system's behavior. These two
classes comprise the system behavior model. The Simulator retrieves each failing
component's life distribution from Components and maintenance information from the
class Maintenance Activities. Then it generates a set of Events, which occur
within the study period. Each event stands for performing a planned (or unplanned)
maintenance activity on a failing (or failed) component at a scheduled (or failure) time.
Once the events are generated, the Simulator combines the system behavior and events

to calculate the value for this specific simulation.
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Figure 4.1 Part of Two Maintenance Activity Scheduling Decisio
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Figure 4.2 The Configuration of the Simulator.

Below is a brief description of how the user runs the simulator.

Before the simulation is implemented, the user has to specify what failing
components are to be repaired within the study period. Also included are the failing
component's operating characteristics: the effects of its deterioration on the power

~ production and the time to failure prediction. A maintenance activity is then assigned to
repair each component. The user has to specify the costs, durations of repair (either
planned or unplanned), and timing for all maintenance activities. The last step for the data
input is the number of simulations to be implemented. We will discuss how many
simulations are needed later.

After the data input for the simulation is done, the simulator generates a set of
random numbers to designate the failure times of all failing components. If the simulated
failure time of a failing component is earlier than the scheduled repair time intended for it,
then we have an unexpected failure, otherwise we have a planned repair. Each unexpected

failure or planned repair represents an event in the simulation. Upon determining the start
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time of each event, the simulator begins to simulate the event evolution over time and
calculate the value associated with it. Each simulation is a repetition of the above process.
Notice it is not necessary that we have identical results from any of the two simulations,
because the failure times are randomly generated from the random number generator.

Using simple statistics we can calculate the estimate for the true expected value of
each scheduling decision. By law of large numbers, the estimate will approach to the true
expected value as the number of simulations grows.

In reality, we cannot run infinite number of simulations. Even if it is possible, it
should be easier to generate the whole decision tree and calculate the true expected value for
each scheduling decision. Thus we face the problem of deciding the appropriate number of
simulations.

If we run n simulations then the simulation result contains n values, each
corresponds to one simulation. Denote X; as the value generated from the i-th simulation, 1
=1, ..., n. We can construct an unbiased estimate f(n) for the true expected value E[X]

and confidence interval based on the t-statistics. That is,

n
> X

X(n) = 1=0— | (4.1)

confidence interval with 100(1 - o) percent confidence

= [X(n) - 8(cx, n), X(n) + 8(c, n)] (4.2)

2
where O(at, n) =ty 1-a/2\/§F

Y Xo) - X
Sz(n) =i=1

n-1
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Given a 100(1 - or) percent confidence, we can choose the number of simulations n
such that the corresponding confidence interval is less than a prespecified range. The .
problem with this approach is that the random number X; is not normally distributed and
thus the confidence interval based on t-statistics is only an approximate one. To overcome
this problem, we use a method proposed by (Law and Kelton, 1991: 532-536) to determine
the appropriate number of simulations.

First we run 500 experiments of simulation. Each experiment constitutes n
simulations. After each experiment we perform the simple statistics as above to get the
estimate X—j(n) and Sj(lO, n), j = 1, ..., 500. Note that we construct 90% confidence
interval for each experiment and thus o is equal to 10. Then for each experiment we
compare the 90% confidence interval [Xim) - Sj(oc, n), X¥(n) + Sj(oc, n)] with the true
expected value E[X], which is known, to see if E[X] lies in that interval. If it does, we say
it is covered by the confidence interval generated from the j-th experiment. Upon finishing

500 experiments, we calculate the estimator P and corresponding 90% confidence interval

500

by
~ _ number of coverages
= 4.
P 500 (4.3)
Confidence interval with 90% confidence =P * zg g5 pd -p) (4.4)

Equation (4.4) is based on the fact that (p - p)/Vp(1 - p)/500 is approximately
distributed as a standard normal random variable (Hogg and Craig, 1970: 187). In this
case, p is equal to 0.9. Running the 500 experiments repeatedly for different n, choose an n
such that 90% (the percentage of confidence for E[X]) lies within the above 90%
confidence interval for p.

After running several sets of the 500 experiments for different n, we conclude that

20 simulations are acceptable to make the simple statistics approximately correct.
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Right now the simulator can simulate the maintenance outcome with a finite number
of maintenance activities. However, it is still assumed that each failing component can have
only one failure within the study period. That is, once the failing (or failed) component is
repaired, we assume that it will not fail again within the study period. This single-failure
assumption is plausible when the repaired component has an expected life much longer than
the remaining time of the study period. Nevertheless, if the repaired component still has
high failure rate (i.e., short expected life as compared with the study period duration), then
the above assumption fails. This will be discussed in more detail for the three PG&E test
cases. The simulator can be easily modified to address the recurrent failure problem.

User Interface and Results

The user interface of the simulator is different from that of the VA. We use a Gantt
chart to show the time lines of all the scheduled maintenance activities. The user can easily
see when each activity is scheduled. After each simulation the Gantt chart also shows when
the activities are actually performed. Some of the maintenance activities are implemented
earlier than scheduled because of the unexpected failures. Viewing both the planned and
unplanned results gives the user a feeling about how frequently an unexpected failure will
occur and when it is mostly likely to happen. An experienced user can compare these
dynamics with past experiences to see if the assumed life distributions of the failing
components are appropriate. If they are not, the user can easily adjust the parameters that
control the life distributions or change to other types of distributions. Although the user can
make changes by looking at the curves of the life distributions, the dynamics give a more
concrete feeling about the failing components' behavior. Secondly, looking at the demand
prediction, a user can decide when to schedule the maintenance activities and later use
simulator to compute expected benefits of the alternative.

Figure 4.3 shows the simulator's user interface. There are three scheduled
maintenance activities, RepairPlanA, RepairPlanB, and RepairPlanC. The user can click on

any of the time lines to pop up a parameter dialog box, which contains the information
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regarding the activity and the designated component. Here the dialog box for RepairPlanB
is shown. The plan is designed to fix the problems associated with the boiler tubes, whose

current efficiency is 85% and is decreasing with a rate of 0.15% per hour.
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SECTION 5
PG&E TEST CASES

5.1. Teét‘ Case 1, HP Turbine First Stage Blade Replacement
Problem Description
See Appendix A.
Formulation
Study Period: 15 years (1993 - 2007).
Available Choices:
Governor valve strategies
1. 2-valve operation;
2. 4-valve operation until a new rotor is available, then 2-
valve operation;
3. 4 -valve operation;
4. 5-valve operation.
Turbine rotor strategies
1. Refit rotor and install as soon as possible (in 1995);
2. Refit rotor and install in 1997 scheduled outage;
3. Refit rotor and install in 2007 scheduled outage.
Chances: 1. Minor failure;
2. Major failure;

3. Survival.
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Assumptions:

1. After installing the new rotor, there is no risk of failure. Therefore, the
operation is switched to 2-valve mode.

2. Cost of repair for any unexpected failure (minor or major) that occurs within the
study period is not affected by how long the turbine is operated. It is a function
of failure mode only (i.e., minor or major).

3. 5-valve operation is the baseline and without risk of failure.

4. After repairing the failed turbine, operation should be restored to 5-valve until
the rotor installation.

5. The conditional probabilities that the failure mode is minor (or major) given a
failure occurs are constant over time.

6. If an unexpected failure occurs and the new rotor is available, then the rotor is
installed and the problem is fixed. That is, under this circumstance we don't pay
for the repair cost of fixing the failure, but only pay the rotor installation cost.

7. Study period finishes at the end of the 2007 scheduled outage. No matter what
turbine rotor strategy is employed, after this outage the new rotor is installed
anyway and is risk-free for all strategies. Therefore, we don't have to consider
chances after this outage.

8. The duration of the rotor installation is less than either of the two scheduled
outage durations.

9. Any unexpected failure (minor or major) or scheduled outage will occur in the
middle of the time period (the time unit is year in the present case).

VA Perspective

The HP Turbine problem can be fit into the VA's framework, which is mentioned

in Section 3. However, this decision problem is more complicated than a simple

maintenance timing problem because we have to consider the mode of operation as well.
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Besides, we have two failure modes: minor and major, which means one level of chance
node is not enough.
Baseline

The baseline in this test case is: Run 5-valve operation within the study period

without installing the new rotor. Obviously the benefit B for a baseline is zero. Therefore,
Bhpasetine = 0 (5.1)

Since we are supplied with annual data, the time unit for this test case is year.
Therefore, the number of periods within the study period is 15.

Consider the deterministic case. Cost savings S2 of 2—valve‘ (or S4 of 4-valve)
operation from fuel efficiency contribute to relative benefit of this choice. The other three
parts that contribute to the benefit are costs:

Chminor (0 Crnajor): T€pair cost for minor (or major) failure,

Croior: Overhaul cost for rotor installation,

Cdowntime: downtime cost (including the power replacement cost).

Notice that Cyowntime i$ calculated from the Replacement Power Value (RPV) cost.
Cowntime in the i-th year = RPV($/MW-hr) x downtime duration (hr) X D@)(MW) (5.2)
where D(i): average power demand (MW) in the i-th year.

Consider one possible chance outcome from the 2-valve operation. We have an

unexpected minor failure in 1994 and the new rotor, available in 1995, is to be installed

during the 1997 scheduled outage. The benefit can be broken down into the four parts
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mentioned above. The table below shows the cost breakdown for this assumed chance

outcome.

1993 1994 1995 1996 1997 1998 1 1999 | 2000 | 2001 | 2002 | 2003 ] 2004 | 2005 | 2006 | 2007
Event - minor rotor - rotor - - - - - - - . , .
failure | available installation
Sy > >0 - - >0 >0 >01>01>01>0]>01>0]>0[>01>0
Crotor - - - - >0 - - - - - - - - - -
Cninor - >0 - - ) - - - - - - - - - - -
Caowntime - >0 - - - - - - - - - - - -

By the ninth assumption, the unexpected minor failure occurs in the middle of
1994. Therefore, in the first half year of 1994 the operational mode is 2-valve. However,
the new rotor is not installed until 1997. By assumption 4, in the second half of 1994, all
of 1995 and 1996, and the first half of 1997 the mode of operation is 5-valve. Therefore,
there are no cost savings during this interval. By assumption 1, upon installing the new
rotor, we should switch to 2-valve operation, which means we have cost savings again.
The years when C;oror and Cpinor incur are obvious. By assumption §, the time to install
the new rotor is less than the duration of a scheduled outage. Therefore, we don't have
Cdowntime In 1997.

Before calculating the benefit for this particular scenario, we need to know the cost
and demand data. The table below is the average demand D(I)(MW) and RPV($/MW-hr)

prediction over the next 15 years.
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1993 | 1994 1 1995 | 1996 | 1997 | 1998 1999 2000 |1 2001 2002 | 2003 2004 | 2005 |2006] 2007
D@) |125.46]124.1]118.32{112.2}137.7] 128.18] 131.58| 117.98} 112.54} 104.04| 114.92| 107.78 | 113.56|99.9 | 116.62
6
RPV | 3.1 [3.38] 362 |3821]13.82| 424 | 468 | 5.18 | 574 | 584 | 6.46 | 7.13 | 7.77 | 8.31| 38.48
The other assumed data are shown below.
S, = $250K /year
Crinor = $851K
Repair duration for minor failure = 10 weeks = 1680 hrs
Crotor = $1,200K
Annual discount rate = 10%
1 1
Discount factor B = - = = (0.9091
p 1 + annual discountrate 1+0.1 0.9
The total cost savings for this scenario is calculated as follows.
total cost savings
= 82,93 + 82,94 + S2,'97 + S92, 98 - 07
365 x 24 - 1680 365 x24-1680 <&
=250 + P x 250 x L x + B x 250 x L x + ) B'x250
2 365 x 24 2 365 x 24 =5

= $1,460K

Thé first term is for the cost savings from 2-valve operation in 1994. In 1995, we

have only about half of annual cost savings Sy, which occurs in the first half of year 1995.

The third term accounts for the cost savings which occurs in the second half of 1997.

Notice that in 1996 the operational mode is 5-valve. Therefore, there is no cost savings for

it. The last term calculates the cost savings for the remaining ten years.
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Let's now calculate Cgowntime, Which incurs in 1995. Using equation (5.2), we

have

Caowntime = P X RPV@1994 x Repair Duration for Minor Failure x D(1994)
= (.9091 x 3.38 x 1680 x 124.1 / 1000
= $641K

Now we can calculate the benefit for this scenario.

B(minor failure @ 1994 with rotor installed @1997)
= total cost savings - BCinor - [.’)4Crotor - Cowntime (5.3)
= 1,460 - 0.9091 x 851 - 0.9091%4 x 1,200 - 641
=-$774K

Once we know how to calculate the benefit for each scenario, we can proceed to
draw the whole decision tree and calculate the expected benefit for each alternative.
Part of the decision tree for this problem is shown in Figure 5.1. The remaining

parts of the tree are similar.
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Figure 5.1. Part of the Decision Tree for the First Test Case
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The conditional probability of failure mode is defined as

Pminor = P{failure is minor | failure occurs in the i-th year};

Pryajor = P{failure is major | failure occurs in the i-th year}.

By assumption 5, Pijnor and Ppajor are constant over time, as can be seen on the
second level of chance outcomes. Also notice that the sum of Ppinor and Prajor should be

one. That is,

Prinor + Pmajor =1 (5.4)

As mentioned before, in the VA, the life of a failing component follows a Weibull
distribution. Therefore, the probability that the failing component fails unexpectedly in

1994 under 2-valve operation, P2('94), is calculated as

Py('94) = P{1/1/1994 < T < 12/31/1994}
=F(1994 - 1993) - F(1993 - 1993)
=(1-eM%-(1-eM%

=1-e?*

Notice that we choose the beginning of 1994 as time zero.
By the probability law, the sum of probabilities of occurrence for all scenarios is 1.
Therefore, the probability of survival to scheduled rotor installation for each alternative,

taking P 7797 as an example, is calculated by

Ps 2r97 = 1 - P2('94) - P2('95) - P2('96)
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Notice that the subscript s in P, alternative and Bg, alternative stands for survival.
Obviously, the component's life distribution need not be confined to the Weibull form. It
can be normally distributed or any form that the user deems appropriate. Since the VA is
modularly coded, we can easily change the component's life distribution within the VA.

As mentioned before, the new rotor is available in 1996. Therefore, the scenarios
for the 4-valve then 2-valve alternative have a more complicated life distribution than those
of other alternatives. Before 1996, the scenarios follow the life distribution of 4-valve
operation, P4(e), while the life distribution changes to that of 2-valve operation, P2(¢), in
and after 1996 because the alternative tells us to switch to 2-valve when the new rotor is
available in 1996.

Once we have the probability of occurrence and benefit associated with each
- scenario, we can easily calculate the expected benefit for each alternative by taking the sum
of benefits over all scenarios weighted by the probabilities of occurrence. For example, the

expected benefit of performing 2-valve and install rotor in ‘97 alternative is

Efbenefit of 2-valve and install rotor in '97)

= P2("94)[PrinorB2797('94, minor) + PmajorB2,97('94, major)]
+P2('95)[PminorB2797('95, minor) + PrajorB2/97('95, major)]
+P2('96)[PminorB2/97('96, minor) + PrajorB2r97('96, major)]

+ Ps, 2797Bs, 2797

Upon calculating the expected benefits for all alternatives, the VA returns the values
to the user and let the user make the final decision.
- Break-even Probability

Usually the decision-maker is not sure about the failing component's mean time to
failure (. What he has is a "gut feeling" about the possible range of L, based on past

experiences. To overcome the uncertainty about the failing component's life distribution,
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we can analyze the sensitivity of the value over the possible range of . This approach is
embodied in the break-even analysis.

The idea of break-even analysis is to compare the expected benefit for a given
alternative with a deterministic baseline alternative and to see what mean time to failure
makes these two alternatives have identical benefits. This specific p is called break-even
mean time to failure for that alternative, denoted as [gg, alternative- NOW we can use LgE,
alternative as a reference against our belief about the possible range of L for that alternative.
If the range of [ is greater than g, alternative. then we expect this alternative is more
attractive than the baseline because the former is less risky in that it has larger mean time to
failure .

Since the Weibull distribution is determined by two parameters, o and A, we cannot
uniquely define the component's life distribution by assigning L only. Standard deviation ¢
should be considered as well. To simplify the break-even analysis process, we set the
coefficient of variation r to be a constant, which makes ¢ linearly proportional to pL.. Once L
is specified, ¢ is determined accordingly.

The Results

Figure 5.2 shows the expected benefits of all alternatives as a function of

component's mean time to failure U, whose time unit is year. ¢ is assumed to be 0.91.

Notice that the expected benefit increases with the mean time to failure.
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Figure 5.2 The Expected Benefits of Alternatives in Test Case One.




The highest expected benefit alternative is to run at 5-valve and replace the rotor at
the first outage, scheduled in 1997, if failure is expected in less than 7 years. The highest
expected benefit alternative is to run at 2-valve and replace the rotor at the first outage if
failure is expected between 7 and 16 years. Otherwise, run at 2-valve and defer the rotor

installation is the highest expected benefit alternative. Based on Figure 5.2, Table 5.1

shows the dominating alternatives for different ranges of L.

Table 5.1 Ranges of Mean Time to Failure i Favoring Each Alternative.

repair timing | install rotor install rotor install rotor defer rotor
operating mode ASAP in 1997 in 2007 installation
2-valve - [7, 16] - > 16

4-valve then 2-valve - - - _

4-valve - - - -

S-valve - [0, 71 - baseline

* - indicates no interval of u favors this alternative

For example, if we believe the failing rotor has an expected life of 10 to 14 years,
then from Table 5.1 we know that we should run 2-valve mode and prepare to install the
new rotor in the 1997 scheduled outage. Notice that if we expect the rotor to fail very soon,
then we should choose the 5-valve mode, which is assumed to be risk-free, as the best
alternative. On the other hand, if we believe the rotor is not likely to fail in the foreseeable
future, then we should choose riskier alternative, run 2-valve and defer the rotor

installation.

5.2. Test Case 3, FD Fan Bearing Maintenance
Problem Description

See Appendix A.
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Formulation
Study Period: 1 week.
Available Choices: 1. Change oil off-line ASAP;
2. Change oil on-line ASAP;
3. Defer to the end of the study period.
Chances: 1. Unexpected bearing failure;
2. Oil spill;
3. Survival.
Assumptions:
1. Oil spill and unexpected bearing failure are independent.
2. Oil spill can only happen at the beginning of on-line o0il change, which is
assumed to occur in the first period, with a probability of P,y
3. If the oil spill occurs, we have to shut down the system and change oil
completely. The time to clean up the spilled oil is long enough such that oil can
be changed off-line simultaneously.
4. After oil is changed, no failure occurs within the study period.
5. The costs for changing oil off-line and changing oil on-line are the same.
6. The time to change oil on-line is short enough such that no bearing failure can
possibly occur during the work.
VA Perspective
The FD fan bearing problem can also be fitted into the VA's framework.
The appropriate time unit for this test case is hour. With a study period of one week
we have 168 periods.
Baseline
The baseline is defined as the one that oil change is implemented right at the end of

the study period. Notice that no downtime cost is considered in the baseline. Only the cost

44



of off-line oil change, which is equal to the cost of on-line oil change (see assumption 5), is

spent.

Obviously, the benefit for the baseline is zero. That is,

Bupaseline = 0 (5.1)

The table below gives the data needed for calculating the expected benefits for the

three alternatives.

Oil Spill Oil Change Bearing Failure
Cost ($K) 5 - 12
Repair Duration (hrs) 48 48 72

Notice the cost for oil change is not shown in the table because we do not need it in
calculating the benefit. The reason is that the oil change cost is included in the baseline and
oil change appears in all the scenarios. Therefore, in calculating the benefit against the
baseline it is canceled out.

The decision tree for this test case is shown in Figure 5.3.

change oil off-line ASAP Bs,asap
X on oil spill Pspin Bgnill
change oil on-line o 1-Popin 7
O<no oil spill i Bs, on-line
. . . Pgofer(1)
bearing .falls in the first hour er Baefer(1)

defer oil change

e Pefer(168
bearing-fails in the 168-th hour defer(168) Buerer(168)

i ithi i p s,defer
no failure within the study period By defer

Figure 5.3 Decision Tree for the Third Test Case.
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Notice for the ASAP alternative, there is only one scenario: system is shut down

immediately and oil is changed off-line. Therefore,

48
B;, AsaP = - Caowntime = - 2, D(i) X RPV(i)
i=1

Not like the first test case, in which we have to decide the mode of operation and
calculate the corresponding cost savings S, in this case no modes of operation are involved.
Therefore, we do not have to consider S. The calculation for Cyowniime 1S Same as that for
the first test case. We will not give numerical example here because the calculation involves
48 hours of downtime, which means 48 terms in Cyowniime-

For the change oil on-line alternative, the calculation is as follows.

48
Bapilt = - Caowntime - Cspitl = - 2, D(A) X RPV() - Capin

i=1

By assumptions 2 and 6, if there is no oil spill in the first hour, we assume that we
can finish changing the oil on-line without having an unexpected bearing failure. Therefore,
if we successfully change oil on-line, the only cost we have to pay is the cost of oil change.

In comparing with the baseline, we conclude that
Bs, on-line =0

For the defer oil change alternative, if the system fails in the k-th hour, the benefit

is:

k+72-1
Byefer(k) = - 2 D(l) X RPV() - Cbearing failure I<k<168
i=k
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If there is no unexpected bearing failure, then it is equivalent to the baseline.

Therefore, the benefit would be:

B 0

s, defer =

The Results

Figure 5.4 shows the best alternative and associated expected benefit, relative to the
ASAP/Off-line alternative, as a function of the probability of bearing failure and probability
of oil spill. For example, when the probability of oil spill is high and the probability of
bearing failure is Jow, we should defer the off-line oil change. When both the probability of
oil spill and probability of bearing failurelare high, the riskiest situation, we should
immediately shut the system down and change the oil off-line. Otherwise, we can just
change oil on-line.

Table 5.2 shows the optimal decision in terms of the bearing failure and oil spill
probabilities. Also shown are relative benefit of each optimal decision to that of the second

best.
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Table 5.2 Decision Table in Terms of Phearing failure and Pgpin.

benefitrelative 0 | Popin | Pspin | Pspin | Pspin | Popin | Pspin | Pspin | Pspin | Pspin | Pepin
the second best =01]=02]=03}=041]1=05}=06]=07]=08]|=09]=1.0
(K$) n

Pbearin_g faiture = 0.1

Pbcarin.g failure = 0.2

Pbearin_g faiture = 0.3

Pbcarin.g failure = 0.4

Pbearin_g faiture = 0.5

Phearing faiture = 0.6

Pbcarin‘g failure = 0.7

Pbcarin_g failure = 0.8

Pbcaring failure = 0.9

Pbearin_g failure = 1.0

defer

The patterns indicate three preferred repair alternatives. Numbers in boxes show relative benefit of preferred

alternative over second-best alternative.

5.3. Current Problems in the Stand-alone VA

As evidenced by the above two test cases provided by PG&E, the stand-alone VA
can handle some power plant maintenance problems very well. Given the power demand
prediction, monetary information, and component failure modes, the VA can return the user
with maintenance strategies regarding timing, probability of survival, and the break-even
analysis.

However, the calculation is based on a simplified assumption: the maintenance
recovers the failing component to a brand new condition such that it will never fail again
within the study period by the same mechanism. That is, the maintenance is assumed to be

perfect. This assumption is plausible only if the study period is short compared with the
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expected life of the repaired component. If it is not, the VA will return an over-optimistic
result because it will underestimate the effects of recurrent failure3.

Take the Contra Costa Turbine Blade Problem (Test Case One) and Pittsburgh
Heater Tube Leaks (Test Case Two, which will be addressed later) as examples. In the
former problem, once a new rotor is installed we can safely assume the repair is perfect
because the study period is in the order of ten years while the new rotor's expected life is
about fifty years. However, this is not the case for the tube leak problem. A tube's
expected life is about half a year, but the study period is much longer (seven years in this
case). Under this circumstance, assuming that after the repair the component can never fail
again is a very serious mistake. There is another situation in which the perfect repair
assumption does not work. We might want to partially repair the component (either it is
failing or has already failed) because we want to put the system back on line immediately,
and the resource to perform a complete repair is not available at the moment or the partial
repair is relatively short or inexpensive. This is the place where the current VA's analysis

capability ends and a new research begins.

3. Because the VA considers the failure only once, the subsequent failures due to imperfect maintenance are

truncated. This is the cause of underestimating failure effects.
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SECTION 6

TEST CASE TWO (RECURRENT FAILURE PROBLEM)

6.1. Test Case 2, Secondary Superheater Outlet Header Stub Tube Welds

Level of Repair
Problem Description
See Appendix A.

Formulation

Study Period: 1994 - 2001 (7 years).

Available Choices:
Repair strategies

1.

2
3.
4

Timing strategies
1.
2.

Do nothing (Do Nothing);

. Grind out and replace all stub welds (All Welds);

Grind out and replace 60 stub welds (60 Welds);

. Replace all stub tubes with standard stub tubes (Al/

Standard);
Replace 60 stub tubes with standard stub tubes (60
Standard);
Replace all stub tubes with new B&W sleeves and insert

(All B&W);

. Replace 60 stub tubes with new B&W sleeves and insert

(60 B&W);

. Ultrasonic test welds and replace only cracked welds

(UT/Reweld).

Repair during the scheduled outage in 1994;
Repair during the scheduled outage in 1996.
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Chances: 1. Failure;
2. Survival.

Assumptions:

1. The cost to fix an unexpected tube leak* after the repair is the same for
alternatives 1, 2, 3, 5, 7, and 8, which is $50K per unexpected tube leak.

2. There is not too much information provided for the UT/Reweld Cracks
alternative. It is assumed this repair can reduce the failure rate and can be
finished within the scheduled outage.

The estimated preventive maintenance costs are shown in Table 6.1, along with

other parameters. |

The third column represents the belief about the boiler tubes' aggregated initial

failure rate after the repair. That is, the belief about the range of the initial failure rate after
repair represents the effectiveness of each repair alternative. Both the alternatives All
Standard and All B&W are assumed to be risk-free in operation for 7 years, either one of
them can be used as a baseline case. We assume that they take the same extra downtime (2
weeks for each, assuming the scheduled outage lasts only 6 weeks)S. Therefore, the only
difference between them is the preventive maintenance cost. Since the preventive
maintenance cost for All Standard is less than that of All B&W, it is chosen as the baseline

casc.

4. There are about 280 tubes in the boiler.
5. The extra downtime cost is $70.9K/week.
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Table 6.1 Case 2 Input Parameters.

Belief about the Scheduled
Preventive Initial Failure Rate y | Repair
Maintenance | after Maintenance® | Duration

Alternative Cost ($K) (faults/year) (weeks)
1. Do Nothing 0 >2 0
2. All Welds 164 0 for 4 years, 6

then 1.8 <y<?2

3. 60 Welds 50 13<y< 1.5 <6
4. All Standard 211 0 for 7 years 8
5. 60 Standard 102 12<y<15 <6
6. All B&W 244 0 for 7 years 8
7. 60 B&W 117 09<vy<13 <6
8. UT/Reweld Cracks 60 ld<y<15 6

» Each alternative is performed right at the beginning of the study period. No other
preventive maintenance is followed up. Each unexpected fault is fixed upon failure,
which costs $50K.

» The duration of a scheduled outage is 6 weeks. Any repair that takes more than 6 weeks

to finish requires extra downtime. Extra downtime cost is $70.9K/week.

6.2. Simplified Approaches to Analyie Recurrent Failure Problems
Constant Failure Rate Over Time

As mentioned before, the perfect repair assumption, used in the current VA, cannot
directly handle a recurrent failure problem like the Heater Tube Leaks. Therefore, we have
to ﬁnd a new way to solve the problem. The simplest solution is to assume the failure rate

is constant over time and calculate the expected total cost.” The calculation breaks the cost

6. The numbers are used for illustrative purpose, which might not be true.
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into two parts: cost for planned maintenance activity and cost to repair unexpected failures
after the maintenance.

The total cost for All Standard, which is now the baseline case, is
preventive maintenance cost + extra downtime cost = 211 + 70.9 x 2 = $353K

If we assume the initial failure rate after repair 7y is constant over time, we can easily
calculate the expected total cost. Take one of the alternatives, Replace 60 tubes with
standard tubes (60 Standard), as an example. If we perform this maintenance activity
during the scheduled outage in 1994, it costs us $102K. Since the outage lasts 6 weeks and
the maintenance activity takes time less than that, we don't have cost caused by extra
downtime. Suppose after the maintenance the initial failure rate® of tube leaks is reduced to
1.4 faults per year and each faults costs $50 K. Assume the annual discount rate is 10%
and the study period is 7 years, then the expected total cost of the repair alternative over the

study period would be

102 +0
+14x] 50 + 50 + 50 + 50 4 50

(1+10/100)"  (1+10/100)%> (1+10/100)° (1+10/100)* (1+10/100)°
450 . 50

(1+10/100)°  (1+10/100)’
= $443K

Symbolically,

7. This is the method used to solve the Tube Leak Problem for the presentation at the Pittsburg Power
Plant on Dec. 16, 1993,
8. Since the failure rate is assumed to be constant over time, the failure rate at any time is equal to the

initial failure rate after repair v.
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expected total cost = preventive maintenance cost + extra downtime cost
end of study period

) cost per fault
+ failure rate x P

(6.1)
year from now = 1 (1+ discount rate)year from now

We can use equation (6.1) to calculate the expected total cost for each repair
alternative. The results are shown in Figure 6.1. |

Using the above approach we can calculate the expected total cost of each alternative
asa functiQn of our belief about its effectiveness, i.e., the initial failure rate v of the boiler
tubes upon the implementation of the repair alternative. For example, if we implement the
seventh alternative, 60 B&W, and subsequently the tubes are believed to have an initial
failure rate of 0.97 faults/year, the expected total cost for this alternative is $353K, which is
equal to the cost of implementing the baseline alternative, All Standard. If we believe that
the initial failure rate ¥ for 60 B&W is less than 0.97 faults/year then it should be superior
to the baseline alternative, because the smaller the failure rate is, the lower is the expected

total cost. Table 6.2 shows the results.
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Figure 6.1 Expected Total Cost (Net Present Value (NPV) with 10% annual discount rate) over 7 year study
period, assuming a constant failure rate over time.

Cost is shown for each alternative for the given range of belief about the initial failure
rate after repair v (see second column of Table 6.2), which is represented by cost range
enclosed by dash symbols. The cost range of Do Nothing is unbounded in the upper limit
because only lower limit of the initial failure rate after repair is specified. The failure rate
is assumed to be constant over time. For this case, the All Welds and 60 B&W options
can have costs less than the baseline alternative All Standard , so these three alternatives

are shown in Table 6.2 as candidate repair alternatives.

The Candidacy column indicates whether the alternative is ever the highest benefit
alternative. The third column in Table 6.2, Expected total cost ($K) Given the Belief about

Y, shows the range of possible expected total cost based on the belief about the failure rate vy

given each alternative, which is shown in the second column. For example, the belief about
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the failure rate of tube leaks upon performing 60 Welds lies between 1.3 and 1.5
faults/year. The corresponding expected total cost is thus in the range between $366K and

$415K, using equation (6.1).

Table 6. 2 Case 2 with Constant Failure Rate Assumption.

Belief about the Initial Expected Total Cost
Failure Rate yaft¢r ($K) Given the
Alternative Maintenance (faults/year) | Belief abouty Candidacy
1. Do Nothing >2 > 487 No
2. All Welds 0 for 4 years, [317, 334] Yes

then 1.8 <y<2

3. 60 Welds 13<y<15 [366, 415] No

4. All Standard 0 for 7 years 353 Yes

5. 60 Standard 12<y<15 [394, 467] No

6. All B&W 0 for 7 years 386 No

7. 60 B&W 09<y<13 [336, 433] Yes

8. UT/Reweld Cracks l4<y<15 [401, 425] No
Assumptions:

1. Each alternative is performed right at the beginning of the study period. No preventive maintenance is
followed up.

2. The study period is 7 years.

3. The annual discount rate is 10%.

4. The calculation is based on equation (6.1).

Comparing the above expected total costs of individual alternatives with that of
baseline alternative All Standard, we conclude that both All Welds and 60 B&W are
possible candidates because their expected total costs are less than or equal to that of Al/

Standard.
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If we look at the formulation more carefully, there are some drawbacks with this
approach. First of all, in the calculation the failure rate is constant over time. In reality, very
often it increases with time. Second, the approach assumes breakdown maintenance
because the repair is only performed upon unexpected failure. The cost of breakdown
repair is higher than that of replacing a failing one in advance, so breakdown maintenance
is optimal when the frequency of failure is low and the cost of unplanned shutdown is not
high. Therefore, assuming there are no follow-up preventive maintenance activities within
the study period is not appropriate except when the study period is short in comparison
with the component's expected life.

Increasing Failure Rate Over Time (IFR)

Now we discuss how the decision would be different if the constant failure rate
over time assumption is relaxed.

Suppose in the above example the failure rate increases with time, using the same
data we would obtain different conclusion. Assume the failure rate increases 0.5 faults for

each year. Without a second maintenance activity the expected total cost for 60 Standard is

72+ 0+ 30
50x1.4 . 50x(1.4+0.5) N 50x(1.4+1) +50><(1.4+1.5) N 50x(1.4+2)

(1+10/100)'  (1+10/100)2  (1+10/100)° (1+10/100)*  (1+10/100)°
. 50%(1.4+2.5) N 50%(1.4+3)

(1+10/100)°  (1+10/100)’
= $762K

Symbolically, the calculation can be expressed as:
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expected total cost = preventive maintenance cost + extra downtime cost
end of study period '

+ cost per fault x (initial failure rate + increment per year X year from now)

year from now = 1 V (1+ discount rate)yea from now

(6.2)

Using equation (6.2) we can calculate the expected total costs for individual
alternatives, which are shown in Figure 6.2.

As we can see from Figure 6.2., no alternative has an expected total cost lower than
that of the baseline alternative All Standard. Using this approach, we obtain the expected
total cost for each alternative, which is shown in Table 6.3. The shaded cells are those
whose candidacy or values have changed in comparison with Table 6.2, because of the

assumption about the failure rate (constant failure rate vs. increasing failure rate).
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Figure 6.2 Expected Total Cost (Net Present Value (NPV) with 10% annual discount rate) over 7 year study
period, assuming a linearly increasing failure rate over time (IFR). ‘

Cost is shown for each alternative for a given range of belief about the initial failure rate
after repair v (see second column of Table 6.3), which is represented by cost range
enclosed by dash symbols. The cost range of Do Nothing is unbounded in the upper limit
because only lower limit of the initial failure rate after repair is specified. For this case,
no alternative has cost less than the baseline alternative All Standard, so only this

baseline alternative is shown in Table 6.3 as candidate repair alternative.

Obviously, the expected total cost for each alternative with IFR is much higher than
the counterpart with constant failure rate. Using the belief about the initial failure rate after

repair ¥ in the second column, we conclude we should choose All Standard. This choice
contrasts with the decisions made with constant failure rate assumption, in which All Welds

and 60 B&W are possibleAcandidates.
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Table 6.3 Case 2 with IFR Assumption.

Alternative

Belief about the Initial
Failure Rate vy after

Maintenance (faults/year)

Expected Total Cost
($K) Given the
Belief about y

Candidacy

1. Do Nothing >2 No
2. All Welds 0 for 4 years,
then 1.8 <y<2
3. 60 Welds 13<y<15
4. All Standard 0 for 7 years 353 Yes
5. 60 Standard l2<y<1.5
6. All B&W 0 for 7 years
7. 60 B&W 09<vy<13
8. UT/Reweld Cracks l4<y<15

Assumptions:

1. Each alternative is performed right at the beginning of the study period. No preventive maintenance is

followed up.

.UI-PUJl\)

. The study period is 7 years.
. The annual discount rate is 10%.
. The calculation is based on equation (6.2).

The failure rate increases at a rate of 0.5 fault per year.

We used a simplified calculation in equation (6.2) to analyze a problem with

increasing failure rate over time. This approach is only appropriate when a minimal repair

policy is employed. A minimal repair policy is one that any breakdown maintenance only

recovers the system's functionality, but does not disturb the system's age (Barlow and

Proschan, 1965: 96-98). The minimal repair policy is only plausible when a failing system

is comprised of a large collection of identical components. This is because when one of the

N components (N is very big) breaks unexpectedly, the breakdown maintenance only
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repairs that specific component. It is either fixed or replaced and is assumed to be as good
as new after repair. However, this zero-age component has very little effect on the system's
age because it is just one of the N components. The other N-1 components are not fixed
opportunistically. Equation (6.2) actually is an approximation of calculating the expected

cost of breakdown maintenance by using a minimal repair policy (see Appendix B).

6.3. An Approach on Opportunistic Breakdown Maintenance

Suppose the breakdown maintenance is not planned only for failed components. It
is designed such that when an unexpected failure occurs, some components other than
those failed are fixed opportunistically. Obviously, the opportunistic breakdown
maintenance can affect the failing system's age, and thus its failure rate. Therefore, the
minimal repair does not apply in this case. However, the system's age now depends on
how extensive the opportunistic repair is. The following calculation assumes that the
opportunistic breakdown maintenance recovers the failing system back to the condition as
that after the initial preventive maintenance at time zero. Figure 6.3 shows a possible
realization over time with implementing 60 Welds at time zero and opportunistic breakdown
maintenance in the future. Note that every unexpected tube leak is fixed by an
opportunistic breakdown maintenance, which restores the boiler's initial failure rate back to
1.4 faults/year. This figure is based on the repair effectiveness of 60 Welds implemented at

time zero.
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Figure 6.3 A Possible Realization of Boiler's Failure Rate over Time.

60 Welds is implemented at time zero, with initial failure rate after repair y= 1.4 faults/year.

Consider the above example again. Suppose 60 Welds is implemented in time zero
and it reduces the system's initial failure rate g down to 1.4 faults/year. Let the probability
of tube leaks in the first year be P. If we have tube leaks in the first year, then upon the
opportunistic breakdown maintenance, the recovered system will have a failure rate of 1.4
faults/year, as stated in the previous paragraph, instead of 1.9 faults/year in the second

year. This can be represented in the following tree.

tube leaks in the first year failure rate in the second year = 1.4 faults/year

@ P
, no tube leaks in the first year

1-P

failure rate in the second year = 1.9 faults/year

That is, we have 1.4 faults/year in the second year with probability P and 1.9
faults/year with probability 1-P. Thus the expected failure rate in the second year should be
less than 1.9 faults/year. The calculation in Section 6.2 assumes that the failure rate in the

second year is 1.9 faults/year with probability one, which is based on the minimal repair
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assumption. Obviously, it overestimates the failure rate and consequently has higher
expected total cost. This is because it does not take the reduction in the system's failure rate
into account if the opportunistic breakdown maintenance is implemented. Therefore, the
previous calculation cannot handle the increasing failure rate problem correctly when an
opportunistic breakdown maintenance is assumed. A more rigorous approach is needed to
analyze the problem with opportunistic breakdown maintenance.

Assuming that failure rate increases linearly by 0.5 fault/year, the linear IFR can be

represented by the following function.
Y1) = + 0.5t (6.3)

where Yp: initial failure rate;

t: years from now.

By the reliability theory (Barlow and Proschan, 1981: 53), the life distribution is

F() =1 - exp(- f y)du) = 1 - exp(-yot - 0.25t2) (6.4)

A rigorous way to calculate the expected total cost for each alternative is
E[total cost] = C; + Cyq + C(m) (6.5)
where C;: preventive maintenance cost;

Cq: extra downtime cost;

m: duration of the study period,;

C(m): expected cost caused by unexpected failures within a duration of m.
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C(m) can be calculated from the following recursive equation.

C(m) = f " BYC; + Cy + C(m - H]AF(D) (6.6)

where [: discount factor;
Cs: cost of fixing the unexpected fault?;

Cy: opportunistic repair cost!O.

For example, the expected total cost for 60 Standard, with initial failure rate y= 1.4

faults/year, is

E[total cost for 60 Standard]

=102 +0+ C(7)
=102 + ——1———[[50 +7 +C(7 - 01d[1 - exp(-1.4¢ - 0.25t3)]
] d+o1)
"1
=102 + J —1—-1?[57 + C(7 - n](1.4 + 0.5t)exp(-1.4t - 0.25t2)dt
, 1.
=102 + 456

= $558K

Compare the above result with that from the simplified calculation with minimal
breakdown maintenance, $762K. We learn that in this case a opportunistic breakdown

maintenance is much cheaper than a minimal breakdown maintenance.

9. Repairing the unexpected fault is assumed to be $50K. See the note in Table 6.1.
10. Opportunistic repair cost is assumed to be $7K in the following calculation. The figure is much less
than the cost of fixing the unexpected fault because the fixed cost, e.g., equipment cost, is atiributed to

the latter.
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Figure 6.4 shows the calculation results using the rigorous épproach with
opportunistic breakdown maintenance. The expected total cost for each alternative obtained
from this approach is shown in Table 6.4. The shaded cells are those whose candidacy or
values have been changed in comparison with Table 6.2, because of the assumption about

the failure rate and breakdown maintenance.
600 - I
550 <+ -

500 +

450 +

400 +

Expected Total Cost (K$)

350 4 -

i [ ]
1 1 1

300 1 } t

Do  All Welds 60 Welds  All 60 AllB&W 60B&W  UT/
Nothing Standard  Standard Reweld

e

Repair Alternatives

Figure 6.4 Expected Total Cost (Net Present Value (NPV) with 10% annual discount rate) over 7 year study
period, assuming a linearly increasing failure rate (IFR) and considering the reduction in failure rate
following opportunistic breakdown maintenance.

Cost is shown for each alternative for a given range of belief about the initial failure rate
after repair vy (see second column of Table 6.4), which is represented by cost range
enclosed by dash symbols. The cost range of Do Nothing is unbounded in the upper limit
because only lower limit of the initial failure rate after repair is specified. For this case,
no alternative has cost less than the baseline alternative All Standard, so only this

baseline alternative is shown in Table 6.4 as candidate repair alternative.
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Table 6.4 Case 2 with IFR Assumption, Considering Effect of Opportunistic Breakdown Maintenance on the

Initial Failure Rate.

Belief about the Initial Expected Total Cost
Failure Rate v after (3K) Given the
Alternative Maintenance (faults/year) Belief about 'y Candidacy

No

1. Do Nothing >2

2. All Welds 0 for 4 years,
then 1.8 <y<?2

3. 60 Welds 13<y<15

4. All Standard 0 for 7 years 353 Yes
5. 60 Standard 1.2<y<15 No
6. All B&W 0 for 7 years 386 No
7. 60 B&W 09<vy<1.3

8. UT/Reweld Cracks ld<y<15

Assumptions:

1. Each alternative is performed right at the beginning of the study period. No preventive maintenance is
followed up.

. The study period is 7 years.

. The annual discount rate is 10%.

. The calculation is based on equation (6.5).

wm ok WwW N

. The failure rate increases at a rate of 0.5 fault per year.

Compare Table 6.4 with Table 6.2, we conclude that the decision options are now
fewer. All Standard is the only one choice. Also the expected total cost is different, which
is highér for using a rigorous approach because the failure rate is increasing linearly over
time. Notice that using the rigorous approach with opportunistic breakdown maintenance
we have the same choice (All Standard) as the decision made by the simplified approach
with IFR and minimal breakdown maintenance (see Candidacy column in Table 6.3).

However, the expected total costs are different.
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6.4. Two Step Preventive Maintenance

The rigorous approach with opportunistic breakdown maintenance suggests that the
baseline alternative, All Standard, is the optimal among the 8 alternatives. However, all of
the alternatives are one-shot preventive maintenance in that there is no follow-up preventive
maintenance within the study period. Intuitively, after the one-shot preventive maintenance
the failure rate drops immediately and then increases linearly over time. As we approach the
end of the study period, the failure rate becomes very high, which causes high expected
total cost. If we can schedule a follow-up preventive maintenance sometime within the
study period we might be able to reduce the failure rate and in term lower the expected total
cost. We will use the above example with opportunistic breakdown maintenance to show
the feasibility of two-step preventive maintenance.

Consider there is a second preventive maintenance activity, 60 Welds, following an
initial one, All Welds. The initial failure rate upon the first preventive maintenance activity
is 1.8 faults/year. If we perform the second preventive maintenance activity some time in
the future, it will reduce the initial failure rate to 1.3 faults/year. They are the lower bounds

of our belief about the effects of All Welds and 60 Welds on the failing boiler tubes' initial
failure rates after repair, respectively (see column 3 of Table 6.1). The question is: Is it
beneficial to schedule it at all? If the answer is yes, then when should it be scheduled?

Suppose we schedule the second maintenance activity s years from now. The

expected total cost is
Eltotal cost] = C; + C(s) + B’[C, + C(m - §)] (6.7)

where C;: cost for the first preventive maintenance activity, which is All Welds;
C,: cost for the second preventive maintenance activity, which is All Welds;
m: length of the study period;

B: discount factor;
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C(1): expected cost caused by unexpected failures within a length of t, see equation

(6.6).
Plug in the numbers, we have

E[total cost of implementing All Welds now and 60 B&W s years from now]

=164 + f -1-1—1;[50 +7 + C(s - D][1 - exp(-1.8¢ - 0.25t%)]

+ 311-— x { 50 +J -1—1-17[50 +7+C(m - s - D]d[1 - exp(-1.3t - 0.25t%)]}
. (4] *

Notice that we assume that the first four years are risk-free upon performing All
Welds. Therefore, the lower bound of the first integral is 4 instead of 0. Solving the
equation numerically, we can obtain a graph as Figure 6.5.

If we schedule the second preventive maintenance activity, 60 Welds, 4 years from
now, the expected total cost is $350K. This is the minimum point along the curve, which
happens to be right at the beginning of the fifth year. This is the time when the boiler tubes
begin to be prone to failure. Also notice that the expected total cost of this two-step
preventive maintenance is lower than that of the baseline case, All Standard, which costs
$353K.

It is interesting to note that if we implement one-shot preventive maintenance, both
All Welds and 60 Welds are inferior to the optimal preventive maintenance activity A/l
Standard. However, when combining them together we enhance the effectiveness of
preventive maintenance and have lower expected total cost. Although the second preventive
maintenance activity causes additional preventive maintenance cost, the risk reduction, as

embodied in lower expected cost due to unexpected failures, justifies the decision.

69



390
380
o |
2
2 370
[«
&
‘?‘f o
=
=
3 360
3
£ o
»
=
350 -
340 T T
4 5 6 7

Timing of the Second Preventive Activity (years from now)

Figure 6.5 The Expected Total Cost, (Net Present Value (NPV) with 10% annual discount rate) over 7 year
study period, of a two-step preventive maintenance with opportunistic breakdown maintenance as a function

of the timing of the second preventive maintenance activity 60 Welds.

Table 6.5 shows the results of this simple two-step preventive maintenance together
with other eight one-shot preventive maintenance alternatives, all based on opportunistic
breakdown maintenance. The shaded cells are those whose candidacy or values have been
changed in comparison with Table 6.2, because of the assumption about the increasing

failure rate, opportunistic breakdown maintenance, and use of multiple repair alternatives.
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Table 6.5 Case 2 with IFR Assumption, Considering Effect of Opportunistic Breakdown Maintenance on the

Initial Failure Rate after Repair.

Belief about the Initial Expected Total Cost
Failure Rate v after ($K) Given the
Alternative Maintenance (faults/year) Belief about ¥ Candidacy

1. Do Nothing >2 No

2. All Welds 0 for 4 years,
then 1.8 <y<2

3. 60 Welds | 13<y<15
4. All Standard 0 for 7 years 353 Yes
5. 60 Standard 12<y<1.5 No
6. All B&W 0 for 7 years 386 No
7. 60 B&W 09<y<13

8. UT/Reweld Cracks ld<y<15

Assumptions:

1. Each alternative is performed right at the beginning of the study period. No preventive maintenance is
followed up except the ninth alternative: All Welds now and 60 Welds four years later.

. The study period is 7 years.

. The annual discount rate is 10%.

. The calculation is based on equation (6.7).

W B W

. The failure rate increases at a rate of 0.5 fault per year.

6.5. Sensitivity Analysis
Effects of the Study Period Duration

All the above computations calculate the cost accumulated over a study period of 7
years. Obviously, the length of study period can affect the choice of repair alternatives.

Since the utility industry is being deregulated, the utility companies are shifting their focus
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from power generation to electric grid service. As a result, they may sell some power plants
to other companies. Before the sale, the plants still need maintenance. However, if the
study period duration is short, Do Nothing might be the best alternative because any
unexpected failure is unlikely to happen before the plant is sold.

Though the previous calculation does not take the salvage price into account, we
can still see the effects of study period duration on the maintenance decision. Figure 6.6
shows the expected total cost for each repair alternative as a function of the study period
duration, which varies from 1 to 7 years, with opportunistic breakdown maintenance. If the
length of study period is one year, Do Nothing could be the best choice, even though it
causes the initial failure rate to be higher than 2 faults/year. As the length of study period
increases, the optimal alternative is shifted from the myopic one, Do Nothing, to All
Welds. As the trend shows, eventually All Standard, which is risk-free for 7 years,
becomes the best choice.
Effects of the Annual Interest Rate

Figure 6.7 shows how the annual interest rate affects the maintenance decision. As
we might have expected, the higher the annual interest rate is, the greater discounting is the
cost of unexpected failure, which is fixed by the breakdown maintenance accompanied by
an opportunistic repair on other non-failed tubes. This implies that the higher is the annual
interest rate, the less we are concerned about future failures. Therefore, when the annual
interest rate is 5% or 10%, we choose All Standard, which is risk-free for 7 years, as the
best alternative. When the annual interest rate is increased to 15%, however, the best
alternative, is switched to All Welds, which is risk-free only in the first 4 years.

Ffom the above discussion we see that the assumption about the failure rate and
breakdown maintenance policies, minimal or opportunistic, have striking effects on the
choice and outcomes, which cannot be gained from the simplified calculation with the

constant failure rate assumption.
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The failure rate is linearly increasing over time and the opportunistic breakdown maintenance is used. The study
period duration is 7 years.
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The VA uses a decision-analytic approach to analyze the possible outcomes and
calculate the expected total cost, weighted by probabilities, for each alternative. For the
recurrent failure problem, it is still possible to obtain the solution by the same approach.
However, the decision tree becomes so complicated that it eventually makes the
computation intractable.

Based on the above observations we conclude that the simplified calculation with
constant failure rate assumption oversimplifies the problem while the computational
inefficiency prevents the current VA from solving the problem quickly. Recurrent failure
and partial repair occur very often in plant maintenance. If we can analyze the problem

accurately, it will help people to make better maintenance policies.
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SECTION 7
DISCUSSIONS AND FUTURE WORK

7.1. Test Case Classification

We have studied three PG&E test cases. It is found that test case 1 and test case 3
can be solved by the present Value Analysis Module. However, the VA cannot solve the
second test case because of the recurrent failure problem. We use two more complicated
approaches to solve it. Each of which is based on the effectiveness of the breakdown
maintenance (minimal or opportunistic). Also we have studied the effects of multiple
preventive maintenance activities on the expected total cost. To summarize our
contributions, we have:

e formalized the power plant maintenance problem by using a decision-analytic
approach and provided a basis for making informed and rational maintenance
decisions;

« validated the above approach with three test cases;

» shown the advantages and disadvantages of the simple engineering approach in
solving recurrent failure problems;

= used two more formal approaches to solve recurrent failure problems based on
different assumptions about the effectiveness of the breakdown maintenance;

» identified problem types based on the assumption about the repair effectiveness
and the distinctions regarding values, choices, and chances (see the following
discussions).

The three PG&E test cases provide rich insights into the maintenance problems

frequently encountered in conventional power plants. There are choices regarding
operations, maintenance; chances about component's life, caused by maintenance (either

perfect or imperfect repairs); value judgment about the consequences, etc.
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In PG&E's test case 1, we have operational mode (turbine valve mode) and
maintenance (new rotor installation) timing choices, both of which affect the component's
life. Notice that there is still only one maintenance alternative: new rotor installation. All
scenarios result from the chances of component's life (when the failing component will
fail). The chances can be caused by either operational mode or a component's own
deterioration process. We also have two modes of failures: minor and major. Test case 1
concerns both maintenance and production costs. Again the perfect repair assumption is
employed. Once the maintenance alternative is implemented, the component will never fail
again within the study period.

In test case 2, we have to make a decision from a set of maintenance alternatives.
However, once a maintenance alternative is chosen, it is implemented immediately. That is,
the timing is not of primary concern. In addition, no mode of operation affects the failing
tubes' life and performance. The chances result from the failing component's own
deterioration process. In calculating the economic value, only the planned and unplanned
maintenance costs are considered. No production cost is involved. The repair is not perfect,
though. Therefore, we have a recurrent failure problem. The system in test case 2, the
boiler, is composed of 280 identical tubes, which makes it different from other test cases.

In test case 3, the choice is only about the maintenance alternatives. In addition to

~chances about the failing bearing's life, we are not certain about the success of a
maintenance activity. For example, on-line oil change may cause an unexpected oil spill.
Fortunately, it is assumed after the oil is changed (either on-line or off-line) the same kind
of problem will not happen again within the study period, i.e., perfect repair. The cost in
this case only involves the maintenance. No production cost is considered.

The types of problems coming from the above test cases are summarized in Table

7.1.
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Table 7.1 Classification of Test Cases.

Problems TestCase 1 | Test Case 2 | Test Case 3
Operational Modes Yes No No
Choices | Maintenance Alternatives No Yes Yes
Maintenance Timing Yes No No
Component's Life Yes Yes Yes
Chances Failure Modes Yes No No
Success of Maintenance No No Yes
Values Production Yes No Yes
Maintenance Yes Yes Yes
Repair Effectiveness Perfect Imperfect Perfect
Single Collection of Single
System Configuration Component Identical Component
Components

7.2. Importance of Distinction

There has been some confusion in using the VA user interface. Most of the time it is
caused by failure in recognizing the distinctions among choices, chances, and values.

For example, in test case 1, the timing of turbine valve modes and timing of rotor
availability are different choices. However, one alternative mixes these two choices: 4-
valve operation until a new rotor is available, then 2-valve operation. The timing of turbine
valve mode is contingent on the availability of a rotor. Therefore, in building the VA user
interface, the data input and interpretations become ambiguous.

Another example is test case 3, where we have two different chances: component's
life and success of maintenance. These chances arise from different physical mechanisms.
The mechanism of the former involves bearing's deterioration process, while the latter
involves the maintenance process of on-line oil change. The interpretations of these two

probabilities of failure are significantly different. One concerns the deterioration process
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over time (probability of bearing failure), another concerns the success of maintenance
implementation (probability of no oil spill).

Obviously, the distinctions are important to framing and computation of the
maintenance problems. To facilitate the decision process, we must articulate those
distinctions. Otherwise, each time when a new maintenance problem emerges, we have to
overhaul the VA again, which is not suitable for a general purpose maintenance decision

support system.

7.3. Statement of the Maintenance Problem
For a recurrent failure (or an imperfect repair) problem, a maintenance policy
should address the following questions.
1. When should I inspect the component's condition next and in the future?
The answer depends on the difficulty and cost of observations. If they are fairly
easy and cheap, we don't have the inspection problem. In the present analysis, it
is assumed that all the critical components are monitored continuously by
electronic devices and at low cost. As a result, inspection time is not an issue
under current study.
2. When should I perform the next and future maintenance activities?
Note that the time between consecutive maintenance activities needs not be a
constant.
3. What are the costs and benefits of the next and future maintenance activities?
Once again, maintenance activities are not necessarily identical. Besides, the
maintenance level will affect the component's life distribution.
4. Given a sequence of planned maintenance activities, how should the sequence of
plans be updated when new information flows in? That is, what is a sequential

maintenance strategy?

79



Ideally, we want to analyze the maintenance problem to optimize a pre-specified
objective, e.g., expected benefit. The optimality is achieved by adjusting the maintenance
frequencies, maintenance levels, and updating strategies.

The analysis of the maintenance policy for the Heater Tube Leaks Problem (Test
Case 2) shows great potential for improving the quality of maintenance by studying the
recurrent failure more rigorously and considering wider set of maintenance policies. Even
though the two-step maintenance policy in the example is not sequential, it is still superior
to any of the one-shot maintenance policies. Since the sequential maintenance policy takes
into account more information, e.g., continued updating of the component's failure rate
when we have incomplete information, we expect it to be more adaptive, which allows us
to seek an even better outcome.

To sum up, a systematic way to analyze the recurrent failure problém can add value
to the plant's operation by addressing

« Increased candidate decision option set.

» Effects of repair (both planned and unplanned) to lower the probability of failure.

* Bias caused by the simple calculation.

» Effects of information update on maintenance policies.

Another challenge is to automate the decision process. In analyzing the above three
test cases, most of the efforts were spent on problem formulation: what are the decision
maker's values? what are the available alternatives? what are the consequences given each
alternative? Some of them need creative thinking, which is hard to automate. However,
others are routine or concern functional relationships that are well understood. For
example, it is feasible to predict the behavior of a failing component through automatic
computation. If we can automate the latter through a decision support system, the decision
process can be accelerated significantly.

A decision support system that handles the problem domain of maintenance

management should be able to
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» simplify the process of problem specification, e.g., values, choices, and chances.

e communicate the solution process with the user easily, e.g., using the decision

tree or some graphs.

 compute the solution efficiently.

The first property involves capturing the knowledge of what chances are possible
and what choices are available. The former is represented by a knowledge base of modeled
system operation. While the létter is represented by a maintenance knowledge base. In
addition to these two knowledge bases, we also need a virtual decision maker who is

capable of identifying decision problems.

7.4. Future Work

To solve this frequently encountered maintenance problem, we need to find a way
that is both efficient and practical. We propose two approaches to tackle this problem.

First, we want to build a decision support system, based on reliability and control
theories, using established engineering knowledge about both the system behavior and
maintenance activities. To start with, we analyze two simple systems: single component
and two-component. Then we will analyze the three PG&E test cases through this
approach. As mentioned in section 7.2, the distinctions of Table 7.1 must be clarified
unambiguously in a decision support system.

The second approach is to study different maintenance policies by Monte Carlo
simulation. The problems are the same as those in the first approach. The simulation should
be much faster than exhaustive search of a big set of possibilities. The simulation results
are used to check the plausibility of a given maintenance policy.

We have developed a simulator. We need to extend it to handle the recurrent failure
problem. This is much easier than the effort to modify the VA, as mentioned before.

To justify the optimal maintenance policies derived from the above two approaches,

we need to address the following questions.
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1. Are the results from the above two approaches consistent?
The answer should be yes. We expect the simulation approach to implement both
consistency and efficiency checks of any maintenance policies generated from the
decision support system or any other sources. Therefore, this does not void the
benefit from the first approach, which provides insight into how each
maintenance policy affects the system behavior and guideline to construct more
sophisticated one.
2. When and how much is the sequential maintenance better than the breakdown
maintenance?
The preventive maintenance policy should be better when we have frequent
failure (as compared with the length of the study period), increasing failure rate,
or the cost of preventive maintenance is cheaper.
3. When and how much are the sequential maintenance better than "back-of-
envelope calculation"?
With the example given above, we know the back-of-envelope calculation is
correct only when the failure rate is constant over time.
4. How much is sequential maintenance better than time-invariant periodic
maintenance policies?
Since a time-invariant periodic maintenance poliéy is constructed a priori, it does
not take into account the information unfolding with time. The sequential
maintenance policy takes advantage of new information to choose subsequent
optimal maintenance activity. Intuitively, the results from the latter policy should

be better.
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Criteria for Selecting Test Cases

To validate our approaches, we need more test cases. Some criteria below are
suggested to facilitate selecting good test cases.

1. For each recurrent failure problem, there should be large variation in costs and
time among available maintenance alternatives.

2. There should be large variation in the effects of maintenance on the component's
life distribution.

3. Each study period should have at least two scheduled outages, whose durations
are not necessarily longer than those of maintenance activities.

4. Each test case should document how maintenance people solve the problem and
the main concern and rationale in solving the problem.

5. The objectives of all test cases need not be the same. For example, in one case
we may want to maximize the expected benefit while in another we may want to minimize
expected system down time.

6. As evidenced in Table 7.1, the system under study is still very simple.

Maintenance problems about multiple-component system are thus desirable.
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APPENDIX A

i PG&E Three Test Case Statements IRTMM Meetmg Notes
' 9/21/93
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results in cyclic loading of the turbine blades, and consequent fatigue cracking. This is
considerably more severe for 2 valve mode than for 4 valve mode. The possibility of this
mode of failure is completely eliminated by operating in'5 valve mode. Westmghouse says’
the probability of blade failure is significant over a several year period. The probability of
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blades") by Westinghouse at a cost of about $1 2 million, and with 14 months to do the
work, If this is done, the rotor at CC 7 wﬂl be mterchangeable with the rotors at Morro
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than with the present design.” The new rotor could be mstalled when 1t 1s ready or durmg

an outage scheduled in 1997 or durmg the next ma)or outage m 2007 it
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IRTMM Meeting Notes
9/21/93

Present agreements with Westinghouse provide that, unless a decision about fitting the
spare rotor with tri-pin blades is made by the end of October 1993, $160,000 will be
forfeit to Westinghouse. An effort is underway to extend this deadhne to April 1994.
There is some (unclear) level of commitment to some sort of blade replacement anyway.
This commitment could be credited to the replacement with tri-pin blades, so that the real
cost is the increment to achieve the tri-pin design.

Structure of the Decisions

In summary, the "decision space" consists of 12 possibilities, arranged in a 4 X 3 matrix.
This allows each combination of the following strategies to be considered.

Governor valve strategies (between now and whenever a new rotor is installed):

1. 2 valve operation.
2. 4 valve operation until a new ro’tor 1s e;}ailable, then 2 \}alve operattont |
3. 4 valve operation.
4. 5 valve operation.,

Possible turbine rotor strategies include:
1. Refit rotor and install as soon as'possiblle.

2. Refit rotor and install in 1997.

3. Refit rotor and install in 2007,

Since the probability of a failure is the ;‘Jiti’rrliarj;luncertain element, it will be helpful to.
characterize each combination of valve operation and rotor refit strategies as follows:

Where p(f) is the probability that the rotor will fail in two valve mode, |

o Identify combinations having any interval for p(f) for which each is the best
combination. Call these "candxdates and 1dent11y the interval for which each is the
best.

. For each Candidate, at what value of p(t) lS the candldate better (has lower cost or
higher savings) than the next best by the widest margin (the optimal point), and how
- 'what is this margin? What is the benefit of the Candldate at thxs point, compared with
5 valve operation and 2007 rotor reﬂt? )
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IRTMM Meeting Notes
' 9/21/93

Present the above for the base case RPV schedule and for the ngh Thermal RPV
schedule.

Background
This represents a large expenditure for the plant, compared with most maintenance
decisions. Most decisions fall in the range of $25k - $200k. They find that EASOP is
satisfactory for determining the economics of small value, simply structured decisions.

Tools are desired for large issues like this, which involve uncertainty.

Presentation of break even probabilities and probability ranges, is a useful way to compare
alternatives.

One general goal is that all expenditures have a payback period of 5 years or less.
They typically evaluate an alternative based on the "baseline” RPV, and then compare this
with the "High Thermal" RPV case, to evaluate sensitivity to future rainfall. For short
term decisions, they use Power Controls' 7 day values for RPV, from Mr. Raymond.

. Input Available

o Costs represented as total financial (fully llurdened).

e Forecast hours spent in each load point raxlge, for 1994. This is available from the
plant, and also Mike Palatroni may have forecasts.

e Load vs. Operating Cost per Hour, for 2 valve 4 valve and 5 valve operatxon

e The Cost of repair and time to repaxr for a Mmor Failure and for a Major Fallure
This data will be provided for each of the options for Minor Failure (Cut blades, or
order reblading), and for a major failure (Cut Blades, initiate expedited rotor refit and
install rotor as soon as itis recelved or else drop steeple, which is not hkely for Umt
. , ey ,

Reference Material

1. White Paper, "HP Turbme First Stage Blade Replacement Cursory Evaluatlon for Tri-
Pin Modification", 5 Pages. : . '

2. List, "Questions Related to Unit 6 & 7 TriPin Modification, M. L. Jones, August 11/
August 27, 1993, 2 Pages.
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3. Memo, Bob Deutschman (Westmghouse) "Experience List for TriPin Modification,
and Answers to Other Questions", FAXed to Mike Jones September 13, 1993, 7.
Pages including cover.
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Decision Method and Description
Case 2 PPP Unit 6 Secondary Superheatex QOutlet Header Stub Tube Welds
Level of Repan‘ '

Qctober 10, 1993
Problem Statement

The Secondary Superheater Outlet Header Stub Tube welds, where the stub tubes (total
180) connect to the header, have a hlstory of cracking, which currently results in about
$100,000 per year outage and repair costs, due to an average of two leaks per year. If
nothing is done, it is anticipated that the failure rate could increase. Repair upon failure is
also undesirable because the vestibule where the header is located is quite hot immediately
after a shutdown and cool down, so there are safety and productmty issues.,

The next opportunity for preventative repair is the outage scheduled March 1, 1994, and
projected to take 6 weeks. Eight preventative repair alternatives have been 1dent1ﬁed in
addition to doing nothing. There are 5 main repair approaches, 3 with two alternative
levels. The entire list of choices is:

Do Nothing SRR

Grind Out and Replace All Stub Welds

Grind Out and Replace 60 Stub Welds

Replace All Stub Tubes with Standard Stub Tubes

Replace 60 Stub Tubes with Standard Stub Tubes

Replace All Stub Tubes with New B&W Sleeves and Insert
Replace 60 Stub Tubes with New B&W Sleeves and Insert
Ultrasonic Test Welds and Replace Only Cracked Welds
Replace the Entire Header ;

A A A o D e

There is not sufficient lead time to obtam a new header by the time of the next outage
(March 1994). The header is thought to have a limited remaining life, possibly as short as
5 years, due to header cracking (a different problem than stub tube weld cracks) An
inspection of Unit 5 header may support inference of the condition and remaining life of
the Unit 6 header. " A possible measure to extend the life of the header is to derate the unit
temperature and pressure, balancmg thlS cost agamst the cost of replacement of the
header.

Opportunity for Savings, and Aesogciated Costs

o By repairing the welds during the outage (which is expected to be 6 weeks duration),
the presently experienced two outages per year due to stub tube leaks may be reduced
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or eliminated, along with the attendant $100,000 in associated outage and repair costs.
Otherwise, the failure rate and costs can be expected to increase.

o There are costs associated with each \repaiyr:s;trategy. Also, some strategies reduce but
do not eliminate the probability of leaks

o It has been said that Alternatlve 6 w1ll extend the life 40 years, but this method has not
been used before. , U S

o Alternative 8 involves ultrasonic testing of unproved effectiveness.

° Some alternatives require a startup stramer ahead of the turbme to catch possxble
contaminants. After a brief run, the unit must be shut down and the strainer pulled.
This adds about $30,000 to the cost of the outage :

o The next scheduled outage isin 1996

Structure of the Decisions

In summary, the "decision space" consists of choosing one of the 9 alternatives from the
list above, for action in the March 1994 outage. The estimated construction cost of each .
is shown in the following table, along with other parameters The altematlve txtles have :
been abbreviated in the table. : bt =

R(f) 1s the failure rate of the Secondary Superheater Outlet Header Stub Tube welds

N

Table 1: Alternatzves vs Costs and Consequences |

Construction Repair  Require

Cost Time Startup

Alternative : . ($ X 1000) R . (weeks) . . Strainer .

1. Do Nothing | _,,,:Wlll Increase 0 . No

2. AllWelds ?164 . Ofordyears 6. . No

3.60 Welds . 50 _ Reduce . <6 . No. .
- 4. All Standard Tubes - 181 ,',;5,0f0r7years;, 8 . Yes . ..
5. 60 Standard Tubes 72 _E,Lf,ﬁ;}Reduce .. <6. . Yes.
6. All B&W 214  Ofor7years 8 Yes

7. 60 B&W 87 Reduce <6 Yes

8. UT / Reweld Cracks 60 ~ Unclear 2@  No

9

. Replace Header 1,900 Ofor? Years 10 . . Yes
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The primary uncertain elements are the period for which the leaks will be eliminated and
the amount by which R(f) will be reduced. The required time is also somewhat uncertain.

The approach will be to estimate the expected total cost C(n), n=1to 9, of each of the
alternatives, including construction cost, additional outage time to complete repair, and
subsequent outages due to tube failures. This should be calculated for the base case RPV
schedule and for the High Thermal RPV schedule to determine sensitivity Since 7 years

C(4) and C(6) can be calculated from the data given. To allow for uncertainty in R(f) in
“some alternatives, the "break even" R(f) will be calculated for each of the alternatives
1,2,3,5,7 and 8. This is the value of R(f) (if such a value exists) for which the total
evaluated cost of the alternative is equal to the lesser of C(4) and C(6). These can be
reviewed against the criteria "is it reasonable to assume that this repair will reduce R(f) to
a level no greater than this?" Those for which the answer is "no" can be removed from
consideration. :

Note: for alternative 2, assume R(f) = 0 for the ﬁrst 4 years, and find break even R(f) for
the last 3 years of the 7 year period. :

| Inputs
e Material received describes some of the distinct costs and benefits of each alternative.

o  Other required inputs TBD.

90



Decision Method and Description o , o
Case 3: Pittsburg Unit 7 FD Fan Bearing Maintenance =

} ‘Qc‘tober 10, 1993
Problem Statement

On Aug. 29, the operator's received a high temp alarm on 7-2 FD fan bearing. Upon
investigation, they found the bearing cap very hot (over 200 F). They reduced load, put water
on top of the cap and topped up the bearmg reservoir with oil. This brought the bearing
temperature w1th1n normal hmrts ,

The following week, engineers discussing the problem, and suggested collectmg an oil sample
and looking for wear metals. About a week later, results were received that showed very high

- levels of contamination and wear metal particles. Continued operation with contaminated oil
will almost certainly lead to a bearing failure eventually. The unit cannot be operated without
the fan operating, so shutdown of the fan or failure of the bearing will each incur an outage. In
order to clean up the oil, we considered the following alternatives:

1. Shut the unit down within a day or two and change the oil.

2. While the fan is running, dram a portion of the oil out, refill, and repeat the process until
acceptable oil quality was achieved.

3. While the fan is running, install a small, kidney loop type filter system on the reservoir and filter
the oil.

4. Keep runnmg with no modrﬁcatlons untrl the next unit shutdown whrch provrdes enough time to
change the oil. ~ .

ioipe

Options 2 & 3 are difficult because the reseruoir has no drain valve, only a drain ;‘ﬂu'g.‘ These -
options would have required installation of a drain valve while the reservoir was full of oil,
resulting in the risk of major oil loss, and possrbly requiring a unit shutdown as a consequence of
the oil loss.

After discussing the problem, we decided to thoroughly check the bearing temperature and
vibration levels. These were found to be normal. Given the likelihood of a fuel economy outage in
the near future, we opted for periodic vibration analysis, along with Alternative 4. The unit was
shut down on fuel economy on 9/16 and the 011 was changed at that time.

Opportunity for Savings, and Assocrated Costs
The opportunities for savings are;

For Alternatives 1, 2 and 3: As soon as unit 1sshut down, or the oil is cleaned up "on
line", the probability of a bearing failure becomes zero. This saves the possible cost of
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bearing replacement. It is assumed that any of these will be done soon enough that the
bearing will not fail before the oil is cleaned up.

For Alternatives 2, 3 and 4: The cost of, a special otitage is avoided. However, for
alternative 4, the risk of an outage due to bearing failure is incurred.

For Alternative 4: The cost of the on lme modifications, as well as the risk of spilled oil,
is eliminated. -

Structure of the Decisions

In summary, the "decision space" consists of 4 altematwes The expected cost of each is
the sum of the component costs. : -

In the following table an X mdlcates that for the assocxated alternatxve there is a
possibility of incurring the mdlcated cost S R

‘fi
il

Table I: Altemat{ves vs. Possible Cost Elements

Alternative  Outage Cost Oil SpiﬂiCost OnLine Mod Cost ~ Bearing Repair Cost
1
X X

2
3 X X
4 ;

R

The primary uncertain elements are the probability of failure of the bearing during a given
interval P(b), and the probability that the oil will be spilled if the on line modification is
attempted P(s). another uncertain element is the time until the next outage which will be
of sufficient length to replace the oil (N weeks).
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The approach will be to estimate the expected total cost of each of the alternatives, by
multiplying each cost component by the probability of its' occurrence. For each of several
assumed time intervals until the next outage, a matrix will be calculated. Each element of
the matrix contains A, the number of the least cost alternative, and c, the cost difference
between A and the next lowest cost alternative, for the specified values of P(b) and P(s):

Table 2-N: Preferred Alternatives Over the Range of P(s) and P(b) for N Weeks Until

Next Outage
S P(s)
P(b) 0.1 02
0.1 Ac : :
0.2

This set of tables should be calculated for the l;ase case RPV schedule, and for the High
Thermal RPV schedule, to determine sensitivity.

Inspection of the matrices will determine if more than one alternative can be the lowest
cost, within the reasonable range of the variables P(s), P(b) and N, and if the frequency
with which more than one is the lowest is sufficient to warrant further pursuit of an
estimate of any of the probabilities. Note that the "Reasonable Range" assessment of P(b)
is probably affected by the observations of bearing temperature and vibration level. -
However, this assessment is done by the reviewer of the results, and need not be
incorporated into the results structure, since the results are presented for all values of
P(b).

Inputs

o Costs of bearing replacement, modiﬁcatioxjs and oil spill, represented as total financial
(fully burdened). '

« The outage time to repair the bearing, and the outage time to replace the oil.
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APPENDIX B
Note on Minimal Repair
In maintenance management, engineers usually use a simple calculation to obtain
the expected cost of breakdown maintenance on a system. If the planning horizon is T, and

is divided into m equal-spaced periods. That is,
T =mAt (1)

Then the expected cost of breakdown maintenance on a system of age a over m

periods is calculated from the following equation.

C(T, a) = i)r; BiC(a +iADAL 2)

where B: discount factor;

Ct: cost of breakdown maintenance;

1(t): system's failure rate at time t.

Equation (2) (compare with the third term of equation (6.2)) appears intuitively
correct. However, the underlying assumption about the effectiveness of breakdown
- maintenance on the failing system is not clear. We will show how the above engineering
approach is related to one of the maintenance policies in Barlow and Proshcan's book
(1965: 84-118) and the justification for it.

Consider a system composed of a large number of identical components. For
example, in PG&E's test case 2, it is a boiler having 280 superheater tubes in a
conventional power plant (see Section 6). Most of the time, an unexpected failure of any of
the constituting components is fixed by breakdown maintenance, which is either a local

repair or a replacement. However, the number of fixed components, each of which has a
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reduced failure rate, is small compared with the number of overall components. Therefore,
in modeling the life distribution of this system, it is often assumed that the breakdown
maintenance only recovers the system's functionality, but does not disturb the system's
age. That is, a minimal repair policy, as defined by Barlow and Proschan (1965: 96-98), is
used.

Now consider a system of age a, with an underlying life distribution F, is
maintained by a minimal repair policy over a period of T. Suppose F is continuous and

differentiable, the expected cost C(T, a) can be expressed as

C(T, a) = f BYC;+ C(T—1, a+1)] f(; (+)T)d 3)

where f: probability density function of F.

If we discretize T into m periods with equal duration At, then equation (3) can be

rewritten as

f(a +1At)

C(T,a) = ig BIC; + C(T —iAt, a +iAD)] o)

At 4

After one period has passed, the system's age has increased to a + At, whether an
unexpected failure happens or not, and the remaining time under consideration is T - At.

Therefore,

f(a + At + iAt)

Fa+ AD) At

C(T - At, a + At) = E BUCs + C(T - At —iAt, a + At +iA1)]

F(a + At)'{ 2 B [Cs+ C(T - At—iAt, a + At + iAD)]f(a + At + 1At)At>
= Fa+AD At){ 2, B YCe + (T~ iAt, a +iAD)]f(a + 1At)At}
m{ 2, BIC; + C(T —iAt, a + iAD)]f(a + 1At)At} (5)
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Combine equations (4) and (5), we have

F(a)C(T, a) = .ﬁ_njl BIC; + C(T - iAt, a +1AD]f(a + IADAL
= BIC; + C(T — At, a + AD)f(a + ADAL + _ﬁz BIC, + C(T — iAt, a + iADIf(a + IADAE

= BICs + C(T - At, a + Ap]f(a + At)At + BE(a + AC(T — At, a + At) (6)
If At is very small, then
F(a) =~ f(a + ADAt + F(a + At)

Equation (6) can be rewritten as

(T, a) = Bcfﬁi‘é%%t +BC(T— At, a + Af)

By the assumption about At,

f(a + At)

F(a) =r1(a + At)

f() .

where r(-) = ) system's failure rate.

We have
C(T, a) = BCyr(a + ADAt + BC(T — At, a + At) , , 7

Apply equation (7) repeatedly, we have
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C(T,a) = énll BiC(a +iADAL (8)

Equation (8) is exactly the same as equation (2). Therefore, the underlying
assumption of the engineering approach mentioned above is performing a minimal repair
policy on a system of a large number of identical components. If the number of identical
components in the system under study is small or the number is big but some components
other than those failed are repaired opportunistically, then the calculation fails. Therefore, if
we want to quickly calculate the expected cost of performing breakdown maintenance on a
system of 2 light bulbs, the above approach does not fit. However, using it on a system of
280 superheater tubes is plausible when no opportunistic breakdown maintenance is

employed.
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