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REPORT SUMMARY

Based on performance trends and efforts for continuous improvements, EPRI conducted a study
to benchmark metrics (indicators) that can be used in assessing maintenance. The indicators and
values/ranges developed from this work provide guidance for plants to assess their internal
activities and to compare them industry-wide or with peers.

Background

In 1996 EPRI developealtech noteAssessing Maintenance Effectiveness, TR-107759, in order

to collect and describe the most commonly used maintenance indicators, what they are supposed
to measure, their relevancy, and the expected range/values.

Based on industry trends, increases in self-assessments, and industry forums, the industry would
benefit from a set of metrics that could be used to evaluate and compare maintenance
performance internally as well as externally.

Objectives
e To collect and evaluate plant data to populate a maintenance metric set

e To determine if metrics can be applied to plants of various ages and geographical locations

e To understand the difficulty, if any, with collecting data from the central maintenance
database such as computerized maintenance management systems (CMMS)

e To provide nuclear power plants with metrics that can be compared internally, among peers,
and across the industry

Approach

The project team reviewed relevant information from sources (such as research reports, survey
results, and industry meetings) to understand the latest trends and practices for gathering and
presenting maintenance data.

Site visits were conducted to gather maintenance data and to review maintenance practices and
other programs that affect maintenance in order to populate metrics. These visits helped
determine what metrics were currently being used by plant personnel in their evaluation
processes. In addition, the teams looked for other metrics that might be beneficial to the
benchmarking effort. The evaluation process included comparing existing plant metrics to those
presented in TR-107759, modifying the metrics set, and developing benchmark values for the
metrics.

The project team sought to understand any plant/company issues or work practices in a
maintenance program that would affect the data used to populate the metrics.



Results

This report presents a set of metrics that are appropriate indicators for assessing maintenance
activities within a power plant. By using the knowledge of plant personnel and existing
maintenance data, EPRI has developed a workable set of metrics to provide a basis for follow-on
comparison in the area of maintenance. This benchmarking effort provides reference
values/ranges that can be used to evaluate maintenance activities.

EPRI Perspective

This effort has benchmarked the metrics that were originally presented by EPRI in 1996. With

the implementation of the maintenance rule, probabilistic risk assessment (PRA), and other
programs, plants have tended to use more self assessments and peer assessments in an effort to
continuously improve practices.

This benchmarking effort has shown that the data required to populate the metrics:
e Are easily retrievable

e Require minimal computer time to run queries

e Can be readily evaluated with standard spreadsheet tools

Plants should be capable of collecting the data from their current MMS to:

e Populate the metrics

e Establish limits and goals for their site

e Conduct more focused self assessments

e Compare their plant to other plants in the industry using these metrics
These metrics are strictly associated with maintenance activities.

Keywords
Metrics
Indicators
Maintenance
Comparison
Assessments
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ABSTRACT

Assessing and improving maintenance effectiveness requires a consistent set of metrics that
would provide a basis for comparison with industry peers and identify opportunities for
improvement. Such a set of metrics should consist of:

e One-time measurements to assess program condition and to achieve an initial comparison
with peers and industry

e Ongoing measurements for monitoring, trending, periodic assessment, and identifying
opportunities for program improvements

This document proposes a set of metrics for above-mentioned purposes and provides a
benchmark for each metric. These metrics were developed to be capable of:

e Being generated from existing data in typical nuclear ptanmtenance management
systems' and other existing data systems through queries or reports

e Being complementary to metrics currently used for other purposes/organizations, such as the
WANO indicators and/or system health reports that were developed to meet the requirements
of the maintenance rule

e Supporting a comprehensive assessment of maintenance effectiveness using objective
measurements

e Helping to focus the scope of periodic team-based self-assessments and peer-group
assessments currently in use

Use of the information conveyed by these metrics must be tempered with sound judgment. One
should also keep in mind that when comparing with peer plants, valid and justifiable deviations
could exist. A remedial and/or corrective action plan is warranted only when trends/conditions
point to significant opportunities for improvement and/or a potential for adverse consequences.

Benchmarking of the metrics set was performed by collecting data from a representative sample
of nuclear plants in the United States. This benchmarking effort established that the input data
required to generate the metrics were readily available in existing data systems and could be
retrieved through queries. This report summarizes the results from this effort and provides a
correlation of the maintenance assessment areas with the metrics set. Finally, a set of
recommendations for implementing the metrics system at plants is discussed.

' First occurrence of words and terms that are defined et®8 2) in the context of their use in this documenttatieized.
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EXECUTIVE SUMMARY

Assessing the effectiveness of a maintenance program as a whole is currently being done

periodically (for example, once in two years) through self-assessments and peer-group
assessments. Though comprehensive and performed by experienced professionals, the
assessments are mostly qualitative evaluations based on subjective judgments. A few objective
measurements (also known as indicators) in use include work backlog, rework count, and plant
level indicators such as the number of unplanned trips and safety system actuations. With the
exception of backlog and rework, most of the other objective measurements being used are not
maintenance focused. System health reports instituted to support the maintenance rule have
contributed improvements in the use of objective measurements. These are limited in scope and
depth because they include only structures, systems, and components (SSCs) under maintenance
rule scope and for the most part use plant level indicators.

The purpose of this guide is to present a set of metrics that objectively measures the three Ps of
maintenance (that iperformance, process, andproductivity). These metrics could be used to
supplement other broad-based indicators currently in use for assessing the effectiveness of
maintenance programs and in periodic self-assessments.

It was demonstrated during the benchmarking effort that the metrics set presented in this
document could be generated consistently across the industry from data that are currently
available and readily retrievable from most maintenance management systems and other plant
event/activity/records tracking systems. This set of indicators includes metrics that provide
objective indications of strengths/weaknesses and identify opportunities for improvement by
measuring items such as:

e Unplanned trips, safety system challenges, and power-loss events attributable to maintenance
e Maintenance coverage and breakdown

e Maintenance work load and its breakdown

e Manpower resource application and its breakdown

e Overdue backlog and rework

e Craft and staff productivity

e Procedure stability and quality
In addition, these indicators include one-time measurements (such as the number of components
included in preventive maintenance (PM) and corrective maintenance (CM) programs and

breakdown of maintenance by types) that would be useful in initial evaluation/calibration. For
each metric, this guide:

Xi
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Identifies the data source(s)
Discusses what it indicates
Explains how it is calculated

Provides a benchmark value and, if appropriate, a goal

The metrics are grouped under the three Ps—performance, process, and productivity. If used on
an ongoing basis, these metrics have the potential to:

Support a comprehensive assessment of maintenance program effectiveness
Support comparison of plant maintenance programs against a reference group or industry

Supplement portions of the periodic self-assessments and peer-group assessments currently
being used

Finally, insights gained about maintenance program/function during the plant visits to develop
benchmarks are summarized in Section 7. Examples of such insights include:

Xii

The data required to compute the metrics set discussed in this document were readily
retrievable from plant MMS and a few other data systems. Queries were written by the
maintenance support staff (on the average, it required a few hours). These data were
downloaded into a Microsoft Excel spreadsheet for further processing by the investigators.
At each of the surveyed plants, the staff support provided to the investigators was about two
fulltime equivalents for one week.

Overall, maintenance cost was 25% of non-fuel O&M cost based on the data collected

Only one of the six plants in the survey had a comprehensive system to capture actual
person-hours spent on each work order. Each discipline such as craft and maintenance
support staff (for example, planners, technicians, work control, and maintenance support
engineers/technicians) charges time against work orders. Other plants in the survey did not
provide data, nor did it appear that they collected this information. Actual hours can be
valuable when improvements in cost effectiveness of maintenance are being sought. For
example, monitoring the cost of emergency maintenance can identify opportunities for cost
savings. This information can be used to reduce the need for emergency maintenance.

Plants in the survey appear to have a rather limited view of what constitutes PdM. At most
plants, PdM means thermography, oil analysis, and vibration analysis. In reality, more than a
dozen other programs, such as electric motor monitoring, MOV diagnostics, and diesel
engine (DG) performance analysis, fit into this category. PdM responsibilities and budgets
are dispersed under many groups. If a comprehensive view is taken of all the PdM programs
in place, it would reveal that substantial resources are expended for PdM within a plant.
There may be some opportunities for consolidation. Such a consolidation would improve the
level of expertise and enhance management function.

Rework and backlog, the two widely used indicators in the industry, lack consistent
definitions and usage. In addition, determination of what fits these categories depends
heavily on human intervention; the data obtaifrech the plants varied so much that it raised
guestions about the ability to make meaningful comparisons across the industry. Therefore,
this benchmarking effort has posed some definitions that should assist plants in categorizing
data and making comparisons across the industry.
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1

INTRODUCTION

“Any process can be improved, and continuous improvement is necessary to remain
competitive.” Proverb

Since the 1990s, nuclear power plants have embarked on various efforts to reduce their power
production costs while maintaining an acceptable level of safety, reliability, and capacity factor.
Success of these efforts is reflected in the steady improvements in production cost and capacity
factor as shown in Figure 1-1.
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Figure 1-1

Historical Trend in O&M Cost and Capacity Factor (Data Source: NEI)

The cost of maintaining structures, systems, and components (SSCs) is a key contributor to the
cost of operating a nuclear plant. Maintenance assures a level @vability, reliability, and
longevitythat permits safe and continuous plant operation at its highest practical capability level.
Maintenance costs amount to roughly 2%5ffooverall non-fuel production costs. Aging of the

SSCs could have adverse effects on plant operations unless it is balanced with appropriate
countermeasures including effective maintenance. Maintenance programs should focus timely
action where needed and minimize unscheduled emergency maintenance. The fact that a
maintenance program is effective in ensuring maximum reliability and availability of SSCs does
not automatically imply that it is also costextfive. For instance, a Work Control Manager at

one plant observed:

! This estimate was derived by computing the maintenancesaspercentage of the non-fuel O&M cost for the population
surveyed for this report.
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Introducton

“We are doing a lot of maintenance on systems under the maintenance rule scope.
We do whatever preventive maintenance activities are demanded of us by our
engineers. Our rolling backlog keeps on increasing forcing an increase in

overtime costs. Do we know if we are getting our money’s worth? Would we be
better off accepting more of a “fix it when it fails” approach? How are other

plants approaching this?”

One must perform aassessmerib determine if an existing maintenance program is effective.
Currently, maintenance program assessments are being done mostly through self-assessments
and peer assessments at a frequency not exceeding 24 months. Though comprehensive and
performed by experienced professionals, assessments are mostly qualitative evaluations based on
subjective judgments. There are a few objective measurements used such as rework counts,
backlog counts, plant level indicators (for example, the number of unplanned plant trips), and
safety system actuations. Presently, with the exception of backlog and rework, most other
objective measurements are generally not maintenance focused. System health reports instituted
to comply with the maintenance rule have improved this assessment process, but their scope and
depth are limited. Attention has yet to be fully focused on costs and efficiencies in the various
process elements of maintenance programs. Thus, there is a need for a set of metrics that will
measure performantand productivity of the various elements of maintenance programs in a
consistent manner and across a spectrum of nuclear power plants. Such a metrics set should:

e Be complementary to other indicators currently in use

e Aid in assessing a plant’s maintenance program on an ongoing basis

e Provide a basis for comparison across the industry

e Focus exclusively on maintenance activities, resources applied, and the results thereof
e Be capable of being generated consistently across the industry using available data

Section 2 of this document provides definitions of related terminologies. Section 3 discusses

what constitutes effective maintenance and aspects of assessing maintenance. Section 4 provides
a discussion of the proposed set of metrics, input data elements, calculation algorithms, what

they indicate, and how they are generated. A reference benchmark value/range is included for
each metric. Section 5 discusses the correlation of maintenance assessment areas to the metrics
set presented in this document. Section 6 presents recommendations for implementing a metrics-
based monitoring program at plants. Section 7 discusses the insights on plant maintenance
program/process gained by the investigators during the benchmarking effort. The appendices
provide additional details on specific areas discussed in the report.

The intended audience for the metrics set is plant/corporate maintenance management and their
direct reports. The proposed metrics set is designed such that:

e It looks at the maintenance program and process as a whole without any scope or coverage
limitations.

e Itis complementary and not redundant to those measurements already in use for other
purposes such as the maintenance rule, WANO and INPO indicators [4].

? Plantperformance metrics, such as “unit unplanned capability &mserf and “thermal performance,” have long been used in
the nuclear power industry to provide comparative performantécsiat the plant level. They are of limited focus for this
document.

1-2
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Introduction

e Itis based exclusively on data that are currently available in typicalrpiintenance
management systerasd other data management systems used in the nuclear industry.

e |t can be generated consistently to convey the same information by all participants in the
nuclear industry.

To provide a basis for comparison, reference values or benchmarks have been developed for the
proposed metrics set. Such reference values were developed by collecting, evaluating, and
reducing data across a representative sample of nuclear plants. Opdioes (goals), where

provided, were chosen based on what constitutes an effective maintenance program as defined
and discussed in Section 3. Where optimal values are given as zero, they should be interpreted as
“zero or as close to zero as practical.” Apgix A provides a discussion of the methodology

used for developing the benchmark values.

® Optimal values are what industry goals should be, and they are not the same as reference values, which is an industry average
based on evaluating data from a reprgative sample of nuclear plants.
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2

TERMINOLOGY

A discussion of metrics invariably involves the use of terms that are subject to varying
interpretations or meanings depending upon the user’s vantage point. Therefore, it is imperative
that these terminologies with non-standard meanings be listed, defined, and (if necessary)
explained in order to ensure that they are consistently understood and used. This section
identifies and defines the key terms used in this guide; where appropriate, additional descriptions
and illustrative examples are included.

Assessment: A general term that refers to an examination of the processes and contexts that
influence learning. Such an examination usually combines objective measurements, comparison
with references or benchmarks, and subjective judgments.

Availability: The percentage of time that a system is operating (or is capable of operating for
standby systems) satisfactorily at any point in time when used under specified conditions, where
the total time considered includes the operating time and down time (unavailability).

Note: Availability istime-related.
Backlog: An accumulation of unperformed tasks.

At some plants, the backlog contains all work that has been scheduled. This practice is more akin
to workload. There are other plants that consider backlog to be only overdue work, while some
combine overdue work and scheduled work as backlog. It does not distinguish between new
work scheduled for that period and missed work items carried over from previous periods.

See morediscussion in Section 4.5.8.

For the sake of consistency, it is suggested that the industry adopt a more standard definition for
backlog. Backlog would be a more useful metric if it is thought of as those tasks that are
overdue, beyond their grace period, and not rescheduled.

Down Time: The period for which a system/component is not operating or is not capable of
operation in a satisfactory manner.

Emergency Work: Work that must be done immediately upon identification to:
e Ensure continued and safe continued operation of the plant

e Preclude unplanned trips or production loss

e Ensure personnel safety

e Ensure regulatory compliance
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e Prevent potential for release of radioactivity
e Preclude unplanned challenges to the safety system

Maintenance Management System (MMS): A computerized data management system (CMMS)
used to support, monitor, and control plant maintenance work/activities.

Maintenance Type: Essentially, maintenance can be classified into two broad types:

1. Maintenance performed to prevent failure
2. Maintenance performed to restore equipment to service after a failure occurs

Item one is usually a planned activity, and the common names used for this type of maintenance
include preventive maintenance, planned maintenance, and periodic maintenance. Item two is
commonly known as corrective maintenance. Corrective maintenance can be performed on a
planned or emergency basis, depending upon the functional importance of the item to ensure safe
plant operation. To promote consistent interpretation and use of these terms, this document
classifies maintenance type(s) as follows (see Figure 2-1):

Maintenance Program

}

Preventive Maintenance Corrective Maintenance

s 4

[ | v v

Periodic Predictive Planned Emergency

Figure 2-1
Breakdown of Maintenance Types

Preventive Maintenance (PM): Maintenance performed on a planned basis to minimize
unexpected failures. It may be subdivided into:

e Periodic Maintenance: Routine maintenance activities (for example, inspections, tests,
lubrication, alignments, balancing, repairs, and parts replacements) performed at preset
intervals without regard to equipment condition. The periodic maintenance tasks and their
frequencies are established based on vendor recommendations and the plant’s operating
experience.

e Predictive Maintenance (PdM): Maintenance activities intended to monitor the condition of
the equipment and identify the need for maintenance. Also, they are performed on planned
basis. It includes measurements and tests performed to collect data to assess equipment
condition and initiate and/or perform maintenance activities. Information obtained from these
activities may also be used to adjust the intervals for periodic maintenance and intervals at
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which predictive data is obtained. Another term that might be encountered in this context is
condition monitoring, which really is the act of applying predictive maintenance. Examples

of PdM are vibration analysis to determine the need for balancing rotors, oil analysis to
determine the need for replacing lubricants, and gas content analysis to determine activities
within a transformer.

Note: If PdM generates an emergency-maintenance work order, then it is an indication that
itis not working as it should.

Corrective Maintenance (CM): Maintenance performed upon detection of a fault or failure. This
type of maintenance can also be subdivided into:

¢ Planned Corrective Maintenance: Corrective maintenance that is prioritized and performed
according to a schedule or other planning basis. (Also referred to as Expected.)

e Emergency Corrective Maintenance: Maintenance performed in cases where immediate
repair is required to ensure safe and continuous operation of SSCs. (Also referred to as
Unexpected.)

Note: Plants have what is known as a Fix it Now (FIN) or Work it Now (WIN) team. These
teams are generally assigned to perform unexpected maintenance.

Mean Time Between Failures (MTBF): The arithmetic average of operating times between
failures of an item.

Operating Time: The time during which the system/equipment is operating in an acceptable
manner.

Peer-Group Assessments. Assessments performed by a team consisting of experienced
professionals assembled from in-house, from other plants, and/or industry organizations.

Reference Group: Plants that are comparable in vintage, type, balance-of-plant (BOP) design,
and other geographical factors that could influence the cost of maintenance. For purposes of
comparing maintenance metrics, the reference group should include a minimum of three similar
plants.

Reliability: The probability that a system/component will perform satisfactorily when required
for a specified duration under specified conditions. For example, a statement that the high
pressure core injection (HPCI) system has a reliability of 98% means that:

The probability that the HPCI system will start, inject water into the core within the
required time, and continue to do so until it is no longer required during and following a
designed basis event is 98%. In other words, there is a finite (2% in this case) probability
that the system might not perform as intended. Plant safety objectives dictate that system
reliability is maintained as high as practical. Reliability predictions assist in selecting the
courses of action that affect reliability. For example, after a few years in operation, if the
HPCI system reliability were estimated to be 86%, then the plant management would
want to identify and evaluate the options (for example, enhanced condition monitoring or
design modification for the offending component) available to improve that reliability.

Note: Reliability is demand related.

Rework: Work re-performed within a specified time from its first performance because work
performed the first time was inadequate, incorrect, or performed using deficient parts and/or
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materials. Recommended duration for the specified time is six months or ¥z of the PM interval of
the equipment whichever is shorter. The rework designation clock starts upon return to service
after completion of the specified work.

System Health Report: A status report on a system(s) including all its components/structures
regarding its ability to perform reliably and its overall availability. These reports are generated
by system engineers using inputs from maintenance, operations, and engineering data.

Self-Assessments: Assessments performed by an individual or team consisting of experienced
professionals. This type of assessment is typically directed from within a particular organization.

Unavailability: See down time.

Unplanned Automatic Scrams per 7,000 Hours Critical [1]: An indicator that tracks the average
scram rate per 7,000 hours of reactor criticality (approximately one year of operation) for units
operating with more than 1,000 critical hours dgrihe year. Unplanned automatic scrams result
in thermal/hydraulic transients in plant systems.

Unplanned Capability Loss Factor [1]: The percentage of maximum energy generation that a
plant is not capable of supplying to the electrical grid because of unplanned energy losses (such
as unplanned shutdowns, forced outages, outage extensions, or load reductions). Energy losses
are considered unplanned it they are not scheduled at least four weeks in advance.

Unplanned Safety System Actuations: The actuation of safety system(s) such as emergency core
cooling or containment spray without a valid demand. A valid demand is one that is originated
automatically or manually by the operator: a) based on plant and/or system conditions that
require a safety system actuation or b) for test purposes.

Workload: The amount of work to be completed in a specified period of time (usually 12 or 13
weeks for nuclear power plants). Workload is often used synonymously with backlog, which
includes scheduled work and old work from previous planning horizons (overdue-backlog) that
was not completed as scheduled and was not rescheduled.

It is suggested that the industry consider the following definition of workload: all work that has
been scheduled, is within its grace period, and is waiting to be completed.
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3

EFFECTIVE MAINTENANCE AND ASSESSING
MAINTENANCE

This section defines and describes what constituteffemt ve maintenance program, and how
to assess maintenance effectiveness.

3.1 What Constitutes an Effective Maintenance Program?

A program is said to be effective if it achieves the intended results. Effectiveness refers to doing
the right work (that is, doing what needs to be done); whereas, efficiency is doing what is right
within the shortest practical time. Effectiveness does not necessarily imply efficiency. In a power
plant, the mission of the maintenance function is to deliver services to assure that SSCs have
maximum practical reliability, availability, and life. This will assure that production losses
attributable to maintenance are minimized, if not eliminated. If this objective is achieved at the
lowest practical cost (both direct and indirect), then this indicates effective utilization of
resources. Based on this premise, an effective maintenance program may be defined as one that
consistently delivers its servicasthe lowest practical cost' when compared to its peers and has:

e Zero maintenance-related unplanned safety system challenges, production losses, and plant
trips

e Zero regulatory violations

e Zero lost time injuries

e Lowest worker radiation exposure

e Zero breakdowns requiring emergency repairs

The proposition above implicitly captures other significant attributes of an effective maintenance
program such as:

e Maximum reliability and availability of SSCs
e Right mix of skills and technology

e High degree of ownership

e Good work culture

e Effective management

e Efficient underlying maintenance processes

! In this definition used throughout this document, for sicity, only direct costs labor and materials are included.
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3.2 Assessing Maintenance

Assessing maintenance is an examination of the overall maintenance program, its processes, and
elements for the purpose of:

e Understanding their relationships and efficiencies
e Categorizing the knowledge/skills and technologies employed
e Identifying opportunities for improvements in technical and economic performance

Several EPRI [5-9,12], NEI [1], INPO [11], WANO [4], and NRC [3] documents discuss

various aspects of assessing maintenance effectiveness and propose guidelines. These references
propose various performance indicators as shown in Table 3-1 for assessing the effectiveness of
maintenance. INPO and WANO documents are focused on overall plant performance. Generally,
the NEI, NRC, and EPRI documehtiscus on reliability and availability aspects of safety

systems and certain non-safety power block systems. Some of these indicators were developed to
address maintenance rule requirements.

Table 3-1
Performance Indicators Currently Used

Metric WANO | IAEA NRC INPO
NEI
Unplanned scrams per 7000 hrs Yes Yes Yes Yes
Unplanned safety system actuations Yes Yes Yes Yes
Unplanned power changes Yes Yes Yes? Yes
Unit capacity factor Yes
Physical protection Yes Yes
Industrial safety Yes
Lost person-hours due to injury Yes Yes Yes
Annual worker exposure Yes Yes Yes
System health report Yes

Except for the system health reports, the remaining indicators are focused on overall plant level
performance. System health reports are focused on system performance, but from a single-
minded pursuit of implementing and enhancing preventive maintenance programs. Their chief
purpose is to deliver maximum reliability and availability for the SSCs in the maintenance rule
scope. Cost is a secondary consideration. Finally, the maintenance rule applies to less than 25%
of the equipment in a plant.

Determining whether a maintenance program is effective requir@sassment. Currently,
maintenance program assessments are done through self-assessments and peer assessments at a
frequency not exceeding 24 months. Though comprehensive and performed by experienced

? Reference 5, which is the precursor to this document, is@psan in that it is strictly maintenance focused without anpac
limitation.
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professionals, they are generally qualitative evaluations based on subjective judgments. A few
objective measurements are used such as work backlog, feworks, and plant level

indicators (such as number of unplanned plant trips and unplanned safety system actuations). A
comprehensive maintenance effectiveness assessment should address the four major areas
without any limitations on scope or coverage:

1. Maintenance programs and process
2. Technologies employed
3. People skills/knowledge

4. Management and work culture

Another equally important area is the cost of maintenance. Of the four areas listed, only
maintenance programs and process is amenable to an assessment using a set of objective
measurements. Yet, if a set of properly designed metrics is used for assessing maintenance
programs and their underlying processes, it can measure the effectiveness of maintenance
programs as a whole including areas 2, 3, and 4. The logic behind this position is:

The mission of maintenance is to deliver services to assure that SSCs have maximum
practical reliability, availability, and life. If this mission is fulfilled at the lowest practical
cost, then that implies effective utilization of resources, and thus an effective
maintenance program. Implicit in this reasoning is that an optimal mix of technologies,
processes, and people skills with a properly aligned management and work culture are
prerequisites to effectively fulfilling the rotef maintenance. A properly designed metrics
set would highlight any misalignment of the prerequisites. For example, a low percentage
of PM coverage would most likely be accompanied by a high percentage of CM,
indicating inadequate maintenance mix and technologies employed. Another example is
if the maintenance function fulfils its mission, but at a cost substantially higher than
industry/peer group average cost, then it is not cost effective.

The maintenance process consists of work identification, control, execution, close out, as-found
reporting, and actions for continuous improvement. Performing a comprehensive and objective
ongoing assessment would require measurements that relate performance, productivity, quality

of service, and efficiency to cost. Monitoring using the right set of metrics will help focus

periodic self/peer assessments. Section 4 contains a discussion of a comprehensive set of metrics
that could be used to monitor the various aspects of maintenance and identify opportunities for
improvements.

° Plant visits and data collection perfornfedthis study reveals that the definitiomsed for backlog and rework vary. Refier
Section 2 for proposed definitions.
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PROPOSED METRICS AND BENCHMARKS

This section discusses the proposed metrics set, the data input required, algorithms for
computing them, and the information that they convey. In addition, a benchmark value is
provided for each metric.

4.1 Maintenance Process—Input and Outputs

Designing a set of metrics to assess a maintenance program should begin with an examination of
the process and its input and output. As shown in Figure 4-1, elements of a maintenance process
consist of the identification of maintenance work (maintenance mix and scope), work order
generation, execution of the work (procedures, wrench time, support level), and closeout.

Equip. Availability
Money Equip. Reliability
Labor - Equip. Longevity
Contract 3 Plant Downtime

Ser-VI-CeS r = Power Reductions
Training Maintenance Mix

LER
Overhead Jil Scope Violation
Procedures ) —
Work Orders Lost Time Injuries

Wrench Time Worker Exposure

Support Level

Figure 4-1
Maintenance Process: Its Input and Output

Maintenance mix is based on a review of the SSCs, their function, the vendor’'s maintenance
recommendations, and the utility’s own operating experience. The result of this effort is the
identification of SSCs to be included under PM, CM, and PdM tasks to be performed and their
frequencies. A maintenance process uses written work orders to document and control work,
procedures to guide work performance, and support staff to manage the work control process
(that is, planning and scheduling the work). Work is performed by trained personnel using
written procedures. Maintenance staff may be supplemented by contract service(s) on occasion.
The principal output from this process is equipment availability, reliability, and longevity. Other
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outputs from this process might include items such as plant down time, power reductions, and
Licensee Event Reports (LERS). Other outputsrgiéect performance are regulatory violations,
personnel injuries, and worker exposure to radiation. The latter outputs reflect on performance
and usually indicate ineffective processes and/or process management. Inputs consist of labor
(craft, staff, and management), materials, parts, and investment in training.

4.2 Developing a Metrics Set

The role of maintenance is to support the overall plant objective of producing electric power
safely, reliably, and economically. Plant maintenance programs are developed and implemented
to achieve a set of maintenance policy objectives. A typical set of maintenance policy objectives
for a nuclear power plant might be stated as follows:

SSCsavailability and reliability objectives:
e Ensure that safety SSCs meet the required reliability and availability/unavailability goals

e Ensure that SSCs that affect continued operati@plant (that is, power block) meet stated
reliability and availability/unavailability goals

e Ensure that all other SSCs have the longest pradfieah Time Between Failur¢ 1 TBF)

Economic and asset management objectives:

e Ensure that the cost of maintenance is as low as practical and is comparable to industry peers
e Ensure that the life cycle of all SSCs are managed to obtain the longest practical service life
Per sonnel safety objectives:

e Ensure that worker radiation exposure attributable to maintenance function is as low as is
reasonably achievable

e Ensure that lost time from personnel injury attributable to maintenance function is as low as
practical

Regulatory objectives:

e Ensure that LERs and regulatory compliance violations attributable to maintenance functions
are as low as is reasonably achievable

While it is true that assessment tools generally include objective measurements and subjective
judgments, the focus of this document is objective measurements that can be used for:

e Monitoring and trending effectiveness of maintenance programs
e Performing comparative evaluations against a reference group of plants and/or the industry

e Setting goals for maintenance function

' Performance can also be measured using outputs such as &®bility, reliability, and longevity. They are not used here
because it would require an enormous amoumtark to calculate these values for tefishousands of items. Hence, the focus
is on the negative outputs that are relatively easier toled¢ and reflect performance assessment equally well.

4-2



EPRI Licensed Material

Proposed Meics and Benchmarks

Tools to assess the effectiveness of maintenance programs should therefore measure:
a. The extent to which the stated maintenance policy objectives are met

b. The vital parameters of the underlying processes that provide insights into the various
elements of the process, resource consumption, and efficiencies; and identify opportunities
for improvement

Item “a” could be achieved by using measurements of SSC reliability, availability/unavailability,
and longevity. That would require hundreds of $ands of calculations, and some of the data
required are either captured partially or not at all in the plant data systems. To some extent, these
indicators are addressed through the system health reports—albeit indirectly at system levels. For
a limited scope of SSCs, recurring failure evaluations, and equipment history review programs
also help address equipment problems. Limiting ourselves to these three measurements would be
ignoring some of the negative outputs that have direct and indirect costs associated with them.
Hence, the performance metrics in this document focus on the byproduct results. Performance
deficiencies in SSC reliability, availability, and longevity will be reflected in one or more of the
performance metrics discussed in detail in this document. For example, if the reliability or
availability of the high-pressure safety injection system or a component therein is below
acceptable levels, it will be reflected in the number of maintenance-related LERs and/or in the
unplanned safety-system challenges metrics.

4.2.1 Criteria for Metrics Design

The following criteria were used in the design of the proposed metrics for assessing and
monitoring maintenance effectiveness:

1. Should consist of a minimum number of discrete metrics that can convey required and
readily usable information

2. Should be complementary/supplementary to existing metrics or indicators used for other
purposes

3. Could focus portions of self/peer assessments, to the extent practical

4. Should use available data from existing data systems and keep demands for new and
additional data gathering to a minimum

5. Should be easily calculated from data available in the existing maintenance management
systems and other related plant data systems

6. Calculation algorithms should be capable of being incorporated into existing data
management and reporting systems

7. Should be based on definitions and terms that are consistently used and understood in the
industry. Where that is not the case, definitions should be developed to ensure uniform use

8. Should require minimum amount of manual prescreening of data and/or intervention in the
calculation or report generation process

The metrics presented in this document meet the criteria set forth above and are further discussed
in Sections 4.3 through 4.5.
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4.2.2 Developing Benchmarks

Benchmark values for the metrics set were developed by collecting and analyzing relevant data
for a representative sample of nuclear plants in the United States. Data were gathered from six
plants consisting of 13 units with capacities ranging from 600 MW to 1350 MW. Both single

unit and multi-unit plants were included in the survey population. The methodology used for
selecting the survey population and developing the benchmark values is described in Appendix
A. At all but one of the surveyed plants, historical data required for all the metrics were collected
for years 1999, 2000, and 2001. The benchmark values were calculated by first computing the
three-year average of each metric for each plant and then computing an arithmetic average of
each metric for all plants. Some of the input data were found to be sensitive to economies-of-
scale considerations (for example, cost of maintenance in dollars/MWhr and person-hours
expended in maintenance function). Adjustments can be done either at the input data level or at
the benchmark level. 1t was decided that establishing adjustment factors for the benchmarks
would ensure consistency in using the metrics.
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Figure 4-2
Adjustment Factor for Single Unit Plants

The benchmarks given in this document can be applied directly for multi-unit plants with unit
capacities ranging from 800 MW to 1350 MW. Figure 4-2 shows the adjustment factor versus
installed capacity that can be used for adjusting the benchmark values when required, for single
unit plants. This graph was generated by analyzing the historical non-fuel production cost and
the maintenance cost for variations between single unit versus multi-unit plants and installed
capacity in increments of 100 MW.

4.2.3 The Metrics Set

The proposed metrics set for assessing maintenance effectiveness that meets the criteria
discussed earlier is shown in Table 4-1. For those metrics that are currently in use and used for
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maintenance assessment, the table identifies the organizations (for example, WANO, INPO,
EPRI, and NRC) that use/recommend them. In addition, the table also identifies the data
source(s) for each metric and provides a reference to the section where it is discussed in detalil.
The metrics are grouped under three categories as follows:

e Performance
e Process

e Productivity

In lieu of current year value, three-year rolling average is recommended for all metrics in order
to include outage and non-outage years. For example, maintenance cost in a given year may be
unusually high because of:

e Increased number of PMs in that year due to heavy concentration of PMs scheduled on
biannual or tri-annual basis or other infrequent activities coming due that year

e Extra cost incurred for special in-service inspections conducted in that year

Sections 4.3 through 4.5 contain a detailed discussion of each metric in each group including
how they are calculated, what they indicate, data source, what the benchmark values are and,
where appropriate, what the goals should be.
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Table 4-1

List of Metrics and Who Uses/Recommends Them

Metric WANO IAEA NRC INPO | EPRI | Sec. Ref. Data Source
(1) 2)
Performance Metrics
Total maintenance cost in dollars/MWhr Yes 4.3.1 Maintenance cost & power generation
Maintenance man-hours input Hrs/million KWhr Yes 4.3.2 Maintenance cost & power generation
Unplanned scrams per 7000 hrs Yes Yes Yes 4.3.3 Plant trip data, limit to maintenance
Unplanned power changes Yes Yes (3) Yes 434 Plant power production records, limit to
maintenance
Unplanned safety system actuations Yes Yes 4.3.5 LER records, limit to maintenance
Maintenance-related LERs and violations Yes 4.3.6 LER records, limit to maintenance
Lost person-hours due to injury Yes Yes Yes Yes Yes 4.3.7 Plant safety records, limit to maintenance
Annual worker exposure Yes Yes Yes Yes Yes 4.3.8 Plant safety records, limit to maintenance
System health report Yes Yes CM calls and recurring failures
Process Metrics
Component/system availability Yes System health reports
Work Order statistics and maintenance mix Yes 441 MMS, PdM database, PM database
Personnel utilization by maintenance type Yes 4.4.2 MMS
% time spent in training Yes 443 Plant training records
Percentage of contracted maintenance Yes 444 Plant administrative records
Person-hours by major systems and components Yes 445 MMS
Component count (covered in maintenance programs Yes 446 MMS
and their breakdown)
Percentage of non-outage maintenance Yes 447 MMS
Productivity Metrics
Craft productivity Yes 451,454 MMS
Staff productivity Yes 452,453 MMS
455,456
Rework, emergency work, backlog Yes Yes 457,458 MMS
4.5.9
Man-hours input Hrs/100MW installed capacity Yes 4.5.10 Maintenance cost & power generation
Procedure changes Yes 4.5.1 Procedure control records
Overall maintenance performance index, human Yes 4.3.8,4.3.9, | Computed values from the metrics
performance index, maintenance process index, and 4.4.8,4512

maintenance productivity index

1. Refers to the proposed metrics set present in this reppetifics of the indicator, dataput, computations, assumptig@sd mortoring perod may

vary.

2. Review the referenced sectioresent in this report for spedaifuse of each indicator by EPRI.

3. Unit capablity loss &ctor is a similar indicator.
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4.3 Performance Metrics

The performance metrics set focuses on the output and the input variables shown in Figure 4-3.
The equipment availability, reliability, and longevity areas are excluded as discussed in Section
4.2 to avoid redundancy.

Performance

Equip. Availability
Money Equip. Reliability
Labor Equip. Longevity

ggp\}{gg Process

Training Maintenance Mix

Plant Downtime
Power Reductions

LER
Overhead Jzglj Scope Violation
Procedures ) .
Work Orders Lost Time Injuries

Wrench Time Worker Exposure
™

Support Level

Figure 4-3
Focus of Performance Metrics

This set consists of eight (two input and six output) metrics and two composite indices,
maintenance performance index (MPI) and humafopeance index (HPI). MPI is indicative of

the overall performance of the maintenance department, and HPI is indicative of human
performance that takes into account human performance issues such as work culture, training,
and adequacy of procedures. This information can assist in budgetary and resource allocation
decisions, support regulatory demands for data justifying power production costs and rate
making, identify areas needing improvements at the department level, or just provide relative
points of comfort. A maintenance process index, which is a composite of the individual process
metrics, is also included. The composite index provides a quick look at the overall performance
of the maintenance function. The specific metrics in this group consists of:

Maintenance cost in dollars/MWhr

Maintenance man-hours input per million kilowatt-hours
Number of plant trips attributable to maintenance

Number of power loss events attributable to maintenance
Number of LERs attributable to maintenance

Number of regulatory violations attributable to maintenance
Maintenance personnel exposure

Lost time injuries attributable to maintenance

© 0o N s wDNhRE

Maintenance performance index, which is a composite of the eight metrics above
10. Human performance index
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4.3.1 Maintenance Cost in Dollars/MWhr

Maintenance cost is that portion of the overall plant non-fuel production (also known as O&M)
cost incurred in delivering maintenance services. Generally, it should be the cost that the
maintenance superintendent/manager is held accountable for. If maintenance support is a
separate cost center, be it on-site or offsite, then that should also be included. In addition, PdM
engineering man-hour cosfsr thermography, vibration analysis, and oil analysis programs are
also included since engineers, usually in a separate and dedicated group with their own budget,
are integrally tied into these activities. The craft man-hour costs for these programs and all other
PdM programs are fully included since the work is performed under the maintenance department
budget. Costs for contract services such as laboratory services and equipment rental for all PdM
programs are included because they are part of the overall maintenance budget. If procedure and
scheduling support for maintenance is not included under maintenance management, then an
estimate of the associated cost should be included.

In order to get a complete picture of all maintenance costs, engineering support for maintenance
and other indirect costs, such as costs inclbyetthe training department in providing training to
maintenance personnel, should be included. However, in order to ensure consistency of data
among plants, the benchmark values provided in this document exclude these items. One-time
unplanned (unanticipated) costs for special activities, such as vessel head inspections performed
to meet regulatory demand, may be excluded to avoid distortion of even the three-year rolling
averages.

Data Source

Annual maintenance cost data were obtained from the plant financial organization’s records.
Annual generation was obtained from the plant monthly (or weekly) generation records.

Calculation:

MaintenaneCostin Dollars _ TotalAnnualCostof Maintenane
MWhr AnnualGeneratiomn MWhrs

Multi-unit plants with a common maintenance department should use average per unit values of
the total cost and associated unit annual generation. Multi-unit plants with separate maintenance
departments, each with its own management and budget, should use the respective unit’'s values
of the total cost and annual generation.

Benchmark Value =  2.80dollars/MWhr
Recommended Goal =  to be consistently in the low end of lowest quartile of the industry

The benchmark value given above is based on typical multi-unit plants with unit capacities
ranging from 800 MW to 1350 MW. For a single unit plant, the benchmark value should be
increased by a factor based on installed capacity using the graph shown in Figure 4-2. For
example, for a 700 MW single unit plant, the benchmark value will be = (2.80 x 1.23) = 3.40
dollars/MWhr.

? Based on analysis of the information that could be collementher PdM programs, it is cdnded that the effect of not
including all PAM engineering support costs (see Section 4wy understate the total maintenance cost by less than 2%
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4.3.2 Maintenance Man-Hours Per Million Kilowatt-Hours

This metric on labor input is calculated using all the direct employees in the maintenance
department including those in maintenance support. It includes craft, supervision, management,
and administrative personnel within the maintenance function. If procedure and scheduling
support for maintenance is not included under maintenance management, then an estimate of the
associated man-hours should be included. PdM engineering man-hour costs for thermography,
vibration analysis, and oil analysis programs are also included since engineers, usually in a
separate and dedicated group with their own budget, are integrally tied into these activities.

Data Source

Organization charts of the maintenance and maintenance support departments were used to
determine the total man-hours applied. Annual generation was obtained from the plant monthly
(or weekly) generation records. The benchmark includes PdM engineering man-hours only for
thermography, vibration analysis, and oil analysis programs obtained through interviews with
cognizant engineers for these programs. The craft man-hours for these programs and all other
PdM programs are fully included since the work is performed under the maintenance department
budget. Based on analysis of the information tioaid be collected on other PdM programs, it is
concluded that the maintenance man-hours in the benchmark given below would be understated
by less than 3% by not including the engineering man-hours for these programs.

Calculation:

Man-Hours Total Man-Hours Available

million kwhr (Annual Generation in kwhrs +10°)

Work Hours

Day
Holidaysand Weekends—Other Scheduled Time Off

Total Man-Hours Available= {3 65 x x #of Employeesj —Vacation—

For benchmarking calculations, available annual man-hours of 1840/year/person were used.
Multi-unit plants with a common maintenance department should use average per unit values of
the total man-hours and associated unit annual generation. Multi-unit plants with separate
maintenance departments, each with its own gamant, should use the respective unit’'s values
of the total man-hours and annual generation.

Benchmark Value: = 42 hrs/million kWhrs
Recommended Goal = to be consistently in the low end of lowest quartile of the industry

The benchmark value given above is based on typical multi-unit plants with unit capacities
ranging from 800 MW to 1350 MW. For a single unit plant, the benchmark value should be
increased by a factor based on installed capacity using the graph shown in Figure 4-2. For
example, for a 700 MW single unit plant the benchmark value will be = (42 x 1.23) =

52.9 hrs/million kWhrs.
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4.3.3 Maintenance-Related Plant Trips

This metric is a modified subset of thenplanned automatic scrafmimdicator currently used

by plants. Modification to the currently used indicator involves capturing the annual value rather
than 7000 hrs of criticality and focusing only on those trips attributable to maintenance-related
causes. A trip is unplanned if it is not scheduled four weeks in advance. This includes all auto

and manually initiated scrams that are not planned trips such as a planned maintenance outage or
refueling outage. Data on the number of trips are obtained from plant trip records or operating
performance data. Only those unplanned trips directly attributable to a maintenance function
should be included. An example would be miscalion of a reactor protection system (RPS)

trip unit resulting in an unplanned plant trip.

Care should be taken to avoid including plant trips attributable to indirect maintenance-related
causes. For example, a trip caused by a part subsequently determined to be defective, installed
during a maintenance activity in an uninterruptible power supply (UPS), should not be charged
as a maintenance-related plant trip. All trips determined to be attributable to a maintenance-
related cause, whether or not they are reptett the Nuclear Regulatory Commission (NRC),
should be included.

Data Source

During the development of the benchmark value, at some plants the number of trips attributable
to maintenance-related causes was taken directly from the monthly operating report submitted to
the NRC (cause code “B”). It is assumed that any trip, be it automatic or manual, is included in
the monthly operating report and a cause is assigned. At other plants, the trip and power loss
events log and the corresponding LERs were reviewed to determine the number of maintenance-
related trips.

Benchmark = 0.22/year
Multi-unit plants should use unit-specific values for the number of trips.
Recommended Goal =  zero

An increasing trend or a constant value other than zero for this metric in any two consecutive
periods is indicative of sub-par maintenance performance. More often than not, an adverse trend
in this metric is due to inadequate procedures, improper practices, and/or inadequate training.

4.3.4 Maintenance-Related Power Loss Events

This metric is a subset of thariplanned capability lo&sndicator currently used by plants.
Modification to the currently used indicator involves capturing the annual value rather than

7000 hrs of criticality and focusing only on those events attributable to maintenance-related
causes. Capability loss is unplanned if it is not scheduled four Waeddvance [1]. This metric

is the number of such events and is obtained from plant records on unplanned power reductions.
Only those events directly attributable to a maintenance action/activity should be included. An
example would be a misaligned pump bearing leading to a loss of one train of a safety system
that required entering a limiting condition for operation (LCO) requiring power reduction. Care
should be taken to avoid including events attributable to indirect maintenance-related causes. In
the previous example, if the loss of one train was caused by the failure of a defective bearing that

* WANO uses four weeks as does NEI, but ROP uses 72 hours.
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was replaced during a maintenance activity, then it should not be charged as a maintenance-
induced power loss event. All power loss evel@ermined to be attributable to a maintenance-
related cause, whether or not they are reptati the Nuclear Regulatory Commission (NRC),
should be included.

Data Source

During the development of the benchmark value, at some plants the number of power-loss events
attributable to maintenance-related causes was taken directly from the monthly operating report
submitted to the NRC (cause code “B”). It is assumed that any power-loss event, be it automatic
or manual, is included in the monthly operating report and a cause is assigned. At other plants,
the trip and power loss events log and the corresponding LERs were reviewed to determine the
number of maintenance-related events. In the later case, chargeability determination of the
investigators was reviewed and concurred with by the plant licensing staff.

Benchmark =  0.13/year
Multi-unit plants should use respective unit values for the number of power loss events.
Recommended Goal =  zero

An increasing trend or a constant value other than zero for this metric in any two consecutive
periods is indicative of sub-par maintenance performance. More often than not, an adverse trend
in this metric is due to inadequate procedures, improper practices, and/or inadequate training.

4.3.5 Maintenance-Related Licensee Event Reports (LERS)

This metric is a modified subset of the “number of safety system challenges” indicator currently
used by plants. Modification to the currently used indicator involves capturing the annual value
rather than 7000 hrs of criticality, capturing all LERs including those for “number of safety
system challenges,” and focusing only on those events attributable to maintenance-related
causes. Only those LERs generated as a direct result of a maintenance action/activity should be
included. Examples include the improper setting shfety relief valve resulting in an unplanned
challenge to a safety system or the subsequent discovery of a condition deviant from plant
technical specifications caused by a maintenance activity. Note that this metric includes LERs
reporting a plant trip or power loss event from maintenance-related causes, and it is intended to
be so. The rationale is that an LER represents a cost element; attempts to separate those from
others would require unwarranted additional effort and could lead to inconsistency.

Care should be taken to avoid including LERSs attributable to indirect maintenance-related
causes. For example, an LER resulting from a diesel generator failure to start per specification
limits due to a malfunction of an under-voltage relay installed during a maintenance activity and
subsequently determined to be defective should not be charged to maintenance function.

Data Source

During the development of the benchmark value, this number was determined by gathering and
reviewing the LERs submitted to the NRC. Those attributable to a maintenance-related cause
were identified from this review. LER listing was obtained from the utility’s regulatory record
keeping systems. For the most part, the chargeability determinations made by the investigators
were reviewed by the utility licensing staff.
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Benchmark = 1.76/year
Multi-unit plants should use respective unit values of the number of LERs.
Recommended Goal = zero

An increasing trend or a constant value other than zero for this metric in any two consecutive
periods is indicative of sub-par maintenance performance. More often than not, an adverse trend
in this metric is due to inadequate procedures, improper practices, and/or inadequate training.

4.3.6 Maintenance-Related Regulatory Violations

This metric is a count of regulatory compliance violations (for example, NRC or EPA

regulations) attributable to a maintenance-related cause. Note that while some of the violations
may have been captured in the LER metric discussed in Section 4.3.5, no attempt is made to
separate and eliminate them to ensure consistency in counts because not all violations may result
in LERs. For example, a Notice of Violation issued by the NRC after a discovery of systemic
maintenance program deficiency or a series of missed contingent EQ maintenance without
adequate engineering justification may not generally result in an LER.

Data Source

The relevant data were obtained from the plant regulatory compliance records kept by the
department responsible for nuclear regulatory affairs. It is assumed that they effectively capture
the nuclear as well as environmental regulatory compliance deviations. During the development
of the benchmark value, the number of violations attributable to maintenance action/activity was
determined by reviewing the actual documents at the plant. For the most part, the chargeability
determinations made by the authors were reviewed by the utility licensing staff.

Benchmark = 0.11/year
Multi-unit plants should use respective unit values for the number of violations.
Recommended Goal =  zero

An increasing trend or a constant value other than zero for this metric in any two consecutive
periods is indicative of sub-par maintenance performance. More often than not, an adverse trend
in this metric is due to inadequate procedures, improper practices, and/or inadequate training.

4.3.7 Maintenance-Related Lost-Time Injuries

This metric is a modified subset of the “La&trson-hours from injuries” indicator currently used

by plants. Modification to the currently used indicator involves capturing only those events
attributable to a maintenance activity and/or involving maintenance personnel. It can be obtained
from the plant safety records database used for reporting to OSHA. It is assumed that they
effectively capture all personnel safety events that involve lost work time. Lost-time events
resulting from contract services work that do mebive or affect direct employees are excluded.

Data Source

During the development of the benchmark value, the number of lost-time injury events was
obtained from plant safety departments that kept such records including categorization of the
events by department affected and/or involved.
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Benchmark = 1.11l/year
Multi-unit plants should use respective unit values for the number of lost-time injuries.
Recommended Goal = zero

An increasing trend or a constant value other than zero for this metric in any two consecutive
periods is indicative of sub-par maintenance performance. More often than not, an adverse trend
in this metric is due to inadequate procedures, improper practices, and/or inadequate training.

4.3.8 Maintenance Personnel Exposure

This metric is a modified subset of the “personnel exposure” indicator currently used by plants.
Modification to the currently used indicator involves capturing only person-rems to maintenance
personnel. No distinction is made as to the cause of the exposure. It may or may not be
attributable to a maintenance activity. Only those events that result from a maintenance activity
and/or involve maintenance personnel should be included. It may be preferable to exclude such
events resulting from contract maintenance services work that do not involve or affect direct
employees in the maintenance department.

Data Source

The relevant data are gathered from the plant radiation exposure records database used for
reporting to regulatory bodies. It is assumed that they effectively capture all personnel exposure
events. During the development of the benchmark value, the total radiation exposure in person-
rems was obtained from plant departments that kept such records including categorization of the
events and doses by department affected and/or involved.

Benchmark = 56 person-rems/year (5.6 ksieverts/year)
Multi-unit plants should use respective unit values for personnel exposure.
Recommended Goal =  To be consistently in the low end of lowest quartile of the industry

Barring any special situations such as the recent regulatory driven vessel head inspection, an
increasing trend for this metric in any two consecutive periods may be indicative of inadequate
training and/or control of work in high radiation areas.

4.3.9 Maintenance Performance Index

This metric is indicative of overall maintenance performance. It is derived by comparing the
plant-specific individual performance metrics discussed in Sections 4.3.1 through 4.3.8 against
the respective benchmarks. The benchmarks are deemed to be the industry averages. This index
is based on a scoring system that weights each metric equally and assigns a score relative to its
benchmark. Table 4-2 lists the scoring system. In essence, if a given metric for a given plant is
equal to the benchmark, it scores 0.75 for that metric. If the same metric is better than the
benchmark by 50% or more, it will score 1. Similarly, for a negative comparison of —100% or
more with the benchmark, it will score 0. The composite maintenance performance index is the
sum of the individual scores expressed as a percent. Under this method of scoring, negative
comparisons offset positive comparisons by like amounts. The maximum a plant can score is 8
out of 8 (which is equal to 100%), indicating an excellent or flawless performance by the
maintenance function (that is, an optimal mix of maintenance type and technologies, excellent
human performance, and management) at the lowest cost in comparison to the industry.
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Table 4-2
Metric Scoring Table
% Delta Score
-100.00% 0.00
-80.00% 0.15
-60.00% 0.30
-40.00% 0.45
-20.00% 0.60
0.00% 0.75
20.00% 0.85
40.00% 0.90
50.00% 1.00

Figure 4-4 below shows the performance metrics for one of the surveyed plants in a radar chart.
As seen from this chart, for Plant F, the number of unplanned trips attributable to maintenance is
0.3 whereas the benchmark is 0.2. Plant F is therefore 50% worse than the benchmark. For the
number of LERS attributable to maintenance function, Plant F has 0, whereas the benchmark is
0.1. Plant F is 100% or better than the benchmark for this metric.

Figure 4-5 shows the maintenance performance index for the surveyed plants and the reference
or benchmark.

Trips 0.30.2
100.00%

HrsMKWhr 47/43 Pwr LossEvents (/0.1

Cost 0.3/0.28 LERs 00.1

—PlantF
~—Reference

Worker Exposure 6456 Miolations 11.8

Lost time Incidents 1A

Figure 4-4
Radar Chart of Performance Metrics for Plant F
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Figure 4-5

Comparison of Maintenance Performance Index for Surveyed Plants

Table 4-3 shows the calculation of the maintenance performance index (MPI) for Plant F using
the scoring system shown in Table 4-2 with the metric values shown in Figure 4-4. Figure 4-5
depicts the maintenance performances metrics for the surveyed plants and the reference

benchmark.

Table 4-3

Maintenance Performance Index for Plant F

Area Plant F Reference What is Good Plant B Score MPI

Trips 0/0.2 0.33 0.22 < industry -50.00% 0.30
Power Loss Events 0.00 0.13 < industry 100.00% 1.00
0/0.1
LERs 0/0.1 0.00 0.11 < industry 100.00% 1.00
Violations 1.00 1.76 < industry 43.16% 0.90
Lost Time Events 0.67 1.11 < industry 40.05% 0.90
Worker Exp NA/56.3 64.33 56.29 < industry -14.29% 0.60
Cost $/MWhr 3.0/2.8 3.0 2.80 < industry -8.89% 0.60
Hrs/Million kWhr 45.63 41.73 < industry -9.35% 0.60
32.7/141.7
Total 5.90 74%
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4.4 Process Metrics

The set of process metrics focuses on the input and process variables shown in Figure 4-6.

Process

Equip. Availability
Money Equip. Reliability
Labor Equip. Longevity

ggp\}{gg Process X

Training Maintenance Mix

Plant Downtime
Power Reductions

LER
Overhead k] Scope Violation
Procedures ) .
Work Orders Lost Time Injuries

Wrench Time Worker Exposure
Support Level

Figure 4-6
Focus of Process Metrics

This metric set consists of 10 metrics that provide a numbers-based view of the maintenance
programs and the underlying processes. A maintenance process index, which is a composite of
the individual process metrics, is also included. The composite index provides a quick look at the
overall process. Process metrics are grouped under the following categories:

Work order count and breakdown

Person-hours by maintenance type

Person-hours expended in training

Contract service as a percentage of maintenance cost

Person-hours expended on maintaining selected components and systems
Equipment count and breakdown

Percentage of non-outage on-line maintenance

© N o g bk wDdPR

Maintenance process index

Together, this set indicates program scope, mix, resource allocation/use, and workload in the
various elements of the maintenance process. At a specific component level, it should identify
areas that warrant special attention. It can assist in the comparison of a plant’s maintenance
program scope, workload, resource allocation between maintenance types, and maintenance mix
with its peers. Such an assessment would identify opportunities for improvements in
maintenance performance (see Section 4.3). For example, a variation in the cost of maintenance
may be evaluated by looking at the total number of work orders serviced and its breakdown by
maintenance type. If the percentage of CM is high in comparison to the industry, it may explain
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some of the variations and point to a need to find ways to reduce CM demands. Taken
individually or as small groups, the metrics in this set provide information about:

e Whether maintenance is focused (that is, on components) where it is needed

e Adequacy of component selection

¢ Adequacy of the maintenance mix

e Resource allocation consumption between maintenance types

e Maintenance practices

Further, comparative evaluation against the industry and/or reference group plants could identify
opportunities for desirable changes in practices and improvement.

4.4.1 Work Order Count and Breakdown

The total number of work orders serviced per year and their breakdown between CM and PM
provide information about the annual workload handled by the maintenance department and how
it compares with the industry as a whole and/or with the reference group plants. Specific metrics
under this category and their benchmark values are shown in Table 4-4.

Table 4-4
Work Order Count and Breakdown
Item Benchmark Goal
Total number of work orders serviced 12008 NA
Percent of work orders designated PM 70% NA
Percent of work orders designated CM 30% NA
Percent of work orders designated safety-related 30% NA
Percent of work orders designated non-safety 69% NA
Percent of work orders designated high risk TBD NA
Percent of work orders designated medium risk TBD NA
Percent of work orders designated low or no risk TBD NA

Notes:

1. Work order countnay range from 8000 for a 500Wlearly vintage pantto 16000 for a 1300 W/
late vintage phnt

2. Multi-unit plant shoutl use average per tivialues for he number of work orders.

Note that even though the total component count could be comparable to a peer plant, the work
order count and breakdown might not be. Some plants do not initiate a work order for certain
routine periodic and/or predictive maintenance items. Examples include performing lubrication
work under task cards and performing IR scans using schedules established in a separate
database maintained by the cognizant engineer. In such cases, each periodic/predictive
maintenance line item that is performed without the work order should be counted as a work
order assigned to that item, and the corresponding annual work order counts should be
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established using the frequency of such work. For example, if oil samples are drawn once in six
months for motor XYZ, then that should be counted as two PM work orders per year against that
motor and included in the total work order count.

Risk-based categorization of work orders would be another useful metric for comparative
evaluation of the maintenance programs among plants. Since utilities are currently in the process
of establishing such categorization, benchmarks could not be developed at this time.

Further breakdown of the work order counts such as the number of PdM versus periodic
maintenance work orders and the number of CM work orders by their quality class may be useful
in spotting specific areas requiring attention.

Data Source

The number of work orders and their breakdown by maintenance type were obtained from the
plant maintenance management system. A query was initiated by the maintenance support staff
to download the work order sequence number and related information including equipment ID,
work type, performing department code, work category, work complete date, work quality
classification, estimated man-hours, estimated duration, actual hours, crew size, and work
priority. This download was exported into an Excel spreadsheet for further processing and
analysis to obtain/calculate the relevant metric values. When routes are used for PdM work
orders, a route is considered as one work order. In the survey population, one plant did not
perform IR, oil analysis, and vibration-related PdM tasks under their work order management
system. For that plant, an estimate of the annual work order counts was established using data on
the number of equipment items included in thepe; number of touches per year, and number of
routes. Multi-unit plants with a common maintenance department should use average per unit
values for the variables. Multi-unit plants with separate maintenance departments, each with its
own management, should calculate the metric for each unit using unit-specific values for the
variables.

4.4.2 Person-Hours by Maintenance Type

The total number of hours expended in PM and CM provides insight into the relative demand for
resources. When used together with the workload (see Section 4.4.1), it could identify
opportunities for improvements for optimizing maintenance mix. Specific metrics and the
respective benchmarks included under this category are shown in Table 4-5.

Table 4-5
Person-Hours By Maintenance Type

Item Benchmark
% of person-hours expended on PM 56%
% of person-hours expended on CM 44%

% of PM person-hours expended on PdM as %

0
PM 4%

Data Source

Data on actual hours spent on PM and CM were available from only one of the six plants in the
survey population. Actual hours data were obtained from the MMS at this plant. At the
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remaining plants, either the actual hours werecaptured or the available data were incomplete.
The breakdown of hours by maintenance type was established for these plants by allocating the
available hours less training hours between PM and CM. This was done by using the breakdown
of work order counts and a difficulty factor of two for CM compared to PM. That is, on the
average, it takes twice as many person-hours to do corrective work as it does for preventive
work. Appendix B provides a complete discussion of how the difficulty factor was arrived at and
how it is used in the calculations. Multi-unit plants with a common maintenance department
should use average per unit values for the variables. Multi-unit plants with separate maintenance
departments, each with its own management, should calculate the metric for each unit using unit-
specific values for the variables.

4.4.3 Person-Hours in Training

This metric gives information about the investment in training of maintenance personnel as a
percentage of total maintenance hours expended. Comparative evaluation among plants helps in
calibrating a plant’s training expenditures. This is a leading indicator (that is, if the right training
was provided to the right segment); then benefits can be expected over a period of time in the
form of avoided mistakes, improved maintenance performance, and improved efficiencies such
as low rework counts, low backlog counts, and reduced man-hours/work order completed.

Calculation:

% of Training Hours = 100 x #of Hours Spent in Training by Craft and Maintenance Staff per Year

# Total Number of Hours Expended in Maintenance Function
Benchmark: 5%

Data Source

Historical data on the number of hours spent in training per year for craft and staff were obtained
from the training department database/logs for three of the six plants in the survey. The training
hours were those spent in classroom training for general orientation, badging, job-specific
functions, industry experience review, general administrative and safety procedures, and
leadership courses for supervision. For the other three plants, estimates of 100 hrs/person/year

for craft and 50 hrg/person/year for staff were used to calculate the total hours spent in training.

These estimates were obtained through interviews of the maintenance support manager and
maintenance supervisors for the mechanical, 1&C, and electrical functions. Further corroboration

of these estimates was obtained through discussions with foremen, technicians, and support staff.
These estimates were found to be comparable to the actual hours obtained at the other three
plants.

4.4.4 Contract Service as Percent of Maintenance Cost

Most plants use some level of contract maintenance to meet specialized personnel needs and/or
to support additional short-term demands during outages. Percent contracted maintenance is a
useful metric for comparing a plant’'s maintenance program with its peers. It is calculated as:
100x (Total Expendituefor Contractedserviceg

Total AnnualCostfor Maintenane

% Contractedbervices-
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Only regularly contracted maintenance items such as inverter and battery charger maintenance,
power-operated relief valve (PORYV) testing, turbine generator overhaul, and outage staff
augmentation support should be included in this calculation. Special infrequently contracted
maintenance expenditures such as those for steam generator retubing or condenser overhaul
should be excluded. Looking at this metric by department may be useful during initial
implementation stages. Expressed as a percentage of the total maintenance cost, this metric
indicates the effectiveness of in-house resource utilization and control of maintenance.

Data source: Plant financial department records
Benchmark: 5%

This benchmark applies directly to multi-unit sites. For single unit sites, the benchmark may
need adjustment upward by the factor established from Figure 4-2. This is based on the premise
that multi-unit plants tend to have an economy of scale advantage in procuring such services.
However, the data collected in this benchmark effort are insufficient to establish the extent of
such advantage with a reasonable degree of certainty since the survey included only one single
unit plant.

4.4.5 Equipment Count and Breakdown

This group of one-time metrics provides a view of the scope of maintenance coverage and
maintenance mix. It looks at the total number of components included in the plant maintenance
program and their breakdown based on safety classification and maintenance type. Specific
metrics included under this category and the respective benchmarks are shown in Table 4-6.

Table 4-6
Component Count Included in Maintenance Program

Item Benchmark
# of equipment items in the plant 69,795
% of equipment safety related (SR) 22%
% of equipment non-safety-related (NSR) 77%
% of equipment covered under PM 11%
% of equipment covered under CM 89%
% of equipment items covered under PdM 1%
% of SR equipment items covered under PM 21%
(incl. PdM)
% of NSR equipment items covered under 8%
PM (incl. PdM)

The total number of components included under a plant maintenance program might vary with
plant type and vintage. The same will be true for the breakdown of the total by their
classification (that is, safety, non-safety, angraented-safety classes) or by maintenance type.
Also, the component count may vary based on whether the plant equipment list includes items
such as circuit breakers, fuses, penetrations, and other items that are not usually tagged and
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included in typical equipment lists. Typically, depending upon plant vintage and type, if they are
tagged and listed, they would add 8,000 to 12,000 components to the equipment list. Four of the
six plants in the survey population included these items in their equipment lists. For the other
two, 10,000 items were added to the total count to account for these items.

This one-time metric provides information to compare the scope of the maintenance program
against the industry or reference group plants. This metric may identify areas (for example,
variations in component counts covered in PM programs between similar plants, growth of
component counts covered in PM) that may warrant further review. Generally, a substantive
change as a function of time is not expected in this metric. However, it might be appropriate to
revisit this metric once in five years to ensure that changes, if any, in the intervening period are
consistent with the maintenance program goals. Such a review should provide a supporting basis
for budgetary adjustments. For example, reviewing this data for the 1994 to 1998 period should
show the growth of the PM pragn due to maintenance rule and PdM implementation. Since the
survey period for this benchmarking work included 1999-2001, a period after the maintenance
program adjustments were largely completed, there was no discernible change in the scope of
maintenance coverage.

Data Source

Except for PAM scope information, the remaining data input for this metric was available from
the MMS and the plant equipment list. The equipment list was used to get the total component
count and breakdown by quality class. The MMS was used to obtain scope of maintenance
coverage and breakdown by maintenance type and equipment quality class. Some plants
maintained a separate PM basis database that provided a ready source for PM scope, excluding
PdM. Multi-unit plants should use average per unit values for equipment count, and common
plant equipment should be divided and added equally among the number of units. Data from a
larger sample of single unit plants would be needed to establish a factor to adjust the benchmark
to compensate for shared equipment situations in multi-unit plants. However, the benchmarks as
shown in the table are reasonably close for single unit plants, since the margin of error is
estimated to be no more than 5%.

The scope data for PdM program(s) could not be establioed the equipment list or the

MMS. It was found to be available in a separate database usually maintained by the engineer(s)
responsible for these programs. Generally, the surveyed plants apparently designate only
thermography, vibration analysis, and oil analysis as PdM (see Section 7 for a detailed discussion
of this). The scope of PdM shown in Table 4-6 is therefore limited only to these three
subprograms. Although a few plants included motor monitoring in PdM, that was excluded
because the data could not be uniformly obtained from all the surveyed plants.

4.4.6 Percentage of On-Line Maintenance

This group of one-time metrics provides a view of the amount of PMs performed with the unit
on-line. It is generally accepted that performing as much maintenance as practical with the unit
on-line should result in cost-efficient maintenance mainly because of the reduced impact in
outage duration and the load leveling flexibility it offers. Factors that influence decisions on

*Data collection and diagnostic testing wark PdMs are performed by the maintenactedt. Hence, while we have a good idea
of the annual PdM workload handled, the component count foraddlbse programs could not be established. If the work order
system included a separate category “PdM” for this wastead of lumping them under PM, then the scope for all PdM
activities could be easily established.
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when to perform maintenance include risk of impacting plant/system availability, personnel
safety, radiation exposure, and in-house staffing. A comparative assessment using this metric
would enable comparison of a plant’'s maintenance program against its peers or the industry.
Specific metrics included under this category and the respective benchmarks are shown in
Table 4-7.

Table 4-7
Percent of Non-Outage Maintenance

Item Benchmark
% of online PM 69%
% of PM on SR equipment performed at power 65%
% of PM on NSR equipment performed at power 73%

These are expressed as a percentage of the component count. The data will be sensitive to plant
type and vintage. In addition, it may be useful to segregate these data by major equipment types
(for example, motor-operated valves [MOVs], motors, &&ml review them. A close review of

these data can reveal specific inefficiencies that might exist in a plant maintenance program. It
should be noted that a higher percentage in a certain category in comparison to a reference plant
group does not necessarily indicate need for change. For example, the plant-specific equipment
configuration and built-in maintainability considerations can justify a higher percentage.

However, some conditions might be correctable through appropriate plant modifications to
improve maintainability. Multi-unit plants with a common maintenance department should use
average per unit values for the variables. Multi-unit plants with separate maintenance
departments, each with its own management, should calculate the metric for each unit using unit-
specific values for the variables.

4.4.7 Person-Hours on Maintaining Major Components and Systems

This metric relates to the breakdown of craft person-hours expended on selected major
equipment types or systems. Specific types of equipment or systems for which this metric might
be useful include those shown in Table 4-8.

® Existing special plant progransych as the MOV program oheck valve program, might already provide this information.
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Table 4-8
Maintenance Hours Expended for Major Components and Systems
Equipment Person-Hours

Person hours for selected equipment 6348
Main turbine 15139
Main generator 7185
Diesel generator 482
Reactor coolant pumps 1410
Feedwater pumps 1795
Main steam and feedwater isolation valves 1233
Plant protection system 2590
Nuclear instrumentation system 11553

The person-hours shown in Table 4-8 are based on just one plant since at the remaining plants,
the actual hours data were either not captured or were not captured consistently and accurately.
Hence, this is not considered a valid benchmark. In this plant, for the radiation monitoring
system, a steadily increasing trend was noted for three years in row. Such a trend is indicative of
a need for an evaluation of the underlying causes and what portion of the cost is CM based and
whether the system might have reached the point in life where it is economical to replace the
system rather than continuing to incur dispmijpnate maintenance costs. Multi-unit plants with

a common maintenance department should use average per unit values for the variables. Multi-
unit plants with separate maintenance departments, each with its own management, should
calculate the metric for each unit using unit-specific values for the variables.

Note that, although the total person-hours spent in maintenance could be comparable to a
reference group or the industry, analysis of the breakdown of hours spent by select high-impact
equipment categories and maintenance types may identify areas where improvements might be
warranted. Adverse comparisons or trends in this metric might indicate one or more of the
following:

e Aging of equipment

e Excessive periodic/predictive maintenance activities
e Poor maintainability conditions

e Need for better training in equipment maintenance

e Overly complex procedures

Data Source

Data required to derive this metric were available from the MMS at the one plant where actual
hours on each work order were captured. At this plant, all craft, planning, and work control
personnel charged their time to the relevant work orders. Hence, deriving this metric was a
straightforward summation of hours accumulatesebleon equipment ID. It is recommended that
plants consider instituting a system to capture actual hours for all persons working on a task

4-23



EPRI Licensed Material

Proposed Meics and Benchmarks

related to a maintenance work order. It would enable analysis of labor resource consumption
down to an equipment item/system level, and offer other benefits including:

e Analyzing the hours expended and cost of CM, PM, and PdM

e Assisting in the replacement or design modification decision making
e Refining estimated hours required to do the same job again

e Improving work scheduling to avoid build up of backlog

4.4.8 Maintenance Process Index

This metric provides a composite view of a plant’s maintenance process for comparison against
its peers or the industry. It is derived by comparing the plant-specific individual process metrics
discussed in Sections 4.4.1 through 4.4.6 against the respective benchmarks in the same manner
as explained in Section 4.3.9. Note that the metric on person-hours expended on maintaining
selected equipment is not included in composite process index. Table 4-9 lists the process
metrics included in computing the Process Index and what is considered better for purposes of
scoring. Figure 4-7 shows the maintenance performance index for the surveyed plants and the
reference or benchmark.

Table 4-9
List of Process Metrics and What Is Good
Metric What’s Good

% PM wo > industry
% CM wo < industry
% SR wo > industry
% NSR wo > industry
% PM Mhrs < industry
% CM Mhrs < industry
% equipment in PM > industry
% equipment in CM < industry
% Mhrs in trng > industry
% online maint > industry
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Figure 4-7

Maintenance Process Index for Surveyed Plants

4.5 Productivity Metrics
The productivity metrics set focuses on the input and process variables shown in Figure 4-8.

This set consists of 10 metrics that look at the process and input parameters that would enable
assessing the efficiency and productivity of the maintenance process. A maintenance
productivity index, which is a composite of the individual productivity metrics, is also included.
The composite index provides a quick look at the overall productivity of the maintenance
process.

Productivity

Equip. Availability
Money Equip. Reliability
Labor Equip. Longevity

ggp\;@% Process X

Training Maintenance Mix

Plant Downtime
Power Reductions

LER
Overhead k] Scope Violation
Procedures ) .
Work Orders Lost Time Injuries

Wrench Time Worker Exposure
Support Level

Figure 4-8
Focus of Productivity Metrics
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Specific metrics included are:

Wrench time

Work order turnover per craft week
Planner-to-craftatio

Work orders per planner week
Staff-to-craft ratio

Reworkcount

Emergency work count

Backlog and days overdue-backlog

© N g s wDNhRE

Hours per 100 MW installed capacity
10. Procedure changes
11. Productivity index

45.1 Wrench Time

This metric indicates how effectively maintenance craft resources are utilized. It shows how
much time is spent in performing actual hands-on work, commonly known as “wrench time.”
This document defines wrench time as:

The time a worker/crew actually spends doing physical work on equipment after arriving
at the work site until leaving the work site.

It includes time spent on:

e Troubleshooting when needed

e Performing the assigned/required tasks on the item
e Independent verification when required

e Post-maintenance testing

e Restoring the item

e Cleaning up

The rest of the time in any given day apparently goes into related administrative and preparatory
tasks, such as pre-job and post-job briefs, post-job documentation, dressing out, waiting for
proper clearances, obtaining permits (for example, radiation work permit), breaks, and so on.
Thus, it is calculated only for the days the craft is available for work at the site and is not in
training.

This metric should be generated at the maintenance department level and for each discipline or
work category.
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Calculation:

100x (Average# of HoursDoingthePhysicanWDay)
Total Craft PersonNork HoursperDay

WrenchTime=

For plants with five x eight-hour work days/week, the total work hours/day is 8 + 0.5 hrs for
lunch.

Average number of hours per day doing the physical job was established as follows:

Step 1: Through interviews, a breakdown of times for the various tasks involved in taking a work
order after it is assigned to a crew from start to finish was established. Interviewees included
I&C, Electrical, and Mechanical foremen at three of the six surveyed plants. This was done for
both one-day and multi-day jobs as shown on Table 4-10. Estimates for the percentage of multi-
day jobs and jobs requiring dress out and walk down for each of three disciplines were also
obtained in the same interviews. The fractional hours and percentage estimates shown in the
table are averages for the three disciplines.
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Table 4-10
Breakdown of Job Task Hours

One-Day Job Average Hours
Pre-job Rev 0.75
Walk down adjusted for % requiring walk down (2) 0.13
Dress out for % of job requiring dress-out (2) 0.04
Travel to job 0.25
Tooling up 0.53
Return tools 0.36
Sign off and ECO 0.39
Travel back 0.25
Package write up 0.92
Breaks and lunch 1.50
Do job—includes working on the equipment, post-
maintenance testing, cleanup (DJ.) (3) 5.38 (1)

Multi-Day Job Average Hours
Pre-Job Rev 0.28
Dress out for % of job requiring dress out 0.04
Travel to job 0.25
Travel back 0.25
Post job briefing 0.39
Breaks and lunch 1.50
Do job—includes working on the equipment, post-
maintenance testing, cleanup (DJ,,) (4) 7.79 (1)
Estimated % jobs requiring dress out 20
Estimated % jobs requiring walk down 20
Estimated % multi-day jobs 20

Notes:

(1) Thiscompugtion isbased on a 4 x 10 weékatis, 10.5 hrs per person per workdagluding
lunchime).

(2) These arehe weghted valies b accounfor the percerdages of pbs requiing dress oubr wak
down as apptabk.

(3) DJ, = One-daygb
(4) DJ, = Multi-day job

4-28



EPRI Licensed Material

Proposed Meics and Benchmarks

Step 2: Using the estimated hours contained in the work order downloads obtained from each
plant, an average value for one-day and multi-day jobs was developed. This was to corroborate
the estimates obtained through the interviews.

Step 3: Wrench time is calculated as follows for each of the surveyed plants. Then the average of
the six plant values is used as the benchmark.

Average Time Doing the Physical Job per Day = % One-Day Job x DJ + % Multi-Day Jobs x (DJ ,+DJ )
=0.08x5.38+0.20x(5.38+ 7.79)
=6.93

6.93

105
Benchmark: 61% for the maintenance department as a whole

Wrench Time =0.66 or 66%

Wrench time significantly below the benchmark indicates a need to review task breakdowns in
performing the work to identify areas where improvements are needed. Note also that plants that
are on a 5 x 8 work week will have a lower wrench time since the number of one day jobs and
the hours per day doing the physical job become less than those for 4 x 10 workweek plants.

It has been a common belief in the industry that the time spent by craft doing hands-on work is
around 40%. That would be true under an alternate definition of wrench time used in some
plants. Under this definition, as shown in Table 4-11, the annual time spent turning wrench is
calculated as percentage of the annual hours being paid for, which includes holidays, vacation,
sick, and other time off.

Table 4-11
Alternate Method of Calculating Wrench Time

Row# Item Description Hours
1 Total hours paid 2088
2 Holidays 64
3 Vacation 120
4 Other time off (for example, jury duty) 24
5 ERO duty and drills 24
6 Other non-job related meetings (for example, all-hands meeting, outage celebration) 16
7 Safety meetings 32
8 Other non-maintenance-related activities (for example, apprenticeship program, LAN | 120

administration, training support, procedure reviews)
9 Time available for maintenance work Row 1—sum (Rows 2-8) 1688
10 Time spent in non-hands-on work, pre-job brief, getting document, dress out, etc. 844
assumed at 50% of Row 9
11 Wrench time as a % of hours paid for = Row 10/Row 1 40%
12 Wrench time as a % of hours available for work = Row 10/Row 9 50%
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This method of calculating wrench time undeessathe wrench time and gives a false impression

of dramatic underutilization of craft resources. The deductions (rows 2 through 8) in calculating
the total annual hours available for work are applicable to all employees in a nuclear utility. A
periodic examination of those activities applicable to all employees in the organization is
desirable in order to verify that they continue to be required and that the time spent is appropriate
to the job function. However, they should not be included in the calculation of wrench time. It is
recommended that the wrench time be calculated (row 12) as a ratio of the hours that the craft
personnel are available to perform maintenance work in the plant.

45.2 Work Order Turnover Per Craft-Week

This metric indicates the average weekly production capacity of the maintenance craft with no
overtime use. Comparative evaluation of this metric may be more useful than the absolute count
of the work orders. It should be comparable among various plants in the industry because, on the
average, weekly production rate for maintenance craft should be approximately the same.

Calculation:

Since almost all work in a nuclear plant is performed with a minimum crew size of two, this
calculation should take into account distributadrwork orders by crew size. The benchmark
calculation was done by using a distribution of 80% of work orders performed with two-man
crews and 10% each requiring three- and four-man crews. The total number of work orders
serviced in a year is then converted into an equivalent number of two-man crew work orders. If
the distribution of work orders by crew size is significantly different, the formula should be
modified appropriately.

[Number of Two-Man Crew Equivalent Work Orders Processed Per Year]
# of Two-Man Crews

Turnover/ Craft Week =

# of Two-Man Crew Equivalent Work Orders =# of WO Servicedin a Year x (0.8 +0.1x2/3 +0.1x 2/4)

Total Number of Craft Persons

# of Two-Man Crew Equivalent Work Orders = 5

Data Source

Number of craft persons is from the organization charts of the maintenance and maintenance
support departments. The number of craft persons includes all craft personnel from Mechanical,
I&C, Electrical, and other support crafts such as insulators, scaffolding, and welders. The

number of work orders processed per year and the percentage distribution based on crew size are
from the MMS.

Benchmark: 248 work orders/craft-week for the maintenance department as a whole

It would be useful to calculate this metric both at the maintenance department level and at the
individual discipline level. Significant variations from the benchmark and adverse trends would
be cause for further review. If the resource availability has not changed, a very likely cause is
high number of CMs and/or a large number of CMs with complicated evolutions. If actual hours
are captured, this can be easily identified using queries from the MMS. Other causes include:
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e Craft mix tilted more in favor of new recruits and/or less experienced
e Poor planning and staging

Multi-unit plants with a common maintenance department should use average per unit values for
the variables. Multi-unit plants with separate maintenance departments, each with its own
management, should calculate the metric for each unit using unit-specific values for the
variables.

45.3 Planner-to-Craft Ratio

Planners support the maintenance craft by planning and staging the work to be performed. It
includes examining the work site, physically or via remote means such as surrogate tour
photographs, as appropriate, to identify special work conditions (such as restricted access,
confined space, or high radiation) or needed support such as scaffolding. This metric indicates
the efficiency of the planner resource utilization.

Calculation:

Planner to Craft Ratio = 100 x (Total Planner Person-Hours per Year)

(Total Craft Person-Hours per Year)

Total planner/craft person-hours should be calculated using only the available hours excluding
sick days, holidays, vacation, and other time off. Total craft hours available per week are
calculated using 1840 hours per person per year.

Data Sour ce
Organization charts for the maintenance and maintenance support department.

Benchmark: 10% for the maintenance department (that is, one planner for every 10 craft
persons)

It should be calculated at the maintenance department level and at the individual maintenance
discipline (for example, 1&C and Mechanical) level. Ratios significantly higher than the
benchmark and/or an adverse trend would be cause for an examination of the planning and work-
request screening function. Multi-unit plants with separate maintenance departments, each with
its own management, should calculate the metric for each unit using unit-specific values of the
variables.

45.4 Work Orders Per Planner Week

This metric indicates the productivity of the planning function. Over a monitoring period, this
metric should be comparable among various plants because, on the average, barring any
significant differences in organizational or other environmental variables, productivity should be
approximately the same.

Calculation:

Total planner/craft person-hours should be calculated using only the available hours excluding
sick, holidays, vacation, and other time off. As a rule of thumb, it is 1840 x the number of
planners/craft. Only 60% of the total number of work orders serviced annually are planned since
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the other 40% are usually screened out for performance by FIN/WIN teams or are routine work

such as lubrication, oil sampling, and vibration data collection that does not require planning.
(Total Number of Work Orders Processed Annually)x N

[Total Planner Hours Available per Week x (1 - % of Time in Training)]

N = Number of Work Hours in a Normal Work Week

Number of Work Orders Processed Annually = Total Number of Work Orders x 60%

Data Source

Work Orders per Planner Week =

Maintenance and maintenance support department organization charts
Benchmark: 15 work orders/planner-week

It would be useful to calculate this metric both at the maintenance department level and at the
individual discipline level. Multi-unit plants with a common maintenance department should use
average per unit values for the variables. Multi-unit plants with separate maintenance
departments, each with its own management, should calculate the metric for each unit using unit-
specific values for the variables.

455 Staff-to-Craft Ratio

The staff that supports the maintenance function includes work control staff, engineers in the
maintenance department, planners, schedulers, procedure writers, and other administrative,
supervisory, and management staff. This metric is indicative of the efficiency of the support
resource utilization in a plant.

Calculation:
100 x [Total Staff Person-Hours per Year |

Total Craft Person-Hours per Year

Staff to Craft Ratio =

Total staff/craft person-hours should be calculated using only the available hours excluding sick,
holidays, vacation, and other time off. Total staff/craft hours available per week are calculated
using 1840 hours per person per year.

Data Source
Maintenance and maintenance support department organization charts

Benchmark: 33% (that is, at the maintenance department level, there is a staff person
supporting every three craft persons).

Goal: 25%

Multi-unit plants with a common maintenance department should use average per unit values for
the variables. Multi-unit plants with separate maintenance departments, each with its own
management, should calculate the metric for each unit using unit-specific values for the
variables.

45.6 Rework Count

Rework is additional maintenance (usually repeating the work done) that is required to be
performed on the same equipment for the same problem or failure. Associating the warranty
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period after original work performance would enable consistent and correct determination of
what is rework and what is not. Generally, work done by maintenance personnel should have an
associated warranty time. For normally operating equipment, inadequate or improper
workmanship will most likely result in a failure during post-maintenance testing or shortly
thereafter. For standby equipment, if it does not fail during post-maintenance testing, the
condition would be discovered only during a swjusnt operational test. Therefore, the warranty
period should consider both cases. For PMs, the warranty time is inherent in the PM frequency.
However, for PMs with long intervals, for example, more than a year, setting the warranty time
equal to the PM interval would be unreasonable since other things can go wrong in the
intervening period. Warranty times longer than a reasonable period, about six months, are not
recommended since failures after that duration will more than likely be associated with other
things going wrong. Thus, it would be a wastéimke tracking and evaluating such repeat work
since equipment history and recurring failures review programs should capture them. Similarly
for CMs, a warranty time of six months is recommended. This document defines rework as
follows:

Work re-performed within a specified period because work performed the first time was
inadequate, incorrect, or performed using deficient parts and/or materials.
Recommended period is six months or ¥z of the PM interval, whichever is shorter.

That raises the question of when does the warranty period start. The warranty clock should start
when the specified maintenance work is completed and the equipment is returned to service.
Some plants consider that if a failure occurs during post-maintenance testing or before return to
service and requires redoing substantially all of the work, then that should also be included in the
rework count. While this position is logically correconsidering that it is subject to human bias,

the return on investment in tracking and evaluating such repeat work items would not make it
worth the cost including worker morale. Craft supervision should be able to deal with such
situations in the normal course of business.

This metric indicates the number of work ordeis thiere re-performed because of inadequate or
improper workmanship or use of deficient parts and materials when the work was done the first
time.

The term “rework” is not consistently defined and used in the industry. Current practice is for a
screener to determine and keep a log of whether a work request is a rework item based on his/her
determination of what went wrong. Trackingvark count should be automated by including a
suitable algorithm in the MMS. A monthly report of rework counts should be generated and
evaluated to determine the cause and take appropriate remedial and corrective actions. A higher
rework count in comparison to peers or constant/increasing rework count would demand
determination of the underlying cause(s). If the evaluation indicates deficient parts or materials,

it should be referred to the appropriate engineering department for follow-up. Otherwise, such a
situation is normally indicative of inadequate training, procedures, and/or poor work culture.

Data Source

The benchmark was established by gathering the rework count data from maintenance support
personnel who kept track (mostly manually) of the same. As noted before, the data are not
considered fully reliable since, within the survey population, a consistent definition of rework
and a documented framework for its collection and evaluation could not be established.
Therefore, the benchmark established is a conservative estimate.
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Benchmark: 24 work orders/year for the maintenance department as a whole

Multi-unit plants with a common maintenance department should use average per unit values for
the rework count. Multi-unit plants with separate maintenance departments, each with its own

management, should calculate the metric for each unit. Tracking and reviewing the rework count
both at the maintenance department level and at the individual discipline level is recommended.

Goal: Zero

4.5.7 Emergency Work Count

If planned maintenance work costs $1 a unit, it is established that maintenance performed upon
failure, that is, CM, usually costs $2. If maintenance after a failure has to be performed on an
emergency basis (that is, an immediate response), then it will more likely cost $3 or more per
unit since it is very disruptive in nature, could require overtime till the job is done, and even
demand parts and service personnel to be flown in. Thus, to control maintenance costs, it makes
sense to monitor the amount of work that is classified and performed on an emergency basis.
This metric is the annual count of emergency work orders.

Data Source

The data input for this metric is available from the MMS. All plants in the survey had a field in
the MMS that captured work priority. Usually, Priority 1 or Priority “E” meant emergency work.
However, it was noted that some plants did not capture work performed by Fix It Now (FIN) or
Work It Now (WIN) teams in their work order system; for this reason, the data input gathered
may not reflect the true picture. Note howevlat FIN/WIN work is not necessarily emergency
work. The data from the surveyed plants indicated that the definitions of “Priorities” vary from
plant to plant or that the definitions are not being used consistently. Therefore, the benchmark
given below is a conservative estimate based on data from the plants that were most consistent.

Benchmark: 50 work orders/year

Multi-unit plants with a common maintenance department should use average per unit values for
the number of emergency work orders. Multi-unit plants with separate maintenance departments,
each with its own management, should calculate the metric for each unit using unit-specific data.

Goal: <10

4.5.8 Backlog Count and Days Overdue-Backlog
Backlog Count

Backlog count is a widely used indicator in the nuclear industry, but it has varying definitions
from plant to plant. As currently used, it could mean either worklatainy given time or for a
planning horizon, or overdue work of varying agashoth. The intent of tracking backlog is to
identify, monitor progress, and eliminate the accumulation of overdue work. If plants would like
to make comparisons, this requires that the term “backlog” have a single meaning and consistent
usage among plants.

° The Merriam-Webster dictionary meaning of the term “backloghisccumulation of unperformed task&ie same dictionary
defines “workload” ashe amount of work performed or capablébefng performed within a specified period
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Therefore, it is recommended that:

e The term “backlog” be defined a®verdue work that has missed its work window, is beyond
its grace period, and has not been rescheduled.

e Plants should consider monitoring backlog items by their age and by department on a weekly
basis.

It is also recommended that the industry consider using the term “workload” to Alleanrk
that has been scheduled, is within its grace period, and is waiting to be completed.

Backlog, as now used by some power plants, consists of two parts, that is, current workload and
overdue workload, hereafter referred to as “backlog.” Current workload is the amount of work
scheduled for performance for the current planning horizon. Backlog is work not completed as
scheduled in the previous planning horizon(s) toaidd not be or was not rescheduled and is
carried over. Accumulation of backlog should be monitored closely to avoid continuous build up
of work items.

Ensuring a reasonable service level by the maintenance department(s) requires assigning a
threshold age after which backlog becomes critical. The recommended threshold age for backlog
is 30 days since not performing scheduled whbeat could not be or was not rescheduled and
remains undone past 30 days represents poor service level. The rationale is that, when the work
was originally scheduled, it took into account the prerequisites (for example, parts arrival,
window opportunity to do the work, access to equipment, availability of personnel, and so on) to
get that work done. If that work was not performed as scheduled, it could not be or was not
rescheduled and is more than 30 days past due; this condition raises questions such as:

e Why was it scheduled when it was?
e |s the work even required now?

e Was the criticality of the work and availability of personnel taken into account when it was
scheduled?

¢ Is the department charged with getting the work done adequately staffed?

e Does the concerned department have a systematic program to track and complete overdue
work?

To serve the purpose of monitoring and eliminating the accumulation of backlog, this document
defines “backlog” as:

Work scheduled for performance during a specified time/window that was not done,
could not be done, or was not rescheduled for whatever reason and is more than 30 days
overdue.

Backlog should be tracked automatically by incorporating a suitable algorithm in the MMS and
generating weekly reports. Currently, it is not tracked in the MMS at any of the surveyed plants.
Some plants manually download the required data from the MMS into a spreadsheet and process
it to generate an aged backlog report. At three of the surveyed plants, the backlog > 90 days and
ranged from 50 to 60 work orders. The remaining three did not track backlog by age and/or did
not distinguish between current workload and backlog.
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Data Source

The benchmark was established by gathering the backlog count from maintenance support
personnel who kept track (mostly manually) of it at the surveyed plants. As noted before, the

data are not considered fully reliable since a consistent definition of backlog and a documented
framework for its collection and evaluation could not be established within the survey

population. Therefore, the benchmark established is a conservative estimate based on a review of
the relevant data from all the surveyed plants.

Benchmark: 50 work orders overdue > 30 days at any given time

Based on the average weekly work order turnover for the survey population, it represents about
one week of work for a typical maintenance department with one fourth of its personnel
dedicated only to clearing the bacKlog

Multi-unit plants with a common maintenance department should use average per unit values for
backlog. Multi-unit plants with separate maintenance departments, each with its own
management, should calculate the metric for each unit using unit-specific values for the
variables.

Goal: <20
Days Overdue-Backlog

“Days overdue-backlog” would be a more useful metric than the count of backlog. It is defined
as the number of days it would take 25% of the craft in the concerned maintenance department
working only on backlog to clear it. This metriouwld give a clear and direct indication of any
serious misalignment of resources The underlying causes for a high number or adverse trend in
this metric include:

e Chronic understaffing

e Poor estimation of the time required to perform work

e Poor planning

e Scheduling problems

This metric should be computed for the maintenance department as a whole and for each
discipline. This metric could be calculated as shown here.

Calculation:

(# of Work Orders Overdue > 30 Days)x 4 x 7
Work Orders Completed per Week

Days Overdue-Backlog =

Example:
Work Orders Overdue > 30 Days =121
Average # Workorders Completed per Week =192

Days Overdue-Backlog = % =17.6 days

" Half of the survey population tracked backlog by age. 8s¢hplants, the average backlog aged 90 days or more was
approximately 100 work orders.
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Benchmark: Less than one week

This benchmark is an estimate based on the relevant data collected from the six surveyed plants.
Multi-unit plants with a common maintenance department should use average per unit values for
the number of emergency work orders. Multi-unit plants with separate maintenance departments,
each with its own management, should calculate the metric for each unit.

Goal: Zero

4.5.9 Hours Per 100 MW Rated Capacity

This metric enables comparison of personnel used in providing maintenance function based on
the installed capacity of each unit. It includes person-hours of:

e All personnel in maintenance and the maintenance support function including administrative
and management personnel

e Scheduling support for the maintenance function
e Procedure support for the maintenance function
e PdM engineering support for IR, vibration, and oil analysis programs

Calculation:
(# of Persons in the Maintenance Function x 1840)x 100

Unit Rated Capacity

Person-Hours/100 MW =

Benchmark: 31278 Person-hours/100 MW

The benchmark is directly applicable to muitit plants with per unit capacity ranging from 800

MW to 1300 MW. Single unit plants should adjust the benchmark by a factor obtained from
Figure 4-2. Multi-unit plants with a common maintenance department should use average per
unit values for person-hours and installed (that is, licensed full power rating) capacity. Multi-unit
plants with separate maintenance departments, each with its own management, should calculate
the metric for each unit using unit-specific values for the variables.

Goal: To be the lowest among those in the lowest quartile in the industry/reference group

4.5.10 Procedure Stability and Quality

Given that the nuclear plants in the United States have been operating for more than 15 years on
the average, one should expect that the procedure system for performing maintenance work on
equipment should be stable and high in quality. Changes should be minimal for correcting
technical errors or omissions and mainly driven by the need to:

e Address areas previously not addressed by the procedures
e Incorporate changes to equipment/systems
e Address additions/deletions of systems/equipment

Since the industry is now beyond the learning curve and the era of regulatory-driven plant
modifications, if a plant experiences a high percentage of procedure changes on a continuing
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basis, it is indicative of a weak procedural system and will reflect in the productivity of craft
personnel. Two metrics that are indicative of the quality and stability of procedures included are:

1. Number of procedure changes expressed as a percentage of all active procedures
2. Number of procedures changed expressed as a percentage of all active procedures

Continuing high levels of either or both metrics can increase the cost of providing the
maintenance function and affect the productivity of the maintenance department.

Per cent of Procedure Changes

This metric looks at the number of procedure changes processed as a percent of the total number
of active procedures. Total number of active procedures includes maintenance procedures and
surveillance procedures performed by the maintenance department. For multi-unit plants, since
all or a substantial number of the procedures are usually separate and distinct for each unit, this
metric should be calculated for each unit using unit-specific values for the variables.

Calculation:
100 x (# of Procedure Change Requests Processed in a Year)

% Procedure Change per Year =
° gep Total Number of Active Procedures

Only procedure change requests processed that resulted in a procedure change should be
included. When counting the number of procedure changes processed, if a procedure was
changed more than once during the monitoring period, then each occurrence should be counted
as an individual procedure change. The intent is to identify systemic problem(s) so that
corrective action can be taken.

Benchmark: = 70%

Note that this benchmark is quite high.
Goal: < 20%

Per cent of Procedures Changed

This metric looks at the number of procedures affected by the procedure changes discussed
earlier. It is also calculated as a percentage of the total number of active procedures. For multi-
unit plants, since all or a substantial number of the procedures are usually separate and distinct
for each unit, this metric should be calculated for each unit using unit-specific values for the
variables.

Calculation:
100x (# of Proceduresffectedby ChangeRequestin a Year)

TotalNumberof Active Procedures

% Proceduré&€hangeperYear=

Benchmark: = 44%
Goal: < 20%

4.5.11 Maintenance Productivity Index

This metric provides a composite view of a plant’s maintenance productivity for comparison
against its peers or the industry. It is derived by comparing the plant-specific individual
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productivity metrics discussed in Sections 4.5.1 through 4.5.10 against the respective
benchmarks in the same manner as explained in Section 4.3.9. Table 4-12 provides a list of
productivity metrics and what is considered better for each metric for purposes of scoring. Figure
4-9 shows the maintenance performance index for the surveyed plants and the reference or
benchmark.

Table 4-12
List of Productivity Metrics and What is Good
Metric What is Good

Wrench Time > industry
Craft WO Turnover > industry
Planner-to-Craft < industry
WO/Planner-Wk > industry
Staff-to-Craft < industry
WO/Staff Wk > industry
Rework WO Ct < industry
Emergency WO Ct < industry
% Procedure Changes < industry
% Procedures Changed < industry
Hrs/100 MW < industry
Days Overdue-Backlog < industry

F e S e 8%
| | | | | | ' 09%

b | | | | | o op
Ref | | | | | 1 67%
n C 60%
2. | | | | |
&8 172%
=B, | | | | | |

A [ | | [ | | . 67%

0% 10% 20% 30% 40% 50% 60% 70% 80%

Maintenance Productivity Index

Figure 4-9
Maintenance Productivity Index for Surveyed Plants
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4.6 Maintenance Effectiveness Index

An effective maintenance program is one that consistently defivéng lowest practical cost
when compared to its peers:

e Zero maintenance-induced safety system challenges, unplanned production losses, and
unplanned plant trips

e Zero regulatory violations
e Zero lost time injuries
e Lowest worker radiation exposure

The list above is predominantly performance (that is, results) oriented. Thattérenlowest

practical costdemands that we look at the cost in terms of dollars and person-hours employed,
the underlying processes and productivity, together with the results listed above. This can be
done by computing a composite index called the “maintenance effectiveness index,” which is an
arithmetic average of the three-Ps indices:

e Performance index (see Section 4.3.9)
e Process index (see Section 4.4.8)
e Productivity index (see Section 4.5.11)

The maintenance effectiveness index would be indicative of performance, comprehensiveness of
the maintenance programs employed, and the underlying process efficiencies. Figure 4-10 shows
a bar chart of the overall maintenance effectiveness index and its components for all six plants
included in the survey and their average.

| |
F l l 169%
E l | 60%
) 68%
1 [ | | ’
Ref | l I 167%
* 1 57%
2 1 l [
o B | V9%
a - l I
. . 171%
| | | | |
0 20 40 60 80 100
Maintenance Effectiveness Index (%)
Figure 4-10

Maintenance Effectiveness Index for Surveyed Plants
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Human Performance Index

An index of human performance can be calculated by combining the following seven metrics:

1.

S e o

7.

Maintenance-related trips (see Section 4.3.3)
Maintenance-related power loss events (see Section 4.3.4)
Maintenance-related LERs (see Section 4.3.5)
Maintenance-related regulatory violations (see Section 4.3.6)
Maintenance-related lost time events (see Section 4.3.7)
Rework count (see Section 4.5.8)

Days overdue-backlog (see Section 4.5.8)

Using the same comparison and scoring methods as outlined in Section 4.3.8, a human
performance index (HPI) is calculated. The maximum a plant can score is 7 out of 7 (which is
equal to 100%), indicating excellent human performance, that is, excellent work culture,
skills’lknowledge levels, and procedure systems that minimize human errors that lead to high
levels of rework and backlog. Figure 4-11 shows the HPIs for the surveyed plants and the

benchmark.
F ; ; ; 170%
E 161%
D I I ! 169%
Ref : : l 167%
w C : l 155[/o
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%A 68%
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Human Performance Index (%)
Figure 4-11

Comparison of Human Performance Index for Surveyed Plants
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Typical peer/self assessments focus on five magjor areas (that is, work identification, work

control, work execution, work closeout, and overall maintenance program) of the maintenance
process. Each of these major areas can be subdivided into several sub-areas. Table 5-1 presents a
line up of these major areas, sub-areas, and the metric(s) that addresses them individually or asa

group.
Table 5-1

Correlating Metrics to the Maintenance Process Elements

Assessment Area
e Sub-area(s)

Related Metrics

Work Identification 1. Total number of equipment items covered
e Maintenance basis under all types of maintenance program
2. Percentage of total included in PM
e PM program
3. Percentage of total included only under CM
e CM program ) i
4. PdM as percentage of total included in PM
5. Percentage of safety-related equipment
included in PM
6. Percentage of non-safety equipment included
in PM
7. Percentage of PM performed at power
Work Control 1. Total number of work orders serviced
e Prioritization 2. Percentage of WOs in PM and CM
e Risk assessment 3. Percentage of procedure changes
e Planning 4. Percentage of procedures changed
o Scheduling 5. Percentage of contracted maintenance
o  Work/crew assignment 6. Backlog, overdue-backlog, and days overdue-
backlog
Contracted work .
¢ 7. Staff to craft ratio
8. Planner to craft ratio
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Table 5-1 (continued)
Correlating Metrics to the Maintenance Process Elements

Correlating the Metrics to Assessment Areas

Assessment Area

e Sub-area(s)

Related Metrics

Work Execution

Tools and materials
management and staging

Pre-job briefing

Risk management

Use of work procedures
Perform tasks

Work quality
control/management

Safety program
implementation

7.
8.
9.
10. Lost person-hours due to injury
11. Annual worker exposure

AN S o

Number of unplanned trips, power loss events
Number of LERs and regulatory violations
Percentage of procedure changes
Percentage of procedures changed

Rework counts

Backlog, overdue-backlog, and days overdue-
backlog

Wrench time
Work order/wrench week
Work order/planner week

Work Closeout

Post-maintenance testing
Post-job critique

Data capture and
documentation

Return to service

1. Work order turnover/week
2. Work orders/staff week

3. Wrench time

Maintenance Program

Ownership

Department expectations
Performance

Productivity
Self-assessments

Maintenance effectiveness index, its three-Ps
components, and human performance index

The metricsin Table 5-1 are intended to provide insights that should help focus the peer/self
assessment activities. With the metrics in hand, the assessors should have some indication of
potential gaps in the maintenance program.
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RECOMMENDATIONS FOR USING THE PROPOSED
METRICS

The set of metrics proposed in this document consists of some that are intended for one-time use
and others intended for ongoing use. Recommeneéga &br initiating the use of the metrics are:

Start by establishing snapshot values for the one-time metrics. For some one-time metrics, it
may be advantageous to collect and evaluate historic data for three to five years to see how
the maintenance program has varied. For instance, looking at the historic data for the number
of components included in the predictive maintenance program could indicate the rate of
growth of the program. It may warrant either using that metric as an ongoing metric until the
program stabilizes or revisiting this metric again, for example, at the end of the next
monitoring period.

Collect historic data for the ongoing metrics for the selected historic duration (preferably five
years or a minimum of three years). Benchmarking was done based on three years of data,
1999-2001.

Compute a three-year rolling average (that is, the average of years 1, 2, and 3; 2, 3, and 4; 3,
4, and 5) annual values for the ongoing metrics using historic data. Compute the baseline
values as the average of the three 3-year rolling averages. If only three years of historical
data are used, then baseline values will be the three-year average. Examine the baseline
values and the historic data for any distortion. For instance, if the percentage of procedure
changes in year 3 of a set of five yearly values was 30% whereas the others were in the range
of 5% to 10%, the reason for the high value in year 3 should be examined, and the
appropriate discount applied or the value should be thrown out. If year 3 was the year when a
major procedure revision project was performedhiange the formats of all I&C procedures,

then a discount to reflect that special one-time effort may be appropriate.

Compare the snapshot values for one-time indicators and baseline values for ongoing metrics
against the benchmarks in this document and, if available, against corresponding metrics for
a reference group of plants. Analyze the differences to identify any significant variations (for
example, delta > 25% in the adverse direction) for further examination. In addition, flag any
adverse trend in the plant metric values for the selected historical duration for further
examination.

Examine the deviations and, if appropriate, identify remedial or corrective actions that might
be required.
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Store these baseline values for ongoing metrics and the snapshot values for the one-time
metrics for future use.

Decide on the periodic report generation needs (that is, monthly, quarterly, and so on), and
implement the software changes required to generate the reports automatically. Alternately, a
set of queries may be used for downloading the relevant data input from the respective data
systems (for example, MMS) into a Microsoft Excel spreadsheet. All metrics computation

and report generation can be set up to run on Excel. This method (used by the investigator on
this project) would perhaps be more expedient and easier to accomplish. In addition, it will
have the benefit of local control to permit easier modifications in the future.

Establish a procedure assigning the responsibilities for chargeability determination where
required (for example, data input, report generation, and distribution).
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OBSERVATIONS AND RECOMMENDATIONS

This section lists and discusses the insights gained about the maintenance function at the
surveyed plants during the process of collecting the data required to support the benchmark
development.

1. The data required to compute the metrics set discussed in this document were readily
available in the plant MMS and a few other data systems such as the equipment list, event
tracking, plant operating history, worker ramon exposure tracking, and OSHA reportable
events. Queries were written by the maintenance support staff relatively easily (on the
average, it required a few hours) to download the data into an Excel spreadsheet for further
processing by the investigators. At each of the surveyed plants, the support staff that
provided all data collection was about two full-time equivalents for one week.

2. There is a fair degree of commonality among the surveyed plants in their MMS and other
data systems used. It is reasonable to assume that, with very few exceptions, the same degree
of commonality may be expected throughout industry. It indicates that implementing a
metrics system for monitoring maintenance as discussed in this document should be feasible
with minimal resource expenditure and disruption to existing systems and practices.

3. Overall, based on cost data for the surveyed plants, maintenance cost was about 25% of the
non-fuel O&M cost. This applies to single and multi-unit plants.

4. During the survey period, 1999-2001, the data did not indicate any trend of growth or
reduction in annual maintenance workload or its breakdown. That is, there has been no
growth or reduction in the number of PM or CM work orders serviced during the survey
period.

5. Only one of the six plants in the survey had a comprehensive system to capture actual
person-hours spent on each work order by the craft and other support staff such as planners,
work control and maintenance support engineers/technicians. Others did not do so, either
fully or partially. Actual hours are a valuable data set to mine for opportunities for
improvements in cost effectiveness of maintenance. For example, three of the six plants in
the survey had emergency work order counts in the hundreds. Those plants also had high
maintenance costs relative to others in the survey. While the high cost of maintenance may
be due to any number of reasons, looking at the work order prioritization and hours spent on
emergency work execution may lead to cost savings.
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6. Atthe surveyed plants, PdM apparently means thermography, oil analysis, and vibration
analysis. This narrow view seems to be prevalent throughout the industry as shown by the
discussions the investigators had with PdM engineers gathered at a recent User Group
meeting. In reality, more than a dozen other programs such as motor monitoring, MOV
diagnostics, transformer monitoring, DG performance analysis, and flow accelerated
corrosion fall into this category.

7. The responsibilities and budgets for PdM are dispersed under many plant groups in the
engineering and the plant O&M organizations. If a comprehensive view were taken of all the
PdM programs in place at a plant, it would reveal an activity of substantial scope and budget
that could benefit from consolidation under one organization. Together, the total annual
expenditure for all PAM programs together is estimated to exceed 3 million dollars and 25000
person-hours. Such a consolidation could potentially reduce cost and improve the efficiency
of managing and delivering this function, level of expertise, and data management.

8. Generally, PdM-related field data collection is performed mostly by the maintenance craft. In
some plants, some of the IR and vibration data collection is apparently performed by system
engineers. It would be preferable to transition to a situation where all PdM data collection,
diagnostic testing, and first level screening of the data are performed routinely by
maintenance craft as some plants have done. Besides freeing up the engineers, it would have
the benefit of having large cadre of trained personnel capable of doing this work and permit
integrating PdM data collection as part of the maintenance routine.

9. Generally, it was noted that PdM engineering analysis expertise for each PdM is concentrated
in an individual, often with no backups. Tlsisuation is not conducive to smooth functioning
and transition for the long run. Consolidation of PdMs under one roof would offer
opportunities to develop and maintain backup capabilities.

10. At some plants, some PdM tasks (IR survey, oil analysis sample collection) are not
performed under the work order system. It would be preferable to perform all PdM work
under the work order system. Currently, PdM work is coded under the “PM” category in the
MMS. PdM work orders should be uniformly coded under their own category such as “PdM-
OI” for oil analysis. That would permit monitoring the cost of PdM and its benefits. A larger
guestion that needs to be addressed is, are PdMs living up to their expectations, (that is,
reduce PM and/or reduce/eliminate CM). This question can be answered from the work order
system if all the PdM tasks, affected equipment ID numbers, and actual hours can be tracked.

11. Rework and backlog, the two widely used indicators in the industry lack consistent
definitions. In addition, because the data capture depends heavily on human intervention, the
data obtained from the plants varied so much that that it raised questions about the true value
of these indicators as used today (that is, tliléyato draw meaningful conclusions about the
maintenance process and make meaningful comparisons across the industry). See Sections
4.5.6 and 4.5.8 for a detailed discussion.

12. At three of the six surveyed plants, the number of emergency work orders per year ranged in
the hundreds per unit per year. One had two emergency work orders per unit per year. The
wide disparity in these numbers raises the question of whether the prioritization of work in
plants is based on uniform criteria. If it is true (investigators believe otherwise) that three
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plants with the counts in the hundreds are correctly prioritizing their work orders, then it
points to an opportunity for substantial cost saving through improvements in PM.

13. Other metrics that can be computed from the data available in a typical plant MMS include
the following:

e Days to close out work order documentation—indicates staff service level
e Response time for CM work requests—indicates maintenance response level

e Mean time to repair for all components with a CM work order—indicates maintenance
response level, provides a basis for refining estimated durations for CM work, and
improves work scheduling

e Maintenance improvement index—Indicates improvement, or lack thereof, for selected
maintenance metric(s)

e Mean time to failure for all components with a CM work order—Indicates service level,
provides a basis for replacement decisions

e Cost of servicing emergency work orders—identifies opportunities for reducing cost of
maintenance function
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SUMMARY

Effective maintenance programs are those that can deliver reliable performance of systems,
structures, and components with maximum availability and life at the lowest practical cost in
comparison to peers/industry. Special performance requirements and increased competition in
the utility industry demand a well-thought-out maimance strategy supported by a balanced mix

of maintenance programs. Current maintenatregegjies include a mix of maintenance activities

that have evolved over the years. Although maintenance programs have been generally
successful in ensuring an adequate level of system and equipment availability, the programs are
composed of an assorted mix of preventive and corrective maintenance activities that are not
necessarily cost effective. Learning curve considerations and evolutionary responses to operating
experience, management requirements, and regulatory demands have relegated cost effectiveness
to a secondary consideration.

Over the past decade, utilities have also experimented (with varying levels of success) with
preventive maintenance optimization programs using reliability-centered maintenance (RCM),
customized versions of RCM, or otheflinuse methodologies. Recognition that periodic
maintenance alone may not be sufficient to arrest/reduce age-induced failures has broadened the
use ofpredictive maintenance (PdM) technologies or condition monitoring. Unfortunately, PdM
efforts have also evolved randomly. PdMs were introduced to address specific needs or to better
operate within resource constraints. Further, the maintenance rule, which became effective in
1996, caused plants to implement steps to strengthen various aspects of maintenance programs
including significantly expanding the scopepoéventive maintenance (PM) programs.

A set of metrics that looks at the three Ps of maintenance (performance, process, and
productivity) can be useful in assessing maintenance effectiveness. Such a set of metrics along
with the respective benchmarks is presented and discussed in Section 4 of this document. The
work performed to develop the benchmarks given in this document for each of the metrics
involved six plants, which represents a total of 13 units. This work also established that the
metrics could be generated using data available in the existing plant data systems. If used on an
ongoing basis, this set of metrics can:

e |dentify potential areas of concern in maintenance before they become a problem
e Provide a basis for calibrating a plant maintenance program against its peers or the industry

e Focus or reduce the level of effort to conduct peer/self assessments currently being
performed at nuclear power plants
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Some examples of the key insights gained about maintenance programs/functions during this
benchmarking effort are as follows:

e The data required to compute the metrics discussed in this document were available and
readily retrievable from most plants’ MMS and a few other data systems. Queries were
written by the maintenance support staff (on the average, required a few hours) to download
the data into a Microsoft Excel spreadsheet for further processing. At each of the surveyed
plants, the staff required to support the project was about two fulltime equivalents for one
week.

e In general, maintenance cost as a percentage of non-fuel O&M cost was about 25%.

e Only one of the six plants in the survey had a comprehensive system to capture actual
person-hours spent on each work order by the craft and other support staff such as planners,
work control, and maintenance support engineers/technicians. Others did not do so, either
fully or partially. Actual hours can be a valuable data set when looking for improvement
opportunities in cost effectiveness of maintenance. For example, monitoring the cost of
emergency maintenance can identify opportunities for cost savings by implementing steps to
eliminate or reduce the need for emergency maintenance.

e A more comprehensive view of what constitutes PdM and how that those activities can be
more effectively implemented could improve efficiency. At most plants, PdM means
thermography, oil analysis, and vibration analysis. In reality, more than a dozen other
programs, for example, motor monitoring, MOV diagnostics, and diesel engine performance
analysis to name a few, fall into this category. The responsibilities and budgets are dispersed
under many groups. If a comprehensive view is taken of all the PdM programs in place, it
would reveal a substantial scope and budget that deserves consolidation under one
organization. Such a consolidation, offers the potential to improve the efficiency of managing
and delivering this function, the level of expertise, and data management.

e Rework and backlog were two of the most widely used indicators in the industry; however,
both lack consistent definitions and use. In addition, because the data capture depends
heavily on human intervention, the data obtained from the plants varied so much until it
raised questions about the true value of these indicators and the ability to make meaningful
comparisons across the industry. This report offers definitions that, if used, could bring
consistency and allow plants to compare values for these and other indicators or metrics.
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SURVEY AND ANALYSIS METHODOLOGY

Early in the project, it was decided that the benchmarks for the proposed metrics set would be
developed based on actual data gathered through site visits to a representative sample of nuclear
plants. This appendix describes the criteria used for selecting the representative sample, the data
gathered from the plants, and the analysis performed.

A.1 Survey Population

Currently, in the United States, there are 69 nuclear plants with 102 units, dispersed
geographically. This population includes four different reactor typigls installed capacities
ranging from 500 MW to 1300+ MW. To ensure that the data for developing the maintenance
metric benchmarks are representative of the industry as a whole, the following criteria for
selecting plants were established:

e Single plant and multi-plant owners should be included.

e Single unit and multi-unit plants should be included.

e Plants should be geographically dispersed.

e Early vintage and recent vintage plants should be included.

e The range of installed capacities should be adequately covered.

e All four reactor types should be included.

e Atleast 15% of the population in both unit counts and installed capacities should be
included.

e Investor-owned and government-owned plants should be included.

e To the extent practical, plant designs by at least three different architect-engineers (AEs)
should be included.

' Boiling water reactors from General Electric Co. and presstinivater reactors from Westinghouse, Combustion Engineering,
and Babcock and Wilcox.
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The survey population consisted of six plants, referred to throughout this report only as plants
A-F’, and together had the following characteristics:

e Six plants of the total 69 plants operating are represented.

e Thirteen units of the 106 units operating are represented.

e Installed capacities ranged from 600 MW to 1350 MW.

e Total installed capacity included 13,000+ MWs of the 102,000 total MWs.
e Single plant and multi-plant owners are represented.

e Single, two and three unit plants are represented.

e All four reactor types are represented.

e Designs from two different AEs are represented.

e Plants are geographically dispersed across the United States.

e Early vintage and recent vintage plants are represented.

Thus, the population selected met eight of the nine criteria listed; the exception was criterion 7.
Early in the project, it was acknowledged that, since participation was voluntary, it might be
difficult to meet all of the criteria. Therefore, the population sample is believed to be
representative of the entire installed nuclear plant population in the United States. As a
crosscheck, historical data on non-fuel O&M costs for the surveyed plants were reviewed. As
shown in Figure A-1, they are evenly spread around the average, indicating that the population is
reasonably representative of the industry.
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Figure A-1
Non-Fuel O&M Cost for Surveyed Plants

?In accordance with the confidentiality agremmhwith the individual plants, throughout this report, plants are referredytasnl
plants A through F.
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A.2 Data Gathered

The metrics set for monitoring and assessing maintenance effectiveness consists of 42 metrics.
The total number of data elements collected from the plant databases was 91. Most of these data
came from three databases: maintenance management system, equipment list, and the PM basis.
Table A-1 lists each data element and its source.

Table A-1
Source of Data Elements

Row # Data Element Source of Data
1 Number of maintenance-induced unplanned trips LER database and actual LERs
5 Number of maintenance-induced unplanned power LER database and actual LERS
loss events

3 Number of maintenance-induced violations LER database and actual LERs

4 Number of maintenance-induced LERs LER database and actual LERs

5 Lost time incidents - maintenance injuries only Plant safety records database

6 Worker exposure (maintenance dept.) in rems Plant exposure records database

7 Total annual maintenance cost in $ Calculated

8 Annual cost in $ under maintenance dept. control Zézzr;tufrl]r:zigrc)l(?r[tgecords and FERC

9 Annual PdM cost calculated for various programs Individuals responsible for the specific
program

10 Contracted maintenance/services in dollars Plant financial records

11 Annual production in MWhrs Plant production reports

12 Person-hour cost allocated to PM Calculated with data from MMS

13 Person-hour cost allocated to PdM Individuals responsible for the specific
program

14 Person-hour cost allocated to CM Calculated with data from MMS
Estimates provided by training dept or

15 Cost allocated to maintenance craft training actual data from training records
database

16 Annual person-hours spent on maintenance including Calculated from _organization charts

PdM supplemented with data from MMS

17 | personours expence on P e oo o

18 | persorours expenced on e oo o ot

19 Person-hours expended on PdM Individuals responsible for the specific
program

20 Total work orders serviced incl. PdM Calculated with data from MMS

21 Number of work orders serviced Calculated with data from MMS

22 Number of PM work orders serviced including PdM Calculated with data from MMS

23 Number of CM work orders serviced Calculated with data from MMS

24 Number of PdM work orders serviced Calculated with data from MMS

25 Number of RS work orders serviced = HR + MR Calculated with data from MMS

26 N/umber of NRS work orders serviced = LR + NRS + Calculated with data from MMS

n/a
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Row # Data Element Source of Data

27 Number of SR work orders serviced Calculated with data from MMS

28 Number of NSR work orders serviced Calculated with data from MMS

29 Number of work orders attributable to rework Calculated with data from MMS

30 Number of work orders attributable to emergency Calculated with data from MMS

work

31 Backlog count

32 Backlog count — I1&C Maintenance support staff records

33 Backlog count — Electrical Maintenance support staff records

34 Backlog count - Mechanical Maintenance support staff records

35 Periodic maintenance Calculated from MMS dat_a where
actual hours data are available

36 Predictive maintenance Calculated from MMS datg where
actual hours data are available

37 Corrective maintenance Calculated from MMS data where
actual hours data are available

39 Mechanical Calculated from organization charts

40 Electrical Calculated from organization charts

41 1&C Calculated from organization charts

42 Other craft Calculated from organization charts

43 Total craft hours available Calculated from organization charts

a4 Craft wrench time Calculated from data gathered through

interviews

45 Person hours for selected equipment
. . Calculated from MMS data where
46 Main turbine :
actual hours data are available
. Calculated from MMS data where
47 Main generator .
actual hours data are available
. Calculated from MMS data where
48 Diesel generator )
actual hours data are available
Calculated from MMS data where
49 Reactor coolant pumps .
actual hours data are available
Calculated from MMS data where
50 Feedwater pumps )
actual hours data are available
51 Main steam and feedwater isolation valves Calculated from MMS datg where
actual hours data are available
. Calculated from MMS data where
52 Plant protection system )
actual hours data are available
. . Calculated from MMS data where
53 Nuclear instrumentation system .
actual hours data are available
. L Calculated from MMS data where
54 Radiation monitoring system .
actual hours data are available
. Calculated from MMS data where
55 Security system ;
actual hours data are available
56 Number of tagged components in the plant Equipment list
57 Number of SR equipment items Equipment list
58 Number of NSR equipment items Equipment list
59 Number of RS equipment items Equipment list
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Row # Data Element Source of Data
60 Number of NRS equipment items Equipment list
61 Number of equipment items covered under PM (incl. Equipment list
PdM)
62 Number of equipment items covered under CM Equipment list
63 Number of equipment items covered under PdM Equipment list
64 Number of SR equipment items covered under PM Equipment list
(incl. PdM)
65 Number of SR equipment items covered under CM Equipment list
66 Number of SR equipment items covered under PdM Equipment list
67 I\_lumber of NSR equipment items covered under PM Equipment list
(incl. PdM)
68 Number of NSR equipment items covered under CM Equipment list
69 Number of NSR equipment items covered under PdM Equipment list
70 Number of RS equipment items covered under CM only| Equipment list
71 Number of RS equipment items covered under PM incl.| Equipment list
PdM
72 Number of RS equipment items covered under PdM Equipment list
73 Nulmber of NRS equipment items covered under CM Equipment list
only
74 !\Iumber of NRS equipment items covered under PM Equipment list
incl. PdM
75 Number of NRS equipment items covered under PdM Equipment list
76 Number of PMs performed at power PM basis database and/or MMS
77 Number of PMs performed during outage only PM basis database and/or MMS
78 Number of PMs on SR equipment performed at power | PM basis database and/or MMS
79 Number of PMs on SR equipment performed during PM basis database and/or MMS
outage only
80 Number of PMs on NSR equipment performed at power| PM basis database and/or MMS
81 Number of PMs on NSR equipment performed during PM basis database and/or MMS
outage only
82 Number of PdMs on SR equipment performed at power PdM ldatabase. maintained by
cognizant engineers
83 Number of PdMs on NSR equipment performed at PdM _database_ maintained by
power cognizant engineers
84 Staff person-hours Calculated from organization charts
85 Number of mechanical planner hours available Calculated from organization charts
86 Number of electrical planner hours available Calculated from organization charts
87 Number of I&C planner hours available Calculated from organization charts
88 Number of other planner hours available Calculated from organization charts
89 Total number of procedures Procedure database
90 Number of procedure changes Procedure database
91 Number of procedures affected Procedure database

For informational purposes, the data collection took approximately, two person-weeks of work
by the EPRI team and two person-weeks of support from the plant maintenance support staff.
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A.3 Data Analysis

Mostly, the data downloads were received from the plants in either comma-separated values
format or direct Excel spreadsheets. The benchmark values provided in Section 4 were derived
from standard Excel spreadsheet operations performed on the data downloads. Data analysis
consisted of the following:

e Exporting the data downloads if necessary, into Excel spreadsheets.

e Reviewing the data downloads to ensure data integrity. With very few exceptions, the data
downloads from the plants were readily usable and required only a few adjustments, mostly
deletions of a few corrupt records.

e Deleting records that were non-maintenance responsibility. For example, in some plants,
surveillance tests performed by maintenance personnel and operations were listed with the
same category. That required identifying and deleting records using performing craft code.

e Rearranging the data in a standard format so that data from all plants could be used to
perform standard Excel operations such as consolidation, pivot calculations, Dcount, and
Dsum. Pivot tables were used to obtain counts and sums. Consolidation operations were used
to obtain unique counts.

e When required, adjusting the counts for work performed without work orders. For instance,
in one plant, minor and routine maintenance work such as lubrication was performed under
task cards that were not recorded in the work order management system.

e Adjusting the counts for the PdM work not performed under the work order management
system.

A.4 Summary of Plant Metrics

Table A-2 presents a summary of the metrics calculated for the surveyed plants and their
averages. For multi-unit plants, the values in the tables for the metrics are per unit. Because the
plants surveyed are believed to be representative of the industry as a whole, these averages are
considered reasonable benchmarks for the respective metrics.
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Table A-2
Metrics Values for Surveyed Plants and Benchmarks
Metrics Plant A| [PlantB| [PlantC| |PlantD | |Plant E| | Plant F | |Benchmark
Performance metrics
Number of maintenance-induced unplanned trips| 0.00 0.00 0.67 0.00 0.33 0.33 0.22
Number of maintenance-induced unplanned powger g og 0.00 0.33 0.00 0.44 0.00 0.13
loss events
Number of maintenance-induced violations 0.67 0.00 0.00 0.00 0.00 0.00 011
Number of maintenance-induced LER 2.00 1.00 2.00 4.00 0.56 1.00 176
Lost time incidents - maintenance injuries only NA 133 1.06 1.50 1.00 0.67 111
Worker exposre (maintenance department) in 12 NA 64 48 93 64 56
person-rems
Annual direct maintenance dds centsKWhr 0.21 0.12 NA 0.33 0.47 0.30 0.28
Annual persn-hoursexpended on maintenance in| 37 33 43 47 45 46 42
hrs/MILLION KWhr
Process Metrics
) ) ) 8752 10227 6280 18081 10986 17724 12008
Total number of work ordergrviced including PdM
Percentage of work ordedesgnated PM 68% 2% S7% 81% 3% 70% 70%
Percentage of work ordedesgnated ®/ 32% 28% 43% 19% 271% 30% 30%
Percentage of work ordedesgnated sfety-related | 44% 39% 28% 27% 23% 21% 30%
Zelgtt::gtage of work ordedesgnated nonafety- 56% 60% 7204 73% 77% 79% 69%
Percentage of pesa-hoursexpended on PM 53% ST% 46% 65% 59% 50% 55%
Percentage of pasa-hoursexpended on & 46% 40% 57% 30% 46% 44% 44%
Percentage of peva-hoursexpended on PdM as 8% 6% 504 20 1% 1% 1%
percentage of PM
Percentage of pa]l_a—hoursexpended ontraining as 5oy 5% 4% 5% 5% 5% 5%
percentage of maintenance mhrs
Contracted maintenance as percentage of maint jcot% NA 13% NA NA NA 9%
Number of equipment items in the plant 86238 | | 63721 | | 54111 | | 89393 | | 57542 | | 67764 69795
Percentage of equipmerafsty-related 19% 18% 23% 29% 17% 29% 22%
Percentage of equipment nasfegy-related 81% 9% 7% 1% 83% 71% 7%
Percentage of equipment covered under PM 13% 18% 12% 6% 5% 9% 11%
Percentage of equipment covered undér C 87% 82% 88% 94% 95% 91% 89%
Percentage of equipment itewsvered under PdMm| 2% 1% 2% 1% 1% 1% 1%
Percgntage of SBquipment itemsovered under 26% 57% 19% 5% 12% 10% 21%
PM (incl PdM)
Perc_entage of NSBquipment itemsovered under | 1oy 9% 9% 5% 3% 9% 8%
PM (incl PdM)
Percentage of online PM 75% 70% 58% 76% 64% 73% 69%
gg\x:eerntage of PM on S&juipment performed at 74% 73% 54% 65% 58% 66% 65%
gg\x:eerntage of PM on NS&juipment performed at| 76% 65% 7204 80% 66% 77% 73%
Productivity metrics
Wrench time 66% 66% 52% 60% 62% 58% 61%
Craft work order turnover/week 102 142 180 200 163 198 164
Planner/craft ratio 8% 9% 23% % 10%
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Metrics PlantA| [PlantB | |PlantC | |PlantD| [Plant E| | Plant F| [Benchmark

Work orders per planner-week (3) 19 1 6 19 15 19 15
Staff to craft ratio of person-hours 22% 25% 41% 36% 35% 38% 33%
Work orders per staff week 17 7 6 7 5 6 8
Number of work orders attributable to rework 43 35 24 12 18 9 24
\l,\lvg?;ber of work orders attributable to emergency 2 7 47 400 121 338 153
Backlog count (1) 574 673 456 67 46 52 55
Days overdue-backlog (2) 15 11 10 9 8 7 10
Person-hours/100Mw of installed capacity 26857 23913 25817 36949 36332 37798 31278
Percentage procedure change 2% 80% 52% NA 76% NA 70%
Percentage of procedures affected 47% 50% 28% NA 50% NA 44%
Human Performance | ndex 2% % 66% 81% 65% 84% 74%
Productivity I ndex 67% 2% 60% 68% 69% 68% 67%
M aintenance Effectiveness | ndex 71% 79% 57% 68% 60% 69% 67%

Notes:

1. Backlog benchmark is the average of Plants @nH,F only, and it is based on > 90 days overdue-backlog.
2. Days overdue-backlog is calculated using > 90 days overdue-backlog benchmark for plants A, B, and C where

the relevant data are not available.
3. Work orders/planner-week is calculated based on 60% of the work orders subject to planning.
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B

BREAKDOWN OF MAINTENANCE PERSON-HOURS

Breakdown of maintenance person-hours by maintenance type was established using a
“difficulty factor” (DF) because the actual person-hours spent on maintenance were not captured
in the work order system by all plants in the survey population. In one of the surveyed plants,
actual person-hours spent by craft, planning, work control, and administrative staff were
captured against each work order and were readily retrievable from the maintenance
management system. As a first step, using actual hours data, a difficulty factor for CM activities
was established as shown in Table B-1.

Table B-1
Calculation of CM/PM Difficulty Factor

Row # Allocation of Person-Hours Between PM and CM Value
1 Number of PM work orders 14527
2 Number of CM work orders 5632
3 PM hours based on actual hours 256758
4 CM hours based on actual hours 254143
5 Hrs/PM WO 18
6 Hrs/CM WO 45
7 Difficulty factor (DF) for CM compared to PM = row 6/row 5 2.55

For plants that did not have actual hours captured, the total available maintenance person-hours
were allocated between CM and PM by using the hours/equivalent PM WO as shown in rows 8—
10 in the example in Table B-2.

Table B-2
Allocation of Available Hours Between PM and CM

Row # Description Value

1 Total craft + staff hours available = # persons x 1840 hrs/yr/person| 778320

2 Training hours @2100hr/craft/yr and 50/staff/year 32000

3 Hours available for work 746320

B-1
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Appendix B: Breakdown of Maintenance Person-Hours

Table B-2 (continued)
Allocation of Available Hours Between PM and CM

Row # Description Value
4 Number of PM work orders 14527
5 Number of CM work orders 5632
6 Difficulty factor for CM compared to PM 2.00
7 Number of PM equivalent of CM work orders = row 6 x row 5 11264
8 Total PM equivalent WO = row 7+ row 4 25791
9 Hours/PM WO =row 3/ row 8 29
10 PM hours = row 9 x row 4 420367
11 CM hours =row 9 x row 7 325953
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ABBREVIATIONS

CM corrective maintenance

EPA Environmental Protection Agency

EPRI  Electric Power Research Institute

EQ environmental qualification

FIN Fix-1t-Now Team

IAEA International Atomic Energy Agency
1&C instrumentation and control

INPO Institute of Nuclear Power Operations
kWhr  kilowatt-hour

LCO limiting conditions of operation

LER  Licensee Event Report

MMS maintenance management system (computerized or CMMYS)
MOV  motor-operated valve

MTBF mean time between failures

MWhr megawatt-hour

NEI Nuclear Energy Institute

NRC  Nuclear Regulatory Commission

O&M  operations and maintenance

OSHA Occupational Safety and Health Administration
PM preventive maintenance

PdM predictive maintenance

RCM  reliability-centered maintenance

SSC structures, systems, and components
WANO World Association of Nuclear Operators
WIN  Work-1t-Now Team
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