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ABSTRACT

A significant proportion of assets of the bulk power infrastructure of North America is in
the 25 - 35 age range and is approaching its theoretical end-of-life. Replacing these
assets within the next 10 to 25 years for ensuring the reliability of the power system will
require massive investments. Therefore, developing a long-term replacement capital
strategy for these aging assets is critical in order to maximize the limited financial
resources that will be available.

To address this situation, the British Columbia Transmission Corporation (BCTC) has
developed a conceptual model for all major asset classes for assessing their
replacement costs and expected end-of-life.

The initial model was based on discussions with Asset Managers, in-house experts,
industrial documentation and average end-of-life estimates that are assigned to each of
the 33 asset categories such as circuit breakers, transformers, or power lines. In service
as well as decommissioned assets data are also gathered and analyzed.

Using selected normal, Weibull and lowa distribution curves o f assetsod histor
and actual industry data, end-of-life cumulative probability of failure curves are

calculated for each asset category. The gross book value for assets was converted to
replacement costs. By using a combination of the age distribution profile, cumulative

end-of-life probability curves and replacement costs, estimates for replacement capital

were calculated.

Preliminary results of the analysis showed a shortfall in the budget for sustain capital
over the next 15 years and additional annual investment is required in order to mitigate
the large concentration of replacement projects in the future.

The accuracy of the model will be greatly increased as more asset field and
maintenance data are gathered and analyzed. In this regard, BCTC teamed up with
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INTERPRO in order to integrate its conceptual model into their EPS-M Application. This
will provide a powerful data acquisition and data analysis platform that would improve
the accuracy of the results while increasing the efficiency of the studies.

The model and the application presented in this paper were developed for transmission
grid assets such as circuit breakers, transformers, power lines, etc. On the other hand,
they can easily be adapted for application and analysis of long-term asset replacement
capital strategies.



1. INTRODUCTION

Most utility companies in North America have built the bulk of their infrastructure in the
1960s and 1970s. Since typical assets have a life expectancy of 30 to 50 years, utilities
are now facing the challenge of maintaining or replacing their aging infrastructure where
several critical assets have reached or exceeded their expected life span. In addition,
most utilities do not have the financial resources and the necessary manpower for
replacing in the next two decades all assets that have exceeded their expected
theoretical life span. Furthermore, budgeting for asset capitalization is harder than ever
and funding requests made to regulatory bodies, stakeholders, agencies or venture
capital companies must be thoroughly documented and supported by a transparent and
realistic methodology based on hard data. In addition, regulatory reliability requirements
are constantly increasing, which means maintaining a high level of service with minimal
disruption to the customers.

On the other hand, not all of these aging assets have been exposed to the same level of
stress and their specific importance in supporting business objectives varies. This
means that the need to be replaced has to be put in perspective with not only the
anticipated reliability but also the criticality of the application. In this context, one of the
most attractive options for utilities is to consider extending the life of assets while
managing the risk associated with it. Although the physical age of an asset may be an
indication of its maintenance requirements, the age alone is not sufficient to determine
the reliability of an asset.

Instead, the actual usage of an asset, its condition, and performance must be taken into
account when prioritizing maintenance works or replacement. This leads to a new
paradigm in asset management where some 40-year-old asset may still have several
years left while a 25-year-old similar asset may be in critical condition and need
immediate replacement. This approach also implies that several sources of data
associated with assets and systems need to be managed in order to allow in depth
analysis.

The assessment of the effective age of assets is performed with statistical models
relying on a huge amount of data. Most utilities, including BCTC, are faced with the fact
that the historical data needed for these statistical models may be of poor quality of
simply missing. Statistical methodologies are available for estimating reasonable data
from scarce or poor quality data sets. Typical data sets may include operational data
(capacity, current, temperature, vibrations, opening and closing (in P.U.), fault
interruptions etc.), test / inspection measurements (oil temperature, gas concentration,
wear and tear, etc.), overall performance or maintenance history to name a few. The
accuracy of the effective age assessment of an asset is directly linked to the availability
and quality of the relevant data.

In order to improve their asset management processes and better plan its assets long-
term replacement capital strategy, utilities need to establish an exhaustive list of all data
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sources, data flows, data delivery points, systems and applications, data and application
owners, and so on.

This paper presents the methodology developed by the British Columbia Transmission
Corporation (BCTC) for assessing the asset long-term replacement capital requirements
in order to sustain a required level of reliability and performance while minimizing the
asset risk associated with equipment failure. The Methodology involves assessing the
effective age of assets based on performance history and field data as well as
maintenance history and providing a system view which takes into consideration the
impact of failures [ref 1 and 2].

The Methodology was developed for transmission assets but can equally be used with
generation and distribution assets. In this paper, the Methodology is presented in a
context that is more familiar to hydro generation companies and also covers the IT
approach taken by BCTC to collect and analyze data.

2. AN OVERVIEW OF THE STRATEGIC ASSET MANAGEMENT (SAM)
METHODOLOGY

2.1 Asset Management definitions and Concepts

Asset Management is simply the optimum way of managing assets to achieve a desired
and sustainable outcome as defined in the BSi PAS 55 documentation.

More specifically, this encompasses the set of disciplines, methods, procedures & tools
to optimize the whole life business impact of costs, performance and risk exposures of
the companyb6s physical assets.

A key concept underlying the Methodology presented in this paper is that performances
of aging assets are expected to decrease over time and cannot be revert regardless of
the maintenance investment. Sound maintenance practices will allow assets to perform
within a specific performance range expected for a given age but an aging asset could
never be brought back to a level of performance similar to a brand new identical asset.

However, a significant increase in the levels of investments for each decade is
necessary in order to maintain the current reliability. Reliability is a measurement of
equipment downtime using metrics such as the System Average Interruption Duration
Index (SAIDI).

For BCTC, about 30% of reliability is directly attributable to asset performance, such as
equipment failures. The remaining 70% is indirect and non-asset-related, such as those
caused by fallen trees and severe weather (that is, equipment failures unrelated to the
lifespan of the equipment). Creating asset management strategies requires a holistic
approach that addresses both the asset and non-asset-related reliability causes.
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2.2 BCTC Objectives

In 2005 the British Columbia Utilities Commission (BCUC) has requested BCTC to
demonstrate a long-term plan for maintaining reliability in a cost-effective and
transparent way. BCTC translated these requirements into the following objectives.

1. Provide asset managers, executives & other stakeholders an asset-centric view
of BCTCOs transmission and substation

2. Provide a consistent method of assessing asset health and predicting required
investments levels to improve or maintain asset performance and reliability.

3. Provide transparent information to regulators.

To achieve these objectives, the Methodology focuses on the Sustain Capital and more
specifically on the Maintain Capital, which includes:

¢ Replacement Capital i Investment required to replace assets at the end of their
useful life.
e Life extension Capital i Investment required to extend the useful life of assets

The Sustain Capital also includes the Enhance Capital which represents the investment
required to change the original design for reliability improvement such as adding
redundancy, increasing performance or improving seismic resistance. These
improvements are typically performed on a case-by-case basis and are not covered, for
the moment by the Methodology.

2.3 BCTC Challenges

The following list presents the main challenges encountered by BCTC before

implementing the Methodology:

¢ Inconsistent interpretation: There was conflicting interpretation regarding Work
Management vs. Asset Management.

e Transparency & Repeatability: Many decision were supported by subjective analysis
or rules of thumbs instead of hard data and a proven methodology.

¢ Intimate knowledge of assets by employees: Documentation for several important
assets was not available in written documents. This was not a sustainable position.

¢ Knowledge was hard to communicate: Without formal methodology, knowledge is
communicated on an had hoc fashion that can lead to mistrust.

e Quality & Access to Data: Undocumented data sources and legacy systems led to
poor data quality and missing data.

e Silo Structure: Working in silos led to a lack of a broader view and no high level
approach. This resulted in a poor consistency, data duplication and several sources
of truth.

e Questionable accountability: There were no or very few performance metrics &
performance targets.



24 BCTC Approach

The following summarizes the key drivers behind the development of the Strategic
Asset management (SAM) Methodology:

1. One System, One Asset i One View (One source of truth). In other words, this
means managing the assets at the system level as illustrated in figure 1:
1. Using a system view top down approach to complement the bottom up
approach traditionally used by utility companies;
2. No Asset should be analyzed in isolation;
3. Strong link between System Analysis and Asset Analysis;
4. All Asset Managers and Executives focus in the same direction
2. 80/20 rule i most of the efforts should be spent analyzing data instead of
gathering data. Typically BCTC is targeting 80% of the effort for analyzing data
and 20% for data collection.
3. The methodology had to be integrated in a user-friendly system with powerful
graphical interfaces with views allowing the drill down of information from system
to individual asset view.

Financial

Risk Based
Analysis Inputs

Inputs

Asset Condition
Assessment

Maintenance
Requirements

Reliability and
Regulatory
Requirements

Performance
Data

| Cost Data '

Figure 1. One System, One Asset i One View

25 The SAM Methodology

The Methodology and its key elements are illustrated in Figure 2 and will be presented
in more details in the following sections.
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Figure 2: Overview of the methodology

2.5.1 Asset Inventory and Classification

Successful implementation of the Methodology for assessing long-term investment
capital depends on a comprehensive inventory of all critical assets. More specifically,
the Methodology requires the following data collection:
¢ Demographic data for each asset type and class. Some examples of asset types
include turbine, alternator, shaft, spiral case, step up transformer and circuit
breaker to name a few. The asset class comprises all types of turbine, for
example, for all power output. The classification can be refined in sub classes
such as Kaplan, Francis or Pelton for turbine and can be extended furthermore
into manufacturer sub classes and manufacturing dates.
e Historical failures and retirements that show end-of-life for equipment. In other

wor ds, the assetsd decommi ssi on ed-lifedon t

any reason.
¢ Replacement costs for assets in present value.

The more refined the classification, the easier it will be to assess health indices and
expected life span of assets as it will be described in the following sections of this

paper.

For many utilities, including BCTC, extracting old data can be challenging because of

poor quality or missing data. In cases where datad oes no6t exi st , it
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t he age di stribution of assets. For i
commissioned dates for power plants and power units than it is for trash racks and
wicket gate systems. Therefore, you can estimate the commissioned dates of the latter
based on the commissioned dates of the former. In other cases, it may make sense to
take a sample of a large population of assets. For example, thousands of low-pressure
valves and pipes may have no commissioned dates. By extrapolating from a sample,
you can estimate the age profile of all low-pressure valves and pipe.

2.5.2 Asset Health Indices (AHI)

The asset health indices are determined by using information related to the asset
condition and the asset performance

Asset Condition

In the Methodology, asset condition is assessed with an empirical formula established
for each class of assets. This formula is based on parameters that are specific for each
class. In the case of air blast circuit breaker, for example, some of the 13 parameters
are: air consumptions tests, contact resistance, moisture content and leaks to name a
few. A weighted factor can also be assigned to each of these parameters.

Based on field tests results and/or visual inspection for each individual asset of a class,
a condition assessment index is assigned to each of these parameters. The condition
index values range from A to E:

Excellent condition or within specifications with high margins;

Good condition or within specification with minimal or without margins;

Non critical damage or few measurements outside specifications;

Extensive damage or several measurements outside specifications;

Damages or degradations beyond repair.

moowz

The result of the empirical formula is an asset health index ranging from A to E that
represents the global health condition of each individual asset of a class. This health
index can also be used to assess the effective age of an asset, as will be presented
later.

Asset Historical Performance Data

Historical performance data of assets can be used to establish and refine the empirical
formula described above. Furthermore, historical data can also be used to assign a
weight factor to each of the asset class parameters used in the empirical formula.

2.5.3 Asset Failure Probability & Expected Remaining Life

Asset Life Curve
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The Methodology presented in this paper is derived from the principles of Normal
Distribution and Central Limit Theorem. This Theorem states that the mean of any
distribution with a finite means and variance follows the Normal Distribution, with a few

events at the extreme ends and many in the middle (the st andar d i lasl

illustrated in figure 3.

Theoretical Correlations Between
Asset Age & Expected Asset Condtions

o

Asset Retired Distribution

an B c D E

0% 10% 20% 30% 40% 50% 60% 0% 80% 0%
Age (% of Life) & Expected Conditions

B2 p-condition E=B-condition E=C-condition ED-condition EE@E-condition — Asset Life Curve

Figure 3: Theoretical Asset Retired Distribution

Thus, based on discussions with Asset Managers, in-house experts, industrial
document, and in-service as well as decommissioned asset data, average end-of-life
estimates were assigned to each asset class described previously. A normal
distribution, end-of-life cumulative probability of failure curves was generated from the
end-of-life estimates for each asset class.

The Mean Life (or mean lifespan) refers to the point at which 50% of the assets in a
class have been replaced or retired. In the Methodology, the failure rates of electric
utility assets are assumed to follow a Normal Distribution. In other words, a small
percentage of assets fail during the early life cycle, a few last beyond the average
expected life span, but the majority fail within their mean life.

Note: The Weibull curve used to model a lifespan of electric utility assets i also known
as the fbai Wasuodbinit@ally cheserofor the Methodology because the costs
of replacing infant failures are covered by manufacturers under warranty. Such infant
failures do not constitute end-of-life for the equipment and have no significant impact on
investment, because the equipment is repaired or replaced by manufacturers.
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On the other hand, it was recognized that assets were retired more rapidly after their
mean life (50%) than what was predicted by the normal distribution curve. Thus
additional distributions such as Weibull and lowa were generated for modeling more
realistically the retirement rate of aging assets. Thus, the methodology provides a
selection of distributions that can be merged and customized according to each class of
assets. Typically, a normal distribution is used for the first 50% of the asset life and then
a Weibull or lowa distribution is used for the remaining 50%.

End-of-life means an asset can no longer operate economically to its original design or
purpose due to:
e Technical obsolescence.
Poor performance (efficiency)
Lack of original equipment manufacturer (OEM) support.
No longer meets current safety rules.
No longer meets current environmental or regulatory requirements.
Unacceptable failure rates resulting in higher maintenance costs.
Maintenance costs exceeding replacement costs.
Catastrophic failure.

End of life assessment

The data on demographics, inventory, and replacements (based on historical records)
introduced previously are then represented in ten-year segments. This matches a
typical investment business planning cycle for a utility.

Figure 4 shows an example of age distribution, end of life, and historical failure curves
for 25 kV circuit breakers and smaller:

e Number of assets on the right side Y-axis.

¢ End-of-life probability on the left side Y-axis.

e Age on the X-axis.

As an example, the bar chart in Figure 4 shows that 20 of the <25 kV circuit breakers
are between 20 and 30 years of age. The spike in the asset demographic is typical for
most utilitesdue t o high growth rates in the 19606s :

The dark blue curve on the graph shows a Normal Distribution end-of-life for <25 kV
circuit breakers with a mean life of 47 years and a standard deviation of 15 years. (The
yellow and pink curves indicate the sensitivity analysis of assets with a mean life of 42
and 52 years, respectively.) The dark blue curve tracks very closely to the actual end-of-
life (the orange curve) for <25 kV circuit breakers, based on historical records.

Tracking is critical because it validates the Methodology. As more data becomes
available, more accurate mean life and standard deviations can be calculated.

The end of life probability of failure curve is used to forecast the investment capital that
will be necessary to replace all assets that are expected to fail or be retired in a given
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horizon. Table 1 bellow presents a 10 year sustain capital short term forecast for circuit
breakers at BCTC.

< 25KV Circuit Breakers

Aged Dis?ibution & End-of-Life & Historical Failure Curves

Standard Deviation = 15 yrs

100% 25

90%

80% 20

70%

60% 15

50%
40% 10

30%

End-of-Life Probability (Line Graphs)
(ydeis seg) siayeaig unaaD jo #

20%

10%

0%

0 10 20 30 40 50 60 70 80 90 100 110
Age (years)

I 2005 Demographic =47 year Meanlife — 52 year Meanlife 42 year Meanlife — Failure Data (%)

Figure 4: End-of-life cumulative probability of failure curves

These results show that a capital of 125 M$ will be necessary in the next 10 years for
replacing the number of circuit breakers that will need to be replaced when a mean end-
of-life of 42 years is taken into account. The table also shows results from the sensitivity
study perform with the Methodology when an expected end-of-life of 37 and 47 years
were taken into account. It would then necessitate 155 M$ and 80M$ respectively (the
Afromo and At oo c ol \acashare revarsed Wwhen cantpareg ¢oathe
mean life columns)

Asset Effective Age

As introduced earlier, the age of an asset based on its commissioned date is not
sufficient to fully assess its remaining life. This can give valuable indications and be
used to generate sustain capital forecasts but this can also lead to early retirement of a
working asset while allowing an overused asset to fail because of premature death.

The Asset Health Index (AHI) presented earlier can be used to improve the assessment
of the effective age of an asset based on its actual usage in the field. Table 2 presents
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the correction factors for transforming the actual age of an asset into its effective age.
This table is based on the Asset Retired Distribution of figure 3 and the asset condition
category A to E presented earlier.

Table 1: Sustain Capital Short Term Forecast

Circuit Breakers - Sustain Capital Short Term Forecast

10 yr forecast - #

#of | Replacement | Meanife (yrs)| standard 10yr forecast of Assets

Asset Types

Assets Cost Deviation
from| cal. | to from target to from | target| to

025KV Circuit Breakers 55 $80,000 421 47 52 15 $598,669 $815,608 | $1,067406 | 7.5 ] 10.2 | 133

60KV Circuit Breakers 296 $140000 | 45] 50 | 55 16 $6,880,420 | $9,046,302 | $11433577 | 49.2] 64.6 | 817

138KV Circuit Breakers 222 $250,000 | 41 46 | 51 13 $6,670,85 | $9,874,076 | $13,805,308 | 26.7] 395 | 55.2

230KV Circuit Breakers 318 $330000 | 26]31] 36 3 $48,818,950 | $76,465,116 | $85,201,676 |147.9] 2317 258.2

360KV Circuirt Breakers 7 $500,000 | 35] 401 45 10 $409,009 $568,736 $736262 [ 08 ] 11 ] 15

500KV Circuit Breakers 181 $650000 |35]40] 45 10 $16,526,183 | $28,291,204 | $42,418,710 | 254 435 | 653

Sustained Capital 1079 $420000 | 37| 42| 47 12 $79,913,086 | $125,061,042 | $154,662,939 1 257.6] 390.7 | 475.2

For example, let suppose an asset at 40% of its life with normal usage condition (AHI of
C). From table 2, the effective age of this asset falls in the 37-45% category it will still be
40%. If the condition if this asset is determined to be excellent (AHI of A), it will fall in
the 25-37% category and be considered at an effective age of 25% of its life. On the
other hand, if the condition is poor (AHI of E) then, based on table 2, its effective age
will be 90% of its life.

Table 2: Correction for Asset Effective Age

AHI AHI Age - Percentage of Asset Life (L)
S |- Ganditiens <25% 25-37% 37-45% 45-50% >50%
A VeryGood | NoChange | 25%*L 25% * L 37% * L 45%* L
B Good 25%*L | NoChange | 37%*L 37%* L 50% * L
Cc Satisfactory 37%* L 37% * L No Change 45% * L No Change
D Poor 45% * L 45% * L 45%*L | NoChange | NoChange
E Very Poor | 50% * L + Age| 50% * L + Age| 50% * L + Age| 50% * L + Age| 50% * L + Age

Note: Asset Life = 2 x Mean Life = L -
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Because table 2 is based on the asset class distributions, all the numbers in the table
can be fine tuned according of the specificity of each individual class.

The effective age reflects more accurately the real usage conditions and historical
performance of an asset. When used with the methodology and the end-of-life curve,
the effective age allows more accurate sustain capital forecasts.

The effective age also allows emphasizing on the fact that maintenance of aging asset
will not renew 100% condition of asset. At best, well-planned maintenance will help
extending the useful life of an asset but will not revert aging or prevent its inevitable
death.

Similarly, all assets can be maintained indefinitely (with great difficulty), but may not be
economical, and therefore, assets have a finite end-of-life.

BCTC SAM Performance Radar

Figure 5 shows the performance radar that was developed for helping assessing the
risk associated with the performance and the criticality of assets.

Figure 5: SAM Performance Radar

The blue dots on the figure represent delivery points. It could also represent assets
such as the alternator of a power unit or the step up transformer at a power plant. The
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