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TITLED

IMPROVING FUTURE RELIABILITY PREDICTION BASED ON SYSTEM
OPERATIONAL AND PERFORMANCE DATA MODELLING




[0001]

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT
[0002] Not applicable.

REFERENCE TO A MICROFICHE APPENDIX
[0003] Not applicable.

FIELD OF TECHNOLOGY
[0004] The disclosure generally relates to the field of modelling and predicting future
reliability of measurable systems based on operational and performance data, such as current and
historical data regarding production and/or cost associated with maintaining equipment. More
particularly, but not by way of limitation, embodiments within the disclosure perform
comparative performance analysis and/or determine model coetficients used to model and

estimate future reliability of one or more measurable systems.

BACKGROUND
[0005] Typically, for repairable systems, there is a general correlation between the
methodology and process used to maintain the repairable systems and future reliability of the
systems. For example, individuals who have owned or operated a bicycle, a motor vehicle,
and/or any other transportation vehicle are typically aware that the operating condition and
reliability of the transportation vehicles can be dependent to some extent on the degree and
quality of activities to maintain the transportation vehicles. However, although a correlation may
exist between maintenance quality and future reliability, quantifying and/or modelling this
relationship may be difficult. In addition to repairable systems, similar relationships and/or

correlations may be true for a wide-variety of measureable systems where operation and/or
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performance data is available or otherwise where data used to evaluate a system may be
measured.

[0006] Unfortunately, the value or amount of maintenance spending may not necessarily be
an accurate indicator for predicting future reliability of the repairable system. Individuals can
accruc maintenance costs that arc spent on task items that have relatively minimum effect on
improving future reliability. For example, excessive maintenance spending may originate from
actual system failures rather than performing preventive maintenance related tasks. Generally,
system failures, breakdowns, and/or unplanned maintenance can cost more than a preventive
and/or predictive maintenance program that utilizes comprehensive maintenance schedules. As
such, improvements need to be made that improve the accuracy for modelling and predicting

future reliability of a measurcable system.

BRIEF SUMMARY

[0007] The following presents a simplified summary of the disclosed subject matter in order
to provide a basic understanding of some aspects of the subject matter disclosed herein. This
summary is not an exhaustive overview of the technology disclosed herein. It is not intended to
identify key or critical elements of the invention or to delineate the scope of the invention. Its
sole purpose is to present some concepts in a simplified form as a prelude to the more detailed
description that is discussed later.

[0008] In one embodiment, a system for modelling future reliability of a facility based on
opcrational and performance data, comprising an input interface configured to: rcccive
maintenance expense data corresponding to a facility; receive first principle data corresponding
to the facility; and receive asset reliability data corresponding to the facility. The system may
alsa comprise a processor coupled to a non-transitory computer readable medium, wherein the
non-transitory computer readable medium comprises instructions when executed by the
processor causes the apparatus to: obtain one or more comparative analysis models associated
with the facility; obtain a maintenance standard that generates a plurality of category values that
categorizes the maintenance expense data by a designated interval based upon at least the
maintenance expense data, the first principle data, and the one or more comparative analysis

models; and determine an estimated future reliability of the facility based on the asset reliability



data and the plurality of category values. The computer node may also comprise a user interface
that displays the results of the future reliability.

[0009] In another embodiment, a method for modelling future reliability of a measurable
system based on operational and performance data, comprising: receiving maintenance expense
data via an input interface associated with a measurable system; receiving first principle data via
an input interface associated with the measureable system; receiving asset reliability data via an
input interface associated with the measureable system; generating, using a processor, a plurality
of category values that categorizes the maintenance expense data by a designated interval using a
maintenance standard that is generated from one or more comparative analysis models associated
with the measureable system; determining, using a processor, an estimated future reliability of
the measureable system based on the asset reliability data and the plurality of category values;
and outputting the results of the estimated future reliability using an output interface.

[0010] In yet another embodiment, an apparatus for modelling future reliability of an
equipment asset based on operational and performance data, comprising an input interface
comprising a receiving device configured to: receive maintenance expense data corresponding to
an equipment asset; receive first principle data corresponding to the equipment asset; receive
asset reliability data corresponding to the equipment asset; a processor coupled to a non-
transitory computer readable medium, wherein the non-transitory computer readable medium
comprises instructions when executed by the processor causes the apparatus to: generate a
plurality of category values that categorizes the maintenance expense data by a designated
interval from a maintenance standard; and determine an estimated future reliability of the
facility comprising estimated future reliability data based on the asset reliability data and the
plurality of category values; and an output interface comprising a transmission device configured
to transmit a processed data set that comprises the estimated future reliability data to a control
center for comparing different equipment assets based on the processed data set.

[0010a] In one aspect, there is provided a system, comprising: at least one measurable system
that comprises a plurality of equipment assets that is operated at each respective facility of a
plurality of facilities; at least one measuring device; wherein the at least one measuring device
measures, to generate measuring data, one or more physical attribute, one or more
characteristics, or both that are associated with an operation, a performance, or both, of the

measurable system of each respective facility of the plurality of facilities; at least one sensing
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device; wherein the at least one sensing device senses, to generate sensing data, the one or more
physical attribute, the one or more characteristics, or both that are associated with the operation,
the performance, or both, of the measurable system of each respective facility of the plurality of
facilities; a processor that is operationally coupled to: 1) the at least one measuring device, the at
least one sensing device, or both, and ii) a non-transitory computer readable medium, wherein
the non-transitory computer readable medium comprises instructions which, when executed by
the processor, cause the processor to: receive maintenance expense data of the at least one
measurable system for each respective facility of the plurality of facilities; receive first principle
data that comprises, for one or more first principle characteristics associated with one or more
target variables of the at least one measurable system, the measuring data, the sensing data, or
both; receive asset reliability data of the at least one measurable system; receive one or more
comparative analysis models associated with the at least one measurable system; utilize one or
more comparative analysis models to generate at least one maintenance standard for the at least
one measureable system, based on the maintenance expense data and the first principle data;
generate a plurality of category values that categorizes, by at least one designated interval, the
maintenance expense data based upon the at least the one maintenance standard associated with
the at least one measureable system; determine an estimated future reliability data of the at least
one measurable system based on the asset reliability data and the plurality of category values;
wherein the one or more comparative analysis models identifies one or more reliability-effective
maintenance tasks that affect the one or more target variables of the at least one measurable
system based at least in part on at least one primary first principle characteristic; wherein the at
least one primary first principle characteristic is determined based on an amount of the variation
in the one or more target variables of the at least one measurable system between the plurality of
facilities; wherein, based on performance of the one or more reliability-effective maintenance
tasks with the at least one measurable system, the at least one measuring device, the at least one
sensing device, or both, obtain, intermittently or continuously, current data for the at least one
primary first principle characteristic of the at least one measurable system and transmit the
current data to the processor that updates the estimated future reliability data of the at least one
measurable system to generate the updated estimated future reliability data of the at least one
measurable system; and an user interface configured to display the estimated future reliability

data and the updated estimated future reliability data.

4a
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[0010b] In another aspect, there is provided a method, comprising: measuring, by at least one
measuring device, to generate measuring data, one or more physical attribute, one or more
characteristics, or both, which are associated with an operation, a performance, or both, of at least
one measurable system of each respective facility of a plurality of facilities; sensing, by at least
one sensing device, to generate sensing data, the one or more physical attribute, the one or more
characteristics, or both that are associated with the operation, the performance, or both, of the
measurable system of each respective facility of the plurality of facilities; wherein the at least one
measurable system that comprises a plurality of equipment assets thatis operated at each respective
facility of the plurality of facilities; receiving, by a processor, maintenance expense data associated
with at least one measurable system for each respective facility of the plurality of facilities;
wherein the processor is operationally coupled to the at least one measuring device, the at least
one sensing device, or both; receiving, by the processor, first principle data that comprises, for one
or more first principle characteristics associated with one or more target variables of the at least
one measurable system, the measuring data, the sensing data, or both; receiving, by the processor,
asset reliability data associated with the at least one measureable system; receiving, by the
processor, one or more comparative analysis models associated with the at least one measureable
system; utilizing, by the processor, one or more comparative analysis models to generate at least
one maintenance standard for the at least one measureable system, based on the maintenance
expense data and the first principle data; generating, by the processor, a plurality of category values
that categorizes, by at least one designated interval, the maintenance expense data based upon the
at least one maintenance standard associated with the at least one measureable system; generating,
by the processor, an estimated future reliability data of the at least one measureable system based
on the asset reliability data and the plurality of category values; wherein the one or more
comparative analysis models identifies one or more reliability-effective maintenance tasks that
affect the one or more target variables of the at least one measurable system based at least in part
on at least one primary first principle characteristic; wherein the at least one primary first principle
characteristic is determined based on an amount of variation in the one or more target variables of
the at least one measurable system between the plurality of facilities; wherein, based on
performance of the one or more reliability-effective maintenance tasks with the at least one

measurable system, the at least one measuring device, the at least one sensing device, or both,

4b
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obtain, intermittently or continuously, current data for the at least one primary first principle
characteristic of the at least one measurable system and transmit the current data to the processor
that updates the estimated future reliability data of the at least one measurable system to generate
the updated estimated future reliability data of the at least one measurable system; and
outputting, by the processor, the estimated future reliability data and the updated estimated future

reliability data, using an output interface.
BRIEF DESCRIPTION OF THE DRAWING
[0011] FIG. 1 is a flow chart of an embodiment of a data analysis method that receives data

from one or more various data sources relating to a measureable system, such as a power

generation plant;

4c
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[0012] FIG. 2 is a schematic diagram of an embodiment of a data compilation table
generated in the data compilation of the data analysis method described in FIG. 1;

[0013] FIG. 3 is a schematic diagram of an embodiment of a categorized maintenance table
generated in the categorized time based maintenance data of the data analysis method described
in FIG. 1;

[0014] FIG. 4 is a schematic diagram of an embodiment of a categorized reliability table
generated in the categorized time based reliability data of the data analysis method described in
FI1G. 1;

[0015] FIG. 5 is a schematic diagram of an embodiment of a future reliability data table
generated in the future reliability prediction of the data analysis method described in FIG. 1;
[0016] FIG. 6 is a schematic diagram of an embodiment of a future reliability statistic table
generated in the future reliability prediction of the data analysis method described in FIG. 1;
[0017] FIG. 7 is a schematic diagram of an embodiment of a user interface input screen
configured to display information a user may need to input to determine a future reliability
prediction using the data analysis method described in FIG. 1;

[0018] FIG. 8 is a schematic diagram of an embodiment of a user interface input screen
configured for EFOR prediction using the data analysis method described in FIG. 1;

[0019] FIG. 9 is a schematic diagram of an embodiment of a computing node for
implementing one or more embodiments.

[0020] FIG. 10 is a flow chart of an embodiment of a method for determining model
cocfficients for usc in comparative performance analysis of a mecasurcable system, such as a
power generation plant.

[0021] FIG. 11 is a flow chart of an embodiment of a method for determining primary first
principle characteristics as described in FIG. 10.

[0022] FIG. 12 is a flow chart of an embodiment of a method for developing constraints for
use in solving the comparative analysis model as described in FIG. 10.

[0023] FIG. 13 is a schematic diagram of an embodiment of a model coefficient matrix for
determining model coefficients as described in FIGS. 10-12.

[0024] FIG. 14 is a schematic diagram of an embodiment of a model coefficient matrix with
respect to a fluidized catalytic cracking unit (Cat Cracker) for determining model coefficients for

use in comparative performance analysis as illustrated in FIGS. 10-12.
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[0025] FIG. 15 is a schematic diagram of an embodiment of a model coefficient matrix with
respect to the pipeline and tank farm for determining model coefficients for use in comparative
performance analysis as illustrated in FIGS. 10-12.

[0026] FIG. 16 is a schematic diagram of another embodiment of a computing node for
implementing one or more embodiments.

[0027] While certain embodiments will be described in connection with the preferred
Hlustrative embodiments shown herein, it will be understood that it is not intended to limit the
invention to those embodiments. On the contrary, it is intended to cover all alternatives,
modifications, and equivalents, as may be included within the spirit and scope of the invention as
defined by claims that are included within this disclosure. In the drawing figures, which are not
to scale, the same reference numerals are used throughout the description and in the drawing
figures for components and elements having the same structure, and primed reference numerals
are used for components and elements having a similar function and construction to those

components and elements having the same unprimed reference numerals.

DETAILED DESCRIPTION

[0028] It should be understood that, although an illustrative implementation of onc or more
embodiments are provided below, the various specific embodiments may be implemented using
any number of techniques known by persons of ordinary skill in the art. The disclosure should in
no way be limited to the illustrative embodiments, drawings, and/or techniques illustrated below,
including the exemplary designs and implementations illustrated and described herein.
Furthermore, the disclosure may be modified within the scope of the appended claims along with
their full scope of equivalents.

[0029] Disclosed herein are one or more embodiments for estimating future reliability of
measurable systems. In particular, one or more embodiments may obtain model coefficients for
use in comparative performance analysis by determining one or more target variables and one or
more characteristics for each of the target variables. The target variables may represent different
parameters for a measureable system. The characteristics of a target variable may be collected
and sorted according to a data collection classification. The data collection classification may be
used to quantitatively measure the differences in characteristics. After collecting and validating

the data, a comparative analysis model may be developed to compare predicted target variables
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to actual target variables for one or more measurcable systems. The comparative analysis model
may be used to obtain a set of complexity factors that attempts to minimize the differences in
predicted versus actual target variable values within the model. The comparative analysis model
may then be used to develop a representative value for activities performed periodically on the
measurable system to predict future reliability.
[0030] FIG. 1 is a flow chart of an embodiment of a data analysis method 60 that receives
data from onc or more various data sources rclating to a measurcable system, such as a power
generation plant. The data analysis method 60 may be implemented by a user, a computing
node, or combinations thereof to estimate future reliability of a mecasurcable system. In one
embodiment, the data analysis method 60 may automatically rececive updated available data,
such as updated operational and performance data, from various data sources, update one or
more comparative analysis models using the received updated data, and subsequently provide
updates on estimations of future reliability for one or more measurable system. A measurable
system is any system that is associated with performance data, conditioned data, operation data,
and/or other types of measurable data (e.g., quantitative and/or qualitative data) used to evaluate
the status of the system. For example, the measurable system may be monitored using a variety
parameters and/or performance factors associated with one or more components of the
measurable system, such as in a power plant, facility, or commercial building. In another
embodiment, the measurable system may be associated with available performance data, such as
stock prices, safety records, and/or company finance. The terms ‘“measurable system,”

2% e

“facility,” “assct,” or “plant,” may be uscd interchangeably throughout this disclosure.

[0031] As shown in FIG. 1, the data from the various data sources may be applied at
diffcrent computational stages to model and/or improve future reliability predictions based on
available data for a measureable system. In one embodiment, the available data may be current
and historic maintenance data that relates to one or more measurable parameters of the
measureable system. For instance, in terms of maintenance and repairable equipment, one way
to describe maintenance quality is to compute the annual or periodic maintenance cost for a
measurable system, such as an equipment asset. The annual or periodic maintenance number
denotes the amount of money spent over a given period of time, which may not necessarily
accurately reflect future reliability. For example, a vehicle owner may spend money to wash and

clean a vehicle weekly, but spend relatively little or no money for maintenance that could
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potentially increase the future reliability of car, such as replacing tires and/or oil or filter
changes. Although the annual maintenance costs for washing and cleaning the car may be a
sizeable number when performed frequently, the maintenance task and/or activities of washing
and cleaning may have relatively little or no effect on improving a car’s reliability.

[0032] FIG. 1 illustrates that the data analysis method 60 may be used to predict the future
Equivalent Forced Outage Rate (EFOR) estimates for Rankine and Brayton cycle based power
generation plants. EFOR is defined as the hours of unit failure (¢.g., unplanned outage hours and
cquivalent unplanncd dcrated hours) given as a percentage of the total hours of the availability of
that unit (e.g., unplanned outage, unplanned derated, and service hours). As shown in FIG. 1,
within a first data collection stage, the data analysis method 60 may initially obtain asset
maintenance expense data 62 and asset unit first principle data or other asset-level data 64 that
relate to the measureable data system, such as a power generation plant. Asset maintenance
expense data 62 for a variety of facilities may typically be obtained directly from the plant
facilities. The asset maintenance expense data 62 may represent the cost associated with
maintaining a measurable system for a specified time period (e.g. in seconds, minutes, hours,
months, and years). For example, the asset maintenance expense data 62 may be the annual or
periodic maintenance cost for one or more measurable systems. The asset unit first principle
data or other asset-level data 64 may represent physical or fundamental characteristics of a
measurable system. For example, the asset unit first principle data or other asset-level data 64
may be operational and performance data, such as turbine inlet temperature, age of the asset,
size, horscpower, amount of fucl consumed, and actual power output comparcd to nameplate that
correspond to onc morec measurcable systems.

[0033] The data obtained in the first data collection stage may be subsequently received or
entered to generate a maintenance standard 66. In one embodiment, the maintenance standard 66
may be an annualized maintenance standard where a user supplies in advance one or more
modelling equations that compute the annualized maintenance standard. The result may be used
to normalize the asset maintenance expense data 62 and provide a benchmark indicator to
measure the adequacy of spending relative to other power generation plants of a similar type. In
one embodiment, a divisor or standard can be computed based on the asset unit’s first principle

data or other asset-level data 104, which are explained in more detail in FIGS. 10-12.



Alternative embodiments may produce the maintenance standard 66, for example, from simple
regression analysis with data from available plant related target variables.

[0034] Maintenance expenses for the replacement of components that normally wear out
over time may occur at different time intervals causing variations in periodic maintenance
expenses. To address the potential issue, the data analysis method 60 may generate a
maintenance standard 66 that develops a representative value for maintenance activities on a
periodic basis. For example, to generate the maintenance standard 66, the data analysis method
60 may normalize maintenance expenses to some other time period. In another embodiment, the
data analysis method 60 may generate a periodic maintenance spending divisor to normalize the
actual periodic maintenance spending to measure the under (Actual Expense/Divisor ratio <1) or
over (Actual Expense/Divisor ratio >1) spending. The maintenance spending divisor may be a
value computed from a semi-empirical analysis of data using asset maintenance expense data 62,
asset unit first principle data or other asset-level data 64 (e.g., asset characteristics), and/or
documented expert opinions. In this embodiment, an asset unit first principle data or other asset-
level data 64, such as plant size, plant type, and/or plant output, in conjunction with computed
annualized maintenance expenses may be used to compute a standard maintenance expense
(divisor) value for each asset in the analysis as described in U.S. Patent 7,233,910, filed Jul 18,
2006, titled “System and Method for Determining Equivalency Factors for use in Comparative
Performance Analysis of Industrial Facilities”. The calculation may be performed with a
historical dataset that may include the assets under current analysis. The maintenance standard
calculation may be applied as a model that includes one or more equations for modelling a
measurable system’s future reliability prediction. The data used to compute the maintenance
standard divisor may be supplied by the user, transferred from a remote storage device, and/or
received via a network from a remote network node, such as a server or database.

[0035] FIG. 1 illustrates that the data analysis method 60 may receive the asset reliability
data 400 in a second data collection stage. The asset reliability data 70 may correspond to
each of the measureable systems. The asset reliability data 70 is any data that corresponds to
determining the reliability, failure rate and/or unexpected down time of a measurable system.
Once the data analysis method 60 receives the asset reliability data 70 for each measureable

system, the data analysis method 60 may be compiled and linked to the measureable systems'
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maintenance spending ratio, which may be associated or shown on the same line as the other
measureable systems and time specific data. For power generation plants, the asset reliability
data 70 may be obtained from the National American Electric Reliability Corporation’s
Generating Availability Database (NERC-GADS). Other types of measureable systems may also
obtain asset reliability data 70 from similar databases.

[0036] At data compilation 68, the data analysis method 60 compiles the computed
maintenance standard 66, assct maintenance expense data 62, and assct reliability data 70 into a
common file. In onec embodiment, the data analysis method 60 may add an additional column to
the data arrangement within the common file. The additional column may represent the ratios of
actual annualized maintenance expenses and the computed standard value for each measureable
system. The data analysis method 60 may also add another column within the data compilation
68 that categorizes the maintenance spending ratios divided by some percentile intervals or
categories. For example, the data analysis method 60 may use nine different intervals or
categories to categorize the maintenance spending ratios.

[0037] In the categorized time based maintenance data 72, the data analysis method 60 may
place the maintenance category values into a matrix, such as a 2x2 matrix, that defines each
measurcable system, such as a power generation plant and time unit. In the categorized time
based reliability data 74, the data analysis method 60 assigns the reliability for each measureable
system using the same matrix structure as described in the categorized time based maintenance
data 72. In the future reliability prediction 76, the data is statistically analyzed from the
catcgorized time bascd maintenance data 72 and the categorized time based reliability data 74 to
computc an average and/or other statistical calculations to determine the future reliability of the
measurcable system. The number of computed time periods or years in the future may be a
function of the available data, such as the asset maintenance expense data 62, asset reliability
data 70, and asset unit first principle data or other asset-level data. For instance, the future
interval may be one year in advance because of the available data, but other embodiments may
utilize selection of two or three years in the future depending on the available data sets. Also,
other embodiments may use other time periods besides years, such as seconds, minutes, hours,
days, and/or months, depending on the granularity of the available data.

[0038] It should be noted that while the discussion involving FIG. 1 was specific to power

generation plants and industry, the data analysis method 60 may be also applied to other
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industries where similar maintenance and reliability databases exist. For example, in the refining
and petrochemical industries, maintenance and reliability data exists for process plants and/or
other measureable systems over many years. Thus, the data analysis method 60 may also
forecast future reliability for process plants and/or other measureable systems using current and
previous year maintenance spending ratio values. Other embodiments of the data analysis
method 60 may also be applied to the pipeline industry and maintenance of buildings (e.g., office
buildings) and other structures.

[0039] Persons of ordinary skill in the art arc awarc that other industries reliability may
utilize a wide variety of metrics or parameters for the asset reliability data 70 that differ from the
power industry’s EFOR measure that was applied in FIG. 1. For example, other appropriate asset

reliability data 70 that could be used in the data analysis method 60 include but are not limited to

EE NS AN

“unavailability,” “availability,” “commercial unavailability,” and “mean time between failures.”
These metrics or parameters may have definitions often unique to a given situation, but their
general interpretation is known to one skilled in the reliability analysis and reliability prediction
field.
[0040] FIG 2 is a schematic diagram of an embodiment of a data compilation table 250
generated in the data compilation 68 of the data analysis method 60 described in FIG. 1. The
data compilation table 250 may be displayed or transmitted using an output interface, such a
graphic user interface or to a printing device. FIG. 2 illustrates that the data compilation table
250 comprises a client number column 252 that indicates the asset owner, a plant name column
254 that indicatcs the measurcable system and/or where the data is being collected, and a study
year column 256. As shown in FIG 2, cach assct owner within table 200 owns a single
measurcable system. In other words, cach of the measurcable systems is owned by different
asset owners. Other embodiments of the data compilation table 250 may have a plurality of
measureable systems owned by the same asset owner. The study year column 256 refers to the
time period of when the data is collected or analyzed from the measureable system.
[0041] The data compilation table 250 may comprise additional columns calculated using the
data analysis method 60. The computed maintenance (Mx) standard column 258 may comprise
data values that represent the computational result of the maintenance standard as described in
maintenance standard 66 in FIG. 1. Recall that in one embodiment, the maintenance standard

66 may be generated as described in as described in U.S. Patent 7,233,910. Other embodiments
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may compute results of the maintenance standard known by persons of ordinary skill in the art.
The actual annualized Mx expense column 260 may comprise computed data values that
represent the normalized actual maintenance data based on the maintenance standard as
described in maintenance standard 66 in FIG. 1. The actual maintenance data may be the
effective annual expense over several years (e.g., about 5 years). The ratio actual (Act)
Mx/standard (Std) Mx column 262 may comprise data values that represent the normalized
maintenance spending ratio that is used to asscss the adequacy or effectivencss of maintenance
spending in relationship to future reliability. The last column, the EFOR column 266 compriscs
data values that represent the reliability or, in this case, un-reliability value for the current time
period. The data values of the EFOR column 266 is a summation of hours of unplanned outages
and de-rates divided by the hours in the operating period. The definition of EFOR in this
example follows the notation as documented in NERC-GADS literature. For example, an EFOR
value of 9.7 signifies that the measureable system was effectively down about 9.7% of its
operating period due to unplanned outage events.
[0042] The Act Mx/Std Mx: Decile column 264 may comprises data values that represent the
maintenance spending ratios categorized into value intervals relating to distinct ranges as
discussed in data compilation 68 in FIG. 1. Duo-deciles, deciles, sextiles, quintiles, or quartiles
could be used, but in this example the data is divided into nine categories based on the percentile
ranking of the maintenance spending ratio data values found in the Act Mx/Std mx column 262.
The number of intervals or categories used to divide the maintenance spending ratios may
depend on the dataset size, where more detailed divisions that arc statistically possible may be
generated with a relatively larger dataset size. A varicty of methods or algorithms known by
persons of ordinary skill in the art may be used to determine the number of intervals based on the
dataset size. The transformation of maintenance spending ratios into ordinal categories may
serve as a reference to assign future EFOR reliability values that were actually achieved.
[0043] FIG. 3 is a schematic diagram of an embodiment of a categorized maintenance table
350 generated in the categorized time based maintenance data 72 of the data analysis method 60
described in FIG. 1. The categorized maintenance table 350 may be displayed or transmitted
using an output interface, such a graphic user interface or to a printing device. Specifically, the
categorized maintenance table 350 is a transformation of the maintenance spending ratio ordinal

category data values found within FIG. 2’s data compilation table 250. FIG. 3 illustrates that the
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plant name column 352 may identify the different measureable systems. The year columns 354-
382 represent the different years or time periods for each of the measureable systems. Using
FIG. 3 as an example, Plants 1 and 2 have data values from 1999-2013 and Plants 3 and 4 have
data values from 2002-2013. The type of data found within the year columns 354-382 are
substantially similar to the type of data within the Act Mx/Std Mx: Decile column 264 in FIG. 2.
In particular, the type of data within the year columns 354-382 represent intervals relating to
distinct ranges of the maintenance spending ratio and may be gencrally referred to as the
maintenance spending ratio ordinal category. For example, for the year 1999, Plant 1 has a
maintenance spending ratio categorized as “5” and Plant 2 has a maintenance spending ratio
categorized as “1.”

[0044] FIG. 4 is a schematic diagram of an embodiment of a categorized reliability table 400
generated in the categorized time based reliability data 74 of the data analysis method 60
described in FIG. 1. The categorized reliability table 400 may be displayed or transmitted using
an output interface, such a graphic user interface or to a printing device. The categorized
reliability table 400 is a transformation of EFOR data values found within FIG. 2’s data
compilation table 250. FIG. 4 illustrates that the plant name column 452 may identify the
different measureable systems. The year columns 404-432 represent the different years for each
of the measurcable systems. Using FIG. 4 as an cxample, Plants 1 and 2 have data values from
1999-2013 and Plants 3 and 4 have data values from 2002-2013. The type of data found within
the year columns 354-382 are substantially similar to the type of data within the EFOR column
266 in FIG. 2. In particular, the typc of data within the ycar columns 354-382 represents EFOR
values that denote the percentage of unplanned outage events. For example, for the year 1999,
Plant 1 has an EFOR 2.4, which indicates that Plant 1 was down about 2.4% of its opcrating
period due to unplanned outage events and Plant 2 has an EFOR of 5.5, which indicates that
Plant 1 was down about 5.5% of its operating period due to unplanned outage events.

[0045] FIG. 5 is a schematic diagram of an embodiment of a future reliability data table 500
generated in the future reliability prediction 76 of the data analysis method 60 described in FIG.
1. The future reliability data table 500 may be displayed or transmitted using an output interface,
such a graphic user interface or to a printing device. The process of computing future reliability
starts with selecting the future reliability interval, for example, in FIG. 5, the interval is about

two years. After selecting the future reliability interval, the data shown in FIG. 3 is scanned
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horizontally or a row by row basis within the categorized maintenance table 350 where entries
for a selected row in the categorized maintenance table 350 to determiner rows that are separated
out only by about one year. Using FIG. 3 for example, the row associated with Plant 1 would
satisfy the data separation of about one year, but Plant 11 would not because Plant 11 in the
categorized maintenance table 350 has a data gap between years 2006 and 2008. In other words,
Plant 11 is missing data at year 2007, and thus, entries for the Plant 11 are not separated out
about onc yecar. Other embodiments may sclect future reliability interval with different time
intervals measured in scconds, minutcs, hours, days, and/or months in the futurc. The time
interval used to determine future reliability depends on the level of data granularity.

[0046] The maintenance spending ratio ordinal category for cach separated row can be
subsequently paired up with a time forward EFOR value from the categorized reliability data
table 400 to form ordered pairs. The generated order pairs comprise the maintenance spending
ratio ordinal category and the time forward EFOR value. Since the selected future reliability
interval is about two years, the year associated with the maintenance spending ratio ordinal
category and the year for the EFOR value within the generated order pairs may be two years
apart. Some examples of these ordered pairs for the same plant or same row for analyzing future
about two years in advance are:

First order pair: (maintenance spending ratio ordinal category in 1999, EFOR value 2001)
Second order pair: (maintenance spending ratio ordinal category in 2000, EFOR value 2002)
Third order pair: (maintenance spending ratio ordinal category in 2001, EFOR value 2003)
Fourth order pair: (maintenance spending ratio ordinal category in 2002, EFOR value 2004)

As shown above, in cach of the order pairs, the ycars that scparatec the maintenance spending
ratio ordinal category and the EFOR value arc based on the future reliability interval, which is
about two ycars. To form the order pairs, the matrices of FIGS. 3 and 4 may be scanncd for
possible data pairs separated by two years (e.g., 1999 and 2001). In this case, the middle year
data is not used (e.g., 2000) for the data pairs. This process can repeated for other future
reliability intervals (e.g., one year in advance of the maintenance ratio ordinal value at the
discretion of the user and the information desired from the analysis). Moreover, the order pair
examples above depict that the maintenance spending ratio ordinal category and EFOR values
are incremented by one for each of the order pairs. For example, the first order pair has a
maintenance spending ratio ordinal category in 1999 and the second order pair has a maintenance

spending ratio ordinal category in 2000.
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[0047] The different maintenance spending ratio ordinal category value is used to place the
corresponding time forward EFOR wvalue into the correct column within the future reliability data
table 500. As shown in FIG. 5, column 502 comprises EFOR values with a maintenance
spending ratio ordinal category of “1”; column 504 comprises EFOR values with a maintenance
spending ratio ordinal category of “2”; column 506 comprises EFOR values with a maintenance
spending ratio ordinal category of “3”; column 508 comprises EFOR values with a maintenance
spending ratio ordinal category of “4”; column 510 comprises EFOR values with a maintenance
spending ratio ordinal catcgory of “5”; column 512 compriscs EFOR values with a maintenance
spending ratio ordinal category of “6”; column 514 comprises EFOR values with a maintenance
spending ratio ordinal category of “7”; column 516 comprises EFOR values with a maintenance
spending ratio ordinal category of “8”; and column 518 comprises EFOR values with a
maintenance spending ratio ordinal category of “9.”

[0048] FIG 6 is a schematic diagram of an embodiment of a future reliability statistic table
600 generated in the future reliability prediction 76 of the data analysis method 60 described in
FIG. 1. The future reliability statistic table 600 may be displayed or transmitted using an output
interface, such a graphic user interface or to a printing device. In FIG 6, the future reliability
statistic table 600 comprises the maintenance spending ratio ordinal category columns 602-618,
As shown in FIG. 6, each of the maintenance spending ratio ordinal category columns 602-618
corresponds to a maintenance spending ratio ordinal category. For example, maintenance
spending ratio ordinal category column 602 corresponds to the maintenance spending ratio
ordinal catcgory “1”” and maintenance spending ratio ordinal category column 604 corresponds to
the maintcnance spending ratio ordinal category “2.” The compiled data in each maintenance
ratio ordinal value column 602-618 is analyzed using the data within the future reliability data
table 500 to compute various statistics that indicate future reliability information. As shown in
FIG. 6, rows 620, 622, and 624 represent the average, median, and the value at the 9o percentile
distribution for the future reliability data for each of the maintenance ratio ordinal values. In
FIG. 6, the future reliability information is interpreted as the future reliability predictions or
EFOR for a measurable system that the current year has a specific maintenance spending ratio
ordinal values.

[0049] Future EFOR predictions can be computed utilizing current and previous years’

maintenance spending ratios. For multi-year cases, the maintenance spending ratios are
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computed by adding the annualized expenses for the years, and dividing by the sum of the
maintenance standards for the previous years. This way the spending ratio reflects performance
over several years relative to a general standard that is the summation of the standards computed
for each of the included years.

[0050] FIG. 7 is a schematic diagram of an embodiment of a user interface input screen 700
configured to display information a user may need to input to determine a future reliability
prediction 76 using the data analysis method 60 described in FIG 1. The user interface input
scrcen 700 comprises a measurable system sclection column 702 that a user may usc to sclect the
type of measurcable system. Using FIG. 7 as an example, the user may sclect the “Coal-
Rankine” plant as the type of power generation unit or measureable system. Other selections
shown in FIG 7 include “Gas-Rankine” and “Combustion Turbine.” Once the type of
measureable system is selected, the user interface input screen 700 may generate the required
data items 704 associated with the type of measureable system a user selects. The data items 704
that appear within the user interface input screen 700 may vary depending on the selected
measureable system within the measurable system selection column 702. FIG. 7 illustrates that a
user has selected a Coal-Rankine plant and the user may enter all fields that are shown blank
with an underscore line. This may also include the annualized maintenance expenses for the
specific year. In other embodiments, the blank fields may be entered using information received
from a remote data storage or via a network. The current model also allows a user, if desired, to
enter previous year data to add more information for the future reliability prediction. Other
cmbodiments may import and obtain the additional information from a storage medium or via
nctwork.

[0051] Once this information is entered, the calculation ficlds 706, such as annual
maintenance standard (k$) field and risk modification factor field, at the bottom of user interface
input screen 700 may automatically populate based on the information entered by the user. The
annual maintenance standard (k$) field may be computed substantially similar to the computed
MX standard 258 shown in FIG. 6. The risk modification factor field may represent the overall
risk modification factor for the comparative analysis model and may be a ratio of the computed
future one year average EFOR to the overall average EFOR. In other words, the data result
automatically generated within the risk modification factor field represents the relative reliability

risk of a particular measurable system compared to an overall average.
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[0052] FIG 8 is a schematic diagram of an embodiment of a user interface input screen 800
configured for EFOR prediction using the data analysis method 60 described in FIG. 1. In FIG
8, there are several results for consideration by the user. The curve 802 is as a ranking curve that
represents the distribution of maintenance spending ratios, and the triangle 804 on the curve 802
shows the location of the current measureable system or measureable system under consideration
by a user (e.g., the “Coal-Rankine” plant selected in FIG. 7). The user interface input screen 800
illustrates to a user both the range of known performance and where in the range the specific
measurcable system under consideration falls. The numbers below this curve are the quintile
values of the maintenance spending ratio, where the maintenance spending ratios are categorized
into five different value intervals. The data results illustrated in FIG. 8 were computed for
quintiles in this embodiment; however, other divisions are possible based on the amount of data
available and the objectives of the analyst and user.

[0053] The histogram 806 represents the average 1 year future EFOR dependent on the
specific quintile the maintenance spending ratio falls under. For example, the lowest 1 year
future EFOR appears for plants that have a maintenance spending ratio in the second quintile or
have maintenance spending ratios of about 0.8 and about 0.92. This level of spending suggests
the unit is successfully managing the asset with the better practices that assures long term
reliability. Notice that the first quintile or plants with maintenance spending ratios of about zero
to about 0.8 actually exhibits a higher EFOR value suggesting that operators are not performing
the required or sufficient maintenance to produce long-term reliability. If a plant falls into the
fifth quintile, onc intcrpretation of this is that opcrators could be overspending because of
breakdowns. Since maintenance costs from unplanned maintenance cvents can be larger than
planned maintenance expenses, a high maintenance spending ratios may produce high EFOR
values.

[0054] The dotted line 810 represents the average EFOR for all of the data analyzed for the
current measureable system. The diamond 812 represents the actual 1 year future EFOR estimate
located directed above the triangle 804, which represents the maintenance spending ratio. The
two symbols correlate or connect the current maintenance spending levels, triangle 804, to a
future 1 year estimate of EFOR, the diamond 812.

[0055] FIG 10 is a flow chart of an embodiment of a method 100 for determining model

coefficients for use in comparative performance analysis of a measureable system, such as a
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power generation plant. Method 100 may be used to generate the one or more comparative
analysis models used within the maintenance standard 66 described in FIG. 1. Specifically,
method 100 determines the usable characteristics and model coefficients associated with one or
more comparative analysis models that illustrate the correlation between the maintenance quality
and future reliability. Method 100 may be implemented using a user and/or computing node
configured to receive inputted data for determining model coefficients. For example, a
computing node may automatically receive data and update model coefficients based on received
updated data.

[0056] Method 100 starts at step 102 and selects one or more target variables (‘“‘Target
Variables”). The target variable is a quantifiable attribute associated with the measureable
system, such as total operating expense, financial result, capital cost, operating cost, staffing,
product yield, emissions, energy consumption, or any other quantifiable attribute of performance.
Target Variables could be in manufacturing, refining, chemical, including petrochemicals,
organic and inorganic chemicals, plastics, agricultural chemicals, and pharmaceuticals, Olefins
plant, chemical manufacturing, pipeline, power generating, distribution, and other industrial
facilities. Other embodiments of the Target Variables could also be for different environmental
agpects, maintenance of buildings and other structures, and other forms and types of industrial
and commercial industries.

[0057] At step 104, method 100 identifies the first principle characteristics. First principle
characteristics are the physical or fundamental characteristics of a measurable system or process
that arc cxpected to determine the Target Variable. In onc embodiment, the first principle
characteristics may be the assct unit first principle data or other assct-level data 64 described in
FIG. 1. Common brainstorming or tcam knowlcdge management techniques can be used to
develop the first list of possible characteristics for the Target Variable. In one embodiment, all of
the characteristics of an industrial facility that may cause variation in the Target Variable when
comparing different measureable systems, such as industrial facilities, are identified as first
principle characteristics.

[0058] At step 106, method 100 determines the primary first principle characteristics from all
of the first principle characterizes identified at step 104. As will be understood by those skilled
in the art, many different options are available to determine the primary first principle

characteristics. One such option is shown in FIG. 11, which will be discussed in more detail
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below. Afterwards, method 100 moves to step 108, to classify the primary characteristics.
Potential classifications for the primary characteristics include discrete, continuous, or ordinal.
Discrete characteristics are those characteristics that can be measured using a selection between
two or more states, for example a binary determination, such as “yes” or “no.” An example
discrete characteristic could be ‘“Duplicate Equipment.” The determination of “Duplicate
Equipment” is “yes, the facility has duplicate equipment” or “no, there is no duplicate
cquipment.” Continuous characteristics arc directly measurable. An example of a continuous
characteristic could be the “Feced Capacity,” since it is dircctly measured as a continuous
variable. Ordinal characteristics are characteristics that arc not readily measurable. Instead,
ordinal characteristics can be scored along an ordinal scale reflecting physical differences that
are not directly measurable. It is also possible to create ordinal characteristics for variables that
are measurable or binary. An example of an ordinal characteristic would be refinery
configuration between three typical major industry options. These are presented in ordinal scale

by unit complexity:

1.0 Atmospheric Distillation
2.0 Catalytic Cracking Unit
3.0 Coking Unit

The above measurable systems are ranked in order based on ordinal variables and gencrally do
not contain information about any quantifiable quality of measurement. In the above example,
the difference between the complexity of the 1.0 measureable system or atmospheric distillation
and the 2.0 mcasurcablc system or catalytic cracking unit, docs not nccessarily cqual the
complexity difference between the 3.0 mcasurcable system or coking unit and the 2.0
measurcable system or catalytic cracking unit.

[0059] Variables placed in an ordinal scale may be converted to an interval scale for
development of model coefficients. The conversion of ordinal variables to interval variables
may usc a scale developed to illustrate the differences between units are on a measurable scale.
The process to develop an interval scale for ordinal characteristic data can rely on the
understanding of a team of experts of the characteristic's scientific drivers. The team of experts
can first determine, based on their understanding of the process being measured and scientific
principle, the type of relationship between different physical characteristics and the Target

Variable. The relationship may be linear, logarithmic, a power function, a quadratic function or
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any other mathematical relationship. Then the experts can optionally estimate a complexity
factor to reflect the relationship between characteristics and variation in Target Variable.
Complexity factors may be the exponential power used to make the relationship linear between
the ordinal variable to the Target Variable resulting in an interval variable scale. Additionally, in
circumstances where no data exist, the determination of primary characteristics may be based on
expert experience.

[0060] At step 110, method 100 may develop a data collection classification arrangement.
The method 100 may quantify the characteristics categorized as continuous such that data is
collected in a consistent manner. For characteristics categorized as binary, a simple yes/no
questionnaire may be used to collect data. A system of definitions may need to be developed to
collect data in a consistent manner. For characteristics categorized as ordinal, a measurement
scale can be developed as described above.

[0061] To develop a measurement scale for ordinal characteristics, method 100 may employ
at least four methods to develop a consensus function. In one embodiment, an expert or team of
experts can be used to determine the type of relationship that exists between the characteristics
and the variation in Target Variable. In another embodiment, the ordinal characteristics can be
scaled (for example 1, 2, 3. . . n for n configurations). By plotting the target value versus the
configuration, the configurations are placed in progressive order of influence. In utilizing the
arbitrary scaling method, the determination of the Target Variable value relationship to the
ordinal characteristic is forced into the optimization analysis, as described in more detail below.
In this casc, the general optimization model described in Equation 1.0 can be modified to
accommodatc a potential non-lincar relationship. In another embodiment, the ordinal
measurement can be scaled as discussed above, and then regressed against the data to make a
plot of Target Variable versus the ordinal characteristic to be as nearly linear as possible. In a
further embodiment, a combination of the foregoing embodiments can be utilized to make use of
the available expert experience, and available data quality and data quantity of data.

[0062] Once method 100 establishes a relationship, method 100 may develop a measurement
scale at step 110. For instance, a single characteristic may take the form of five different physical
configurations. The characteristics with the physical characteristics resulting in the lowest effect
on variation in Target Variable may be given a scale setting score. This value may be assigned to

any non-zero value. In this example, the value assigned is 1.0. The characteristics with the
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second largest influence on variation in Target Variable will be a function of the scale setting
value, as determined by a consensus function. The consensus function is arrived at by using the
measurement scale for ordinal characteristics as described above. This is repeated until a scale
for the applicable physical configurations is developed.
[0063] At step 112, method 100 uses the classification system developed at step 110 to
collect data. The data collection process can begin with the development of data input forms and
mstructions. In many cascs, data collection training seminars arc conducted to assist in data
collection. Training seminars may improve the consistency and accuracy of data submissions. A
consideration in data collection may involve the definition of the measurcable system’s, such as
an industrial facility, analyzed boundaries. Data input instructions may provide definitions of
what measurecable systems’ costs and staffing are to be included in data collection. The data
collection input forms may provide worksheets for many of the reporting categories to aid in the
preparation of data for entry. The data that is collected can originate from several sources,
including existing historical data, newly gathered historical data from existing facilities and
processes, simulation data from model(s), or synthesized experiential data derived from experts
in the field.
[0064] At step 114, method 100 may validate the data. Many data checks can be
programmed at step 114 of method 100 such that method 100 may accept data that passes the
validation check or the check is over-ridden with appropriate authority. Validation routines may
be developed to validate the data as it is collected. The validation routines can take many forms,
including: (1) range of acceptable data is specified ratio of onc data point to another is specificd,
2) where applicable data is cross checked against all other similar data submitted to determine
outlier data points for further investigation; and (3) data is cross referenced to any previous data
submission judgment of experts. After all input data validation is satisfied, the data is examined
relative to all the data collected in a broad "cross-study” validation. This "cross-study"” validation
may highlight further areas requiring examination and may result in changes to input data.
[0065] At step 116, method 100 may develop constraints for use in solving the comparative
analysis model. These constraints could include constraints on the model coefficient values.
These can be minimum or maximum values, or constraints on groupings of values, or any other
mathematical constraint forms. One method of determining the constraints is shown in FIG. 12,

which is discussed in more detail below. Afterwards, at step 118, method 100 solves the
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comparative analysis model by applying optimization methods of choice, such as linear
regression, with the collected data to determine the optimum set of factors relating the Target
Variable to the characteristics. In one embodiment, the generalized reduced gradient non-linear
optimization method can be used. However, method 100 may utilize many other optimization
methods.

[0066] At step 120, method 100 may determine the developed characteristics. Developed
characteristics arc the result of any mathematical relationship that exists between one or more
first principle characteristics and may be used to express the information represented by that
mathematical relationship. In addition, if a linear general optimization model is utilized, then
nonlinear information in the characteristics can be captured in developed characteristics.
Determination of the developed characteristics form is accomplished by discussion with experts,
modelling expertise, and by trial and refinement. At step 122, method 100 applies the
optimization model to the primary first principle characteristics and the developed characteristics
to determine the model coefficients. In one embodiment, if developed characteristics are utilized,
step 116 through step 122 may be repeated in an iterative fashion until method 100 achieves the
level of model accuracy.

[0067] FIG 11 is a flow chart of an embodiment of a method 200 for determining primary
first principle characteristics 106 as described in FIG. 10. At step 202, method 200 determines
the effect of each characteristic on the variation in the Target Variable between measureable
systems. In one embodiment, the method may be iteratively repeated, and a comparative analysis
modcl can be uscd to determince the cffcct of cach characteristic. In another cmbodiment, method
200 may usc a corrclation matrix. The cffect of cach characteristic may be expressed as a
percentage of the total variation in the Target Variable in the initial data sct. At step 204, method
200 may rank cach characteristic from highest to lowest based on its effect on the Target
Variable. Persons of ordinary skill in the art are aware that method 200 could use other ranking
criteria.

[0068] At step 206, the characteristics may be grouped into one or more categories. In one
embodiment, the characteristics are grouped into three categories. The first category contains
characteristics that affect a Target Variable at a percentage less than a lower threshold (for
example, about five percent). The second category may comprise one or more characteristics

with a percentage between the lower percentage and a second threshold (for example, about 5%
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and about 20%). The third category may comprise one or more characteristics with a percentage
over the second threshold (for example, about 20%). Other embodiments of method 200 at step
2006 may include additional or fewer categories and/or different ranges.

[0069] At step 208, method 200 may remove characteristics from a list of characteristics with
Target Variable average variations below a specific threshold. For example, method 200 could
remove characteristics that include first category described above in step 206 (e.g.,
characteristics with a percentage of less than about five percent). Persons of ordinary skill in the
art arc awarc that other thresholds could be used, and multiple categorics could be removed from
the list of characteristics. In one embodiment, if characteristics are removed, the process may
repeat at step 202 above. In another embodiment, no characteristics are removed from the list
until determining whether another co-variant relationship exists, as described in step 212 below.
[0070] At step 210, method 200 determines the relationships between the mid-level
characteristics. Mid-level characteristics are characteristics that have a certain level of effect on
the Target Variable, but individually do not influence the Target Variable in a significant manner.
Using the illustrative categories, those characteristics in the second category are mid-level
characteristics. Example relationships between the characteristics are co-variant, dependent, and
independent. A co-variant relationship occurs when modifying one characteristic causes the
Target Variable to vary, but only when another characteristic is present. For instance, in the
scenario where characteristic “A” is varied, which causes the Target Variable to vary, but only
when characteristic “B” is present, then “A” and “B” have a co-variant relationship. A dependent
relationship occurs when a characteristic is a derivative of or dircctly related to another
characteristic. For instance, when the characteristic “A” is only present when characteristic “B”
is present, then A and B have a dependent relationship. For those characteristics that are not co-
variant or dependent, they are categorized as having independent relationships.

[0071] At step 212, method 200 may remove dependencies and high correlations in order to
resolves characteristics displaying dependence with cach other. There are several potential
methods for resolving dependencies. Some examples include: (i) grouping multiple dependent
characteristics into a single characteristic, (il) removing all but one of the dependent
characteristics, and (iii) keeping one of the dependent characteristics, and creating a new
characteristic that is the difference between the kept characteristic and the other characteristics.

After method 200 removes the dependencies, the process may be repeated from step 202. In one
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embodiment, if the difference variable is insignificant it can be removed from the analysis in the
repeated step 208.

[0072] At step 214, method 200 may analyze the characteristics to determine the extent of
the inter-relationships. In one embodiment, if any of the previous steps resulted in repeating the
process, the repetition should be conducted prior to step 214. In some embodiments, the process
may be repeated multiple times before continuing to step 214. At 216, the characteristics that
result in less than a minimum threshold change in the impact on Target Variable variation caused
by another characteristic are dropped from the list of potential characteristics. An illustrative
threshold could be about 10 percent. For instance, if the variation in Target Variable caused by
characteristic “A” is increased when characteristic “B” is present, the percent increase in the
Target Variable variation caused by the presence of characteristic “B” must be estimated. If the
variation of characteristic “B” is estimated to increase the variation in the Target Variable by less
than about 10% of the increase caused by characteristic “A” alone, characteristic "B" can be
eliminated from the list of potential characteristics. Characteristic “A” can also be deemed then
to have an insignificant impact on the Target Variable. The remaining characteristics are deemed
to be the primary characteristics.

[0073] FIG 12 is a flow chart of an embodiment of a method 300 for developing constraints
for use in solving the comparative analysis model as described in step 116 in FIG. 10.
Constraints are developed on the model coefficients at step 302. In other words, constraints are
any limits placed on model coefficients. For example, a model coefficient may have a constraint
of a maximum of about 20% cffcct on contributing to a target variable. At step 354, mcthod
300’s objective function, as described below, is optimized to determine an initial sct of model
cocfficients. At step 306, mecthod 300 may calculate the percent contribution of cach
characteristic to the Target Variable. There are several methods of calculating the percent
contribution of cach characteristic, such as the “Average Method” described in as described in
U.S. Patent 7,233,910.

[0074] With the individual percent contributions developed, method 300 proceeds to step
308, where each percent contribution is compared against expert knowledge. Domain experts
may have an intuitive or empirical feel for the relative impacts of key characteristics to the
overall target value. The contribution of each characteristic is judged against this expert

knowledge. At step 310, method 300 may make a decision about the acceptability of the
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individual contributions. If the contribution is found to be unacceptable the method 300
continues to step 312. If the contribution is found to be acceptable the method 300 continues to
step 316.

[0075] At step 312, method 300 makes a decision on how to address or handle unacceptable
results of the individual contributions. At step 312, the options may include adjusting the
constraints on the model coefficients to affect a solution or deciding that the characteristic set
chosen cannot be helped through constraint adjustment. If the user decides to accept the
constraint adjustment then method 300 procceds to step 316. If the decision is made to achicve
acceptable results through constraint adjustment then method 300 continues to step 314. At step
314, the constraints are adjusted to increase or decrease the impact of individual characteristics
in an effort to obtain acceptable results from the individual contributions. Method 300 continues
to step 302 with the revised constraints. At step 316, peer and expert review of the model
coefficients developed may be performed to determine the acceptability of the model coefficients
developed. If the factors pass the expert and peer review, method 300 continues to step 326. If
the model coefficients are found to be unacceptable, method 300 continues to step 318.

[0076] At step 318, method 300 may obtain additional approaches and suggestions for
modification of the characteristics developed by working with experts in the particular domain.
This may include the creation of new or updated developed characteristics, or the addition of
new or updated first principle characteristics to the analysis data set. At step 320, a
determination is made as to whether data exists to support the investigation of the approaches
and suggestions for modification of the characteristics. If the data exists, method 300 proceeds to
step 324. If the data does not exist, method 300 procceds to step 322. At step 322, method 300
collects additional data in an cffort to makc the corrections required to obtain a satisfactory
solution. At step 324, method 300 revises the set of characteristics in view of the new
approaches and suggestions. At step 326, method 400 may document the reasoning behind the
selection of characteristics. The documentation can be used in explaining results for use of the
model coefficients.

[0077] FIG 13 is a schematic diagram of an embodiment of a model coefficient matrix 10 for
determining model coefficients as described in FIGS. 10-12. While model coefficient matrix 10
can be expressed in a variety of configurations, in this particular example, the model coefficient

matrix 10 may be construed with the first principle characteristics 12 and first developed
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characteristics 14 on one axis, and the different facilities 16 for which data has been collected on
the other axis. For each first principle characteristic 12 at each facility 16, there is the actual data
value 18. For each first principle characteristic 12 and developed characteristic 14, there is the
model coefficient 22 that will be computed with an optimization model. The constraints 20 limit
the range of the model coefficients 22. Constraints can be minimum or maximum values, or other
mathematical functions or algebraic relationships. Moreover, constraints 20 can be grouped and
further constrained. Additional constraints 20 on facility data, and relationships between data
points similar to those used in the data validation step, and constraints 20 can employ any
mathematical relationship on the input data can also be employed. In one embodiment, the
constraints 20 to be satisfied during optimization apply only to the model coefficients.

[0078] The Target Variable (actual) column 24 comprises actual values of the Target Variable
as measured for each facility. The Target Variable (predicted) column 26 comprises the values for
the target value as calculated using the determined model coefficients. The error column 28
comprises the error values for each facility as determined by the optimization model. The error
sum 30 is the summation of the error values in error column 28. The optimization analysis,
which comprises the Target Variable equation and an objection function, solves for the model
coefficients to minimize the error sum 30. In the optimization analysis, the model coefficients o
arc computed to minimize the error € over all facilitics. The non-lincar optimization process
determines the set of model coefficients that minimizes this equation for a given set of first
principle characteristics, constraints, and a selected value.

[0079] The Target Variable may be computed as a function of the characteristics and the to-

be-determined model cocfficients. The Target Variable ecquation is expressed as:

Target Variable equation: TV; = Z a;f (characteristic),-j- + g
J
where TV; represents the measured Target Variable for facility i; the characteristic variable
represents a first principle characteristic; fis either a value of the first principle characteristic or a
developed principle characteristic; i represents the facility number; j represents the characteristic
number; o; represents the jth model coefficient, which is consistent with the jth principle
characteristic; and €, represents the error of the model's TV prediction as defined by the actual

Target Variable value minus the predicted Target Variable value for facility i.
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[0080] The objective function has the general form:
m Lip
Objective Function Min[z |l 1P ] ,p=1
i-1

where 1 is the facility; m represents the total number of facilities; and p represents a selected
value
[0081] One common usage of the general form of objective function is to minimize the

absolute sum of error by using p=1 as shown below:

Objective Functionr Min

i IS;IJ

i=1

[0082] Another common usage of the general form of objective function is using the least
squares version corresponding to p=2 as shown below:

m 172
Objective Function Mm[z |&; |gl
i=1

Since the analysis involves a finite number of first principle characteristics and the objective
function form corresponds to a mathematical norm, the analysis results are not dependent on the
specific value of p. The analyst can select a value based on the specific problem being solved or
for additional statistical applications of the objective function. For example, p=2 is often used
because of its statistical application in measuring data and Target Variable variation and Target
Variable prediction error.

[0083] A third form of the objective function is to solve for the simple sum of errors squared
as given in Equation 5 below.

Objective Function Mm[z |&; |21
i=1

While several forms of the objective function have been shown, other forms of the objective
function for usc in specialized purposcs could also be used. Under the optimization analysis, the

determined model cocfficients are those model cocfficients that result in the lecast difference
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between the summation and the actual value of the Target Variable after the model iteratively
moves through each facility and characteristic such that each potential model coefficient, subject
to the constraints, is multiplied against the data value for the corresponding characteristic and
summed for the particular facility.

[0084] For illustrative purposes, a more specific example of the one or more embodiments
used to determine model coefficients for use in comparative performance analysis as illustrated
in FIGS. 10-12 is discussed below. A Cat Cracker may be a processing unit in most petrolcum
refineries. A Cat Cracker cracks long molecules into shorter molecules within the gasoline
boiling range and lighter. The process is typically conducted at relatively high temperatures in
the presence of a catalyst. In the process of cracking the feed, coke is produced and deposited on
the catalyst. The coke is burned off the catalyst to recover heat and to reactivate the catalyst. The
Cat Cracker has several main sections: Reactor, Regenerator, Main Fractionator, and Emission
Control Equipment. Refiners may desire to compare the performance of their Cat Crackers to
the performance of Cat Crackers operated by their competitors. The example of comparing
different Cat Cracker example and may not represent the actual results of applying this
methodology to Cat Crackers, or any other industrial facility. Moreover, the Cat Cracker
example is but one example of many potential embodiments used to compare measurable
systems.

[0085] Using FIG. 10 as an example, method 100 starts at step 102 and determines that the
Target Variable will be "Cash Operating Costs" or "Cash OPEX" in a Cat Cracker facility. At step
104, the first principle characteristics that may affect Cash Operating Costs for a Cat Cracker
may include one or more of the following: (1) feed quality; (2) regencrator design; (3) staff
experience; (4) location; (5) age of unit; (6) catalyst type; (7) feed capacity; (8) staff training; (9)
trade union; (10) reactor temperature; (11) duplicate equipment; (12) reactor design; (13)
emission control equipment; (14) main fractionator design; (15) maintenance practices; (16)
regenerator temperature; (17) degree of feed preheat; (18) staffing level.

[0086] To determine the primary characteristics, method 100 may at step 106 determine the
effects of the first characteristics. In one embodiment, method 100 may implement step 106 by
determining primary characteristics as shown in FIG. 11. In FIG. 11, at step 202, method 200 may

assign a variation percentage for each characteristic. At step 204, method 200 may rate and rank
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the characteristics from the Cat Cracker Example. The following chart shows the relative

influence and ranking for at least some of the example characteristics in Table 1:

Characteristios

Category  Cornment

Feed Quality
Catalyst Type
Reactor Design
Repenerator
Design
Stalling {evels
Feed Capacity
Emission
Controf
Equipment
Stafl
Expertence
Stall Tratning
Mam
Fractionator
Design
Location

Frade Unicn

Maintenance
Practices
Age of Unit

Reactor
Temperature
Regenerator
Tempenture
Duplicate
Equipment

3 Several aspects of feed quality are key

3 Little effect on coets, large impact on yields

1 Several key design factors are key

3 Several design factors are key

2

i Probably smgle-most highest impact

2 Wetl varsus dry is a key difference

3 Little effect on costs

2 Little eflect on costs

3 Little effect on costs, Jarge impact on yvields

3 Previcus dats analysis shows this
characteristic has little effect an costs

3 Previous data analysis shows this
charactenistic has little effect on costs

2 Effect on reliability and “lost
opportunity cost™

2 Previous data analysis shows this
characteristic has little effect on costs

3 Luttle effect on costs

3 Little effect on costs

3 Litrle effect on costs

Table 1

In this embodiment, the categories are as follows as shown in Table 2:

Percent of Average Vanation
in the Targer Varizhle
Between Facilities

Category 1 (Major Characteristics)
Category 2 (Midlevel Characteristics)
Category 3 (Miner Characteristics)

=20%
5-24°

<5%

&~ @

=&

Table 2
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Other embodiments could have any number of categories and that the percentage values that
delineate between the categories may be altered in any manner.

[0087] Based on the above example rankings, method 200 groups the characteristics
according to category at step 206. At step 208, method 200 may discard characteristics in
Category 3 as being minor. Mcthod 200 may analyze characteristics in Category 2 to determine
the type of relationship they exhibit with other characteristics at step 210. Method 200 may
classify cach characteristic as exhibiting cither co-variance, dependence, or independence at step

212. Table 3 is an example of classifying the characteristics of the Cat Cracker facility:

Classification of Category 2 Characteristics Based on Type of Relationship

Type of If Co-variant or
Category 2 characterstics Rolationship  Depondent, Related Partner(s)

Staffing Levels independent

Enugsion Equipment Co~variant  Malntenance Practice

Maintenance Practices Co-variant  Stafl Experience

Age of Uit Dependent Stail Training

Stafl Training Co-variant  Maintenances Practice
Table 3

[0088] At step 214, method 200 may analyze the degree of the relationship of these
characteristics. Using this embodiment for the Cat Cracker example: staffing levels, which is
classified as having an independent relationship, may stay in the analysis process. Age of Unit is
classified as having a dependent relationship with Staff Training. A dependent relationship
means Age of Unit is a derivative of Staff Experience or vice versa. After further consideration,
method 200 may decide to drop the Age of Unit characteristic from the analysis and the broader
characteristic of Staff Training may remain in the analysis. The three characteristics classified as
having a co-variant relationship, Staft Training, Emission Equipment, Maintenance Practices,
must be examined to determine the degree of co-variance.

[0089] Method 200 may determine that the change in Cash Operating Costs caused by the
variation in Staff Training may be modified by more than 30% by the variation in Maintenance
Practices. Along the same lines, the change in Cash Operating Costs caused by the variation in
Emission Equipment may be modified by more than 30% by the variation in Maintenance
Practices causing Maintenance Practices, Staff Training and Emission Equipment to be retained

in the analysis process. Method 200 may also determine that the change in Cash Operating Costs
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caused by the variation in Maintenance Practice is not modified by more than the selected
threshold of 30% by the variation in Staff Experience causing Staff Experience to be dropped
from the analysis.

[0090] Continuing with the Cat Cracker example and returning to FIG 10, method 100
categorizes the remaining characteristics as continuous, ordinal or binary type measurement in

step 108 as shown in Table 4.

Classification of Remaimng characteristios Based on Measurement Type

Remaining charactoristics Measurernent Type
Staffing Levels Contingous
Emission Equipment Binary
Maintenance Practices Qrdinal
Staff Training Contingous

Table 4

In this Cat Cracker example, Maintenance Practices may have an "economy of scale”
relationship with Cash Operating Costs (which is the Target Variable). An improvement in Target
Variable improves at a decreasing rate as Maintenance Practices Improve. Based on historical
data and experience, a complexity factor is assigned to reflect the economy of scale. In this
particular example, a factor of 0.6 is selected. As an example of coefficients, the complexity
factor is often estimated to follow a power curve relationship. Using Cash Operating Costs as an
cxample of a characteristic that typically cxhibits an "cconomy of scale;" the cffect of

Maintenance Practices can be described with the following:

Targer Variable g 4 =

W CemnpdexiipFactior

J = Targer Variable it g

[ Capacity g i a

Capacity peiwg

[0091] At step 110, method 100 may develop a data collection classification system. In this
cxample, a questionnaire may be developed to measure how many of ten key Maintenance
Practices are in regular use at each facility. A system of definitions may be used such that the
data is collected in a consistent manner. The data in terms of number of Maintenance Practices
in regular use is converted to a Maintenance Practices Score using the 0.6 factor and "economy

of scale" relationship as illustrated in Table 5.
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Matntenance Practices Neore

Number Maintenance
Praclices [n Regular Use Maintenance Practices Scors

Wl Ja s by o—

.

h g
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Table 5
[0092] For illustrative purposes with respect to the Cat Cracker example, at step 112, method
100 may collect data and at step 114, method 100 may validate the data as shown in Table 6:

Car Cracker Data

Cash

Staff Staffing  HEmission Feed Operating
Reactor  Traming  Levels Dguipment Capacity Maintenance Cost

Unit of Design Man Number Yes = | Barrels Practices Daollars

Measurement Score Weeks People No=1( per Day Score per Barrel
Facility #1 1.530 30 Al 1 45 374 3.20
Facility #2 1.33 25 28 1 40 2.30 3.53
Facility #3 114 60 8 0 30 1.93 2.78
Facility #4 2.10 33 23 1 S0 374 4.26
Facility #5 1.00 25 ) 3 25 263 2.32

Table 6

[0093] Constraint ranges were developed for cach characteristic by an expert team to control

the model so that the results are within a reasonable range of solutions as shown in Table 7.
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Cat Cracker Modal
Constrant Ranges

Mainte- Feed
Reactor Staff Staffing Emission nance Capac-
Design  Training Levels Equipment Practices ity
Mini- -3.00 -3.00 -1.0 -1.0 0.0 0.0
mum
Maxi- 0.00 1.0 40 0.0 4.0 4.0
mum

Table 7
[0094] At step 116, method 100 produces the results of the model optimization runs, which

are shown below in Table 8.

Moidel Results

Characieristics Eguivalency Factors
Reactor Design -(3,9245
Staff Training -0.0021
Staffing Levels -0.0313
Emussion Equipment G.0000
Maintenance Praclices 0.0000
Feed Capacity G.1382
Table 8

[0095] The model indicates Emission Equipment and Maintenance Practices are not
significant drivers of variations in Cash Operating Costs between different Cat Crackers. The
model may indicate this by finding about zero values for model coefficients for these two
characteristics. Reactor Design, Staff Training, and Emission Equipment are found to be
significant drivers. In the case of both Emission Equipment and Maintenance Practices, experts
may agree that these characteristics may not be significant in driving variation in Cash Operating
Cost. The cxperts may detcrmine that a dependence cffcct may not have been previously
identified that fully compensates for the impact of Emission Equipment and Maintenance
Practices.

[0096] FIG 14 is a schematic diagram of an embodiment of a model coefficient matrix 10
with respect to the Cat Cracker for determining model coefficients for use in comparative
performance analysis as illustrated in FIGS. 10-12. A sample model configuration for the

illustrative Cat Cracker example is shown in FIG 14. The data 18, actual values 24, and the
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resulting model coefficients 22 are shown. In this example, the error sum 30 is relatively
minimal, so developed characteristics are not necessary in this instance. In other examples, an
error sum of differing values may be determined to be significant resulting in having to
determine developed characteristics.

[0097] For additional illustrative purposes, another cxample for determining model
cocfficients for use in comparative performance analysis as illustrated in FIGS. 10-12 is
discussed below. The embodiment will relate to pipelines and tank farms terminals. Pipelines
and tank farms are assets used by industry to store and distribute liquid and gascous feed stocks
and products. The example is illustrative for development of equivalence factors for: (1)
pipelines and pipeline systems; (2) tank farm terminals; and (3) any combination of pipelines,
pipeline systems and tank farm terminals. The example is for illustrative purposes and may not
represent the actual results of applying this methodology to any particular pipeline and tank farm
terminal, or any other industrial facility.

[0098] Using FIG. 10 as an example, method 100 t, at step 102, selects the desired Target
Variable to be "Cash Operating Costs" or "Cash OPEX" in a pipeline asset. For step 104, the
first principle characteristics that may affect Cash Operating Costs may include for the pipe
related characteristics: (1) type of fluid transported; (2) average fluid density; (3) number of
input and output stations; (4) total installed capacity; (5) total main pump driver kilowatt (KW),
(6) length of pipeline; (7) altitude change in pipeline; (8) total utilized capacity; (9) pipeline
replacement value; and (10) pump station replacement value. The first principle characteristics
that may affect Cash Opcrating Costs may include for the tank related characteristics include: (1)
fluid class; (2) number of tanks; (3) total number of valves in terminal; (4) total nominal tank
capacity; (5) annual number of tank turnovers; and (6) tank terminal replacement value.

[0099] To determine the primary first principle characteristics, method 100 determines the
effect of the first characteristics at step 106. In one embodiment, method 100 may implement
step 106 by determining primary characteristics as shown in FIG. 11. In FIG. 11, at step 202,
method 100 may for each characteristic assign an impact percentage. This analysis shows that
the pipeline replacement value and tank terminal replacement value may be used widely in the
industry and are characteristics that are dependent on more fundamental characteristics.
Accordingly, in this instance, those values are removed from consideration for primary first

principle characteristics. At step 204, method 200 may rate and rank the characteristics. Table 9
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shows the relative impact and ranking for the example characteristics method 200 may assign a

variation percentage for each characteristic.

Characteriatics Category  Comment
Type of Fluid Transported 2 products and crude
Average Fluid Density 3 affects power consumption
MNurnber of Inpat and 1 fmore stations messs mores cost
Ouipid Stations
Total Instatled Capacity 3 surprisingly minor atfect
Total Main Pump Driver 1 power cofisurnption
Kw
Length of pipeling 3 no affect
Altitude change in pipeline 3 small affect by related to KW
Total Utdized Capacity 3 no effect
Pipeline Replacement 3 industry standard has no effect
Value
Pump Station Replacemnent 3 industry standard has Hittle effeet
Value
Flud Class 3 no effect
Nurnber of Tanks 2 important tagk farm parameter
Total Number of Valves in 3 no effect

srininsl
Total Newninal Tank 2 mportant tank farm parameter
Capacity
Annual Namber of Tank 3 no effect
Turnovers
Tank Terminal 3 industry standard has little effect
Replacement Value

Table 9

[00100] In this embodiment, the categories are as follows as shown in Table 10:

Per Cent of Averape Vanation
in the Target Varizble
Between Facilities

Category 1 {(Major Characteristics) =13%
Category 2 {(Midlevel Characteristies) 7-15%
Category 3 {Miner Characteristics) 7%

Table 10
Other embodiments could have any number of categories and that the percentage values that
delincate between the categories may be altered in any manner.
[00101] Based on the above example rankings, method 200 groups the characteristics
according to category at step 206. At step 208, method 200 discards those characteristics in
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Category 3 as being minor. Method 200 may further analyze the characteristics in Category 2 to
determine the type of relationship they exhibit with other characteristics at step 210. Method 200
classifies each characteristic as exhibiting either co-variance, dependence or independence as

show below in Table 11:

Classification of Category 2 Characteristics
Based on Type of Relationship

H Co-variant or

Type of Dependent,
Category 2 characteristics Relationship Related Partner(s)
Type of Fluid Transported Independent
Number of Tnput and Outpuet Stations  Independant
Total Mam Pomp Driver KW Independent
Number of Tanks Independent
Total Normival Tank Capacity Independent
Table 11

[00102] At step 212, method 200 may resolve the dependent characteristics. In this example,
there are no dependent characteristics that method 200 needs to resolve. At step 214, method 200
may analyze the degree of the co-variance of the remaining characteristics and determine that no
characteristics are dropped. Method 200 may deem the remaining variables as primary

characteristics in step 218.

[00103] Continuing with the Pipeline and Tank Farm example and returning to FIG. 10,
method 100 may categorize the remaining characteristics as continuous, ordinal or binary type

measurement at step 108 as shown in Table 12.

Classification of Remaining charactoristicos
Based on Measurement Tyvpe

Remaining charactenstics Measurement Type
Type of Fluid Trausported Binary
Number of lopur and Quiput Stations Continous
Total Main Pump Driver KW Contfinuous
Number of Tanks Continous
Total Nominal Tank Capacity Continuons

Table 12
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[00104] At step 110, method 100 may develop a data collection classification system. In this
example a questionnaire may be developed to collect information from participating facilities on
the measurements above. At step 112, method 100 may collect the data and at step 114, method
100 may validate the data as shown in Tables 13 and 14.

Pipe Line and Tank Fanm Data

Type Number of Input
Characteristic of Fluid and Quipat Total Main  Numnber  Tolal Norminal
Measuremen: I = Produet Stations Pamp Driver of Tanks  Tank Capacity
Units 2 ={Cde Count KW Conat KMT
Facility 1 1 8 4.0 34 1,158
Facility 2 2 16 29.0 0 0
Facility 3 1 2 58 7 306
Facility 4 1 3 4.9 6 490
Facility 5 1 2 5.4 8 320
Facility 6 3 2 2.5 33 191
Facility 7 1 3 8.2 ¢ i
Facility 8 2 2 B9 0 0
Facility 1 3 150 10 18G
Facility 10 1 9 12.0 22 ROl
Facility 11 1 4 20.0 3 206
Facility 12 2 9 93 0 {
Facdity 13 2 12 6.2 0 {3
Table 13
Pipe Line and Tank Farm Tiala
Type Nurtber of Input

Characteristic of Tiuid and Output Toral Main  Number  Total Nominal

Measurement 1 = Product Stations Pump Driver of Tanks  Tank Capacity

Unitg 2 = Crude Count W Cotunt KMT

Facility 14 1 3 414 19 43¢

Faciligy 15 2 8 8.2 0 0

Tacility 16 1 3 96,8 31 1,726

Facility 17 1 2 150 R 294

Table 14

[00105] In step 116, method 100 may develop constraints on the model coefficients by the

expert as shown below in Table 15.
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Nusmber of
{nput and Niwnber
Tvpe Omntpit Total Main of Total Nominal
of Flnid  Stations  Pump Driver Tanks  Tank Capacity

Minimunn 0 4] {i 134 0
Maximyn 2000 T 300 500 100

Table 15
[00106] At step 116, method 100 produces the results of the model optimization runs, which

arc shown below in Table 16.

Muode! Regulrs

Characteristics Fouivalency Factors
Type of Fluid Transported 1301.1
Nuomber of Inpot and Outpdt Stations 433.4
Total Main Pump Driver KW 1708
Nuamber of Tanks 134.0
Total Nominal Tank Capacity 6.11

Table 16

[00107] In step 118, method 100 may determine that there is no need for developed
characteristics in this example. The final model coefficients may include model coefficients
determined in the comparative analysis model step above.

[00108] FIG 15 is a schematic diagram of an embodiment of a modcl cocfficient matrix 10
with respect to the pipeline and tank farm for determining model coefficients for use in
comparative performance analysis as illustrated in FIGS. 10-12. This example shows but one of
many potential applications of this invention to the pipeline and tank farm industry. The
methodology described and illustrated in FIGS. 10-15 could be applied to many other different
industries and facilities. For example, this methodology could be applied to the power
generation industry, such as developing model coefficients for predicting operating expense for
single cycle and combined cycle generating stations that generate electrical power from any
combination of boilers, stecam turbine generators, combustion turbine generators and heat
recovery steam generators. In another example, this methodology could be applied to develop
model coefficients for predicting the annual cost for ethylene manufacturers of compliance with

environmental regulations associated with continuous emissions monitoring and reporting from

38



CA 02945543 2016-10-11

WO 2015/157745 PCT/US2015/025490

ethylene furnaces. In one embodiment, the model coefficients would apply to both environmental
applications and chemical industry applications.

[00109] FIG. 9 is a schematic diagram of an embodiment of a computing node for
implementing one or more embodiments described in this disclosure, such as method 60, 100,
200, and 300 as described in FIGS. 1 and 10-12, respectively. The computing node may
correspond to or may be part of a computer and/or any other computing device, such as a
handheld computer, a tablet computer, a laptop computer, a portable device, a workstation, a
scrver, a mainframe, a super computer, and/or a database. The hardwarc compriscs of a processor
900 that contains adequate system memory 905 to perform the required numerical computations.
The processor 900 executes a computer program residing in system memory 905, which may be
a non-transitory computer readable medium, to perform the methods 60, 100, 200, and 300 as
described in FIGS. 1 and 10-12, respectively. Video and storage controllers 910 may be used to
enable the operation of display 915 to display a variety of information, such as the tables and
user interfaces described in FIGS. 2-8. The computing node includes various data storage
devices for data input such as floppy disk units 920, internal/external disk drives 925, internal
CD/DVDs 930, tape units 935, and other types of clectronic storage media 940. The
aforementioned data storage devices are illustrative and exemplary only.

[00110] The computing node may also comprise one or more other input interfaces (not shown
in FIG. 9) that comprise at least one receiving device configured to receive data via electrical,
optical, and/or wireless connections using one or more communication protocols. In one
embodiment, the input interface may be a network interface that comprises a plurality of input
ports configured to reccive and/or transmit data via a network. In particular, the network may
transmit operation and performance data via wired links, wireless link, and/or logical links. Other
examples of the input interface may include but are not limited to a keyboard, universal serial bus
(USB) interfaces and/or graphical input devices (e.g., onscreen and/or virtual keyboards). In
another embodiment, the input interfaces may comprise one or more measuring devices and/or
sensing devices for measuring asset unit first principle data or other asset-level data 64 described in
FIG. 1. In other words, a measuring device and/or sensing device may be used to measure various
physical attributes and/or characteristics associated with the operation and performance of a

measurable system.
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[00111] These storage media are used to enter data set and outlier removal criteria into to the
computing node, store the outlier removed data set, store calculated factors, and store the system-
produced trend lines and trend line iteration graphs. The calculations can apply statistical
software packages or can be performed from the data entered in spreadsheet formats using
Microsoft Excel®, for example. In one embodiment the calculations are performed using either
customized software programs designed for company-specific system implementations or by
using commercially available software that is compatible with Microsoft Excel® or other
databasc and spreadsheet programs. The computing node can also interface with proprictary or
public external storage media 955 to link with other databases to provide data to be used with the
future reliability based on current maintenance spending method calculations. An output
interface comprises an output device for transmitting data. The output devices can be a
telecommunication device 945, a transmission device, and/or any other output device used to
transmit the processed future reliability data, such as the calculation data worksheets, graphs
and/or reports, via one or more networks, an intranet or the Internet to other computing nodes,
network nodes, a control center, printers 950, clectronic storage media similar to those
mentioned as input devices 920, 925, 930, 935, 940 and/or proprictary storage databases 960.
These output devices used herein are illustrative and exemplary only.

[00112] In one cmbodiment, system memory 905 interfaces with a computer bus or other
connection so as to communicate and/or transmit information stored in system memory 905 to
processor 900 during execution of software programs, such as an operating system, application
programs, device drivers, and softwarc modulces that comprise program code, and/or computer
cxecutable process steps, incorporating functionality described herein, ¢.g., methods 60, 100, 200,
and 300. Processor 900 first loads computer executable process steps from storage, ¢.g., system
memory 905, storage medium /media, removable media drive, and/or other non-transitory storage
devices. Processor 900 can then execute the stored process steps in order to execute the loaded
computer executable process steps. Stored data, e.g., data stored by a storage device, can be
accessed by processor 900 during the execution of computer executable process steps to instruct
one or more components within the computing node.

[00113] Programming and/or loading executable instructions onto system memory 905 and/or
one or more processing units, such as a processor or microprocessor, in order to transform a

computing node 40 into a non-generic particular machine or apparatus that performs modelling
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used to estimate future reliability of a measurable system is well-known in the art. Implementing
instructions, real-time monitoring, and other functions by loading executable software into a
microprocessor and/or processor can be converted to a hardware implementation by well-known
design rules and/or transform a general-purpose processor to a processor programmed for a
specific application. For example, decisions between implementing a concept in software versus
hardware may depend on a number of design choices that include stability of the design and
numbers of units to be produced and issues involved in translating from the software domain to the
hardwarc domain. Often a design may be developed and tested in a softwarc form and
subsequently transformed, by well-known design rules, to an equivalent hardware implementation
in an ASIC or application specific hardware that hardwires the instructions of the software. In the
same manner as a machine controlled by a new ASIC is a particular machine or apparatus, likewise
a computer that has been programmed and/or loaded with executable instructions is viewed as a
non-generic particular machine or apparatus.

[00114] FIG. 18 is a schematic diagram of another embodiment of a computing node 40 for
implementing one or more embodiments within this disclosure, such as methods 60, 100, 200,
and 300 as described in FIGS. 1 and 10-12, respectively. Computing node 40 can be any form of
computing device, including computers, workstations, hand helds, mainframes, embedded
computing device, holographic computing device, biological computing device, nanotechnology
computing device, virtual computing device and or distributed systems. Computing node 40
includes a microprocessor 42, an input device 44, a storage device 46, a video controller 48, a
system memory 50, and a display 54, and a communication device 56 all interconnected by onc
or more buses or wires or other communications pathway 52. The storage device 46 could be a
tloppy drive, hard drive, CD-ROM, optical drive, bubble memory or any other form of storage
device. In addition, the storage device 42 may be capable of receiving a floppy disk, CD-ROM,
DVD-ROM, memory stick, or any other form of computer-readable medium that may contain
computer-executable instructions or data. Further communication device 56 could be a modem,
network card, or any other device to enable the node to communicate with humans or other
nodes.

[00115] At least one ecmbodiment is disclosed and wvariations, combinations, and/or
modifications of the embodiment(s) and/or features of the embodiment(s) made by a person

having ordinary skill in the art are within the scope of the disclosure. Alternative embodiments
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that result from combining, integrating, and/or omitting features of the embodiment(s) are also
within the scope of the disclosure. Where numerical ranges or limitations are expressly stated,
such express ranges or limitations may be understood to include iterative ranges or limitations of
like magnitude falling within the expressly stated ranges or limitations (e.g., from about 1 to
about 10 includes, 2, 3, 4, etc.; greater than 0.10 includes 0.11, 0.12, 0.13, etc.). The use of the
term “about” means £10% of the subsequent number, unless otherwise stated.

[00116] Usc of the term “optionally” with respect to any clement of a claim mcans that the
clement is required, or alternatively, the clement is not required, both alternatives being within
the scope of the claim. Use of broader terms such as comprises, includes, and having may be
understood to provide support for narrower terms such as consisting of, consisting essentially of,
and comprised substantially of. Accordingly, the scope of protection is not limited by the
description set out above but is defined by the claims that follow, that scope including all
equivalents of the subject matter of the claims. Each and every claim is incorporated as further
disclosure into the specification and the claims are embodiment(s) of the present disclosure.
[00117] While several embodiments have been provided in the present disclosure, it may be
understood that the disclosed embodiments might be embodied in many other specific forms
without departing from the spirit or scope of the present disclosure. The present examples are to
be considered as illustrative and not restrictive, and the intention is not to be limited to the details
given herein. For example, the various elements or components may be combined or integrated
in another system or certain features may be omitted, or not implemented. Well-known elements
arc presented without detailed description in order not to obscurc the present invention in
unnccessary detail. For the most part, details unnecessary to obtain a complete understanding of
the present invention have been omitted inasmuch as such details are within the skills of persons
of ordinary skill in the relevant art.

[00118] In addition, the various embodiments described and illustrated in the various
embodiments as discrete or separate may be combined or integrated with other systems,
modules, techniques, or methods without departing from the scope of the present disclosure.
Other items shown or discussed as coupled or directly coupled or communicating with each other
may be indirectly coupled or communicating through some interface, device, or intermediate

component whether electrically, mechanically, or otherwise. Other examples of changes,
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substitutions, and alterations are ascertainable by one skilled in the art and may be made without
departing from the spirit and scope disclosed herein.

[00119] Although the systems and methods described herein have been described in detail, it
should be understood that various changes, substitutions, and alterations can be made without
departing from the spirit and scope of the invention as defined by the following claims. Those
skilled in the art may be able to study the preferred embodiments and identify other ways to
practice the invention that are not exactly as described herein. 1t is the intent of this disclosure
that variations and cquivalents of the invention are within the scope of the claims while the
description, abstract, and drawings are not to be used to limit the scope of the invention. The
invention is specifically intended to be as broad as the claims below and their equivalents.
[00120] In closing, it should be noted that the discussion of any reference is not an admission
that it is prior art to the present invention, especially any reference that may have a publication
date after the priority date of this application. At the same time, each and every claim below is
hereby incorporated into this detailed description or specification as additional embodiments of

the disclosure.
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CLAIMS
What is claimed is:
1. A system, comprising:
at least one measurable system that comprises a plurality of equipment assets that is
operated at each respective facility of a plurality of facilities;
at least one measuring device;
wherein the at least one measuring device measures, to generate measuring
data, one or more physical attribute, one or more characteristics, or both that are
associated with an operation, a performance, or both, of the measurable system
of each respective facility of the plurality of facilities;
at least one sensing device;
wherein the at least one sensing device senses, to generate sensing data, the
one or more physical attribute, the one or more characteristics, or both that are
associated with the operation, the performance, or both, of the measurable
system of each respective facility of the plurality of facilities;
a processor that is operationally coupled to:
i) the at least one measuring device, the at least one sensing device, or
both, and
ii) a non-transitory computer readable medium, wherein the non-transitory
computer readable medium comprises instructions which, when
executed by the processor, cause the processor to:
receive maintenance expense data of the at least one measurable
system for each respective facility of the plurality of facilities;
receive first principle data that comprises, for one or more first
principle characteristics associated with one or more target
variables of the at least one measurable system, the measuring
data, the sensing data, or both;
receive asset reliability data of the at least one measurable
system;
44
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receive one or more comparative analysis models associated with
the at least one measurable system;

utilize one or more comparative analysis models to generate at
least one maintenance standard for the at least one measureable
system, based on the maintenance expense data and the first
principle data;

generate a plurality of category values that categorizes, by at least
one designated interval, the maintenance expense data based
upon the at least the one maintenance standard associated with
the at least one measureable system;

determine an estimated future reliability data of the at least one
measurable system based on the asset reliability data and the
plurality of category values;

wherein the one or more comparative analysis models identifies
one or more reliability-effective maintenance tasks that affect the
one or more target variables of the at least one measurable
system based at least in part on at least one primary first principle
characteristic;

wherein the at least one primary first principle characteristic is
determined based on an amount of the variation in the one or
more target variables of the at least one measurable system
between the plurality of facilities;

wherein, based on performance of the one or more reliability-
effective maintenance tasks with the at least one measurable
system, the at least one measuring device, the at least one
sensing device, or both, obtain, intermittently or continuously,
current data for the at least one primary first principle
characteristic of the at least one measurable system and transmit

the current data to the processor that updates the estimated
45
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future reliability data of the at least one measurable system to
generate the updated estimated future reliability data of the at
least one measurable system; and

an user interface configured to display the estimated future

reliability data and the updated estimated future reliability data.

2. The system of claim 1, wherein the asset reliability data is Equivalent Forced Qutage
Rate data.
3. The system of claim 1, wherein the instructions, when executed by the processor,

further cause the processor to compile the at least one maintenance standard and the asset

reliability data into a compiled data file.

4, The system of claim 3, wherein the instructions, when executed by the processor,
further cause the processor to:
generate a categorized time based maintenance expense data based upon at least the
compiled data file; and
generate a categorized time based asset reliability data based upon at least the

compiled data file.

5. The system of claim 4, wherein the instructions, when executed by the processor,
further cause the processor to generate the categorized time based maintenance expense data
by arranging the category values according to one or more time intervals for the plurality of

facilities.

6. The system of claim 4, wherein the instructions, when executed by the processor,
further cause the processor to generate the categorized time based asset reliability data by
arranging asset reliability data values according to one or more time intervals for the plurality

of ether facilities.
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7. The system of claim 1, wherein a future reliability interval of the estimated future
reliability is based upon an amount of the maintenance expense data, the asset reliability data,

and the first principle data.

8. The system of claim 1, wherein the at least one maintenance standard is utilized to

normalize the maintenance expense data.

9. The system of claim 8, wherein the instructions, when executed by the processor,
further cause the processor to normalize the maintenance expense data by generating a

periodic maintenance spending divisor for a time period.

10. The system of claim 1, wherein the estimated future reliability report comprises a graph

displaying the asset reliability data according to the plurality of category values.

11. A method, comprising:
measuring, by at least one measuring device, to generate measuring data, one or more
physical attribute, one or more characteristics, or both, which are associated with an
operation, a performance, or both, of at least one measurable system of each respective
facility of a plurality of facilities;
sensing, by at least one sensing device, to generate sensing data, the one or more
physical attribute, the one or more characteristics, or both that are associated with the
operation, the performance, or both, of the measurable system of each respective
facility of the plurality of facilities;
wherein the at least one measurable system that comprises a plurality of equipment
assets that is operated at each respective facility of the plurality of facilities;
receiving, by a processor, maintenance expense data associated with at least one
measurable system for each respective facility of the plurality of facilities;
wherein the processor is operationally coupled to the at least one measuring device, the

at least one sensing device, or both;
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receiving, by the processor, first principle data that comprises, for one or more first
principle characteristics associated with one or more target variables of the at least one
measurable system, the measuring data, the sensing data, or both;

receiving, by the processor, asset reliability data associated with the at least one
measureable system;

receiving, by the processor, one or more comparative analysis models associated with
the at least one measureable system;

utilizing, by the processor, one or more comparative analysis models to generate at
least one maintenance standard for the at least one measureable system, based on the
maintenance expense data and the first principle data;

generating, by the processor, a plurality of category values that categorizes, by at least
one designated interval, the maintenance expense data based upon the at least one
maintenance standard associated with the at least one measureable system;
generating, by the processor, an estimated future reliability data of the at least one
measureable system based on the asset reliability data and the plurality of category
values;

wherein the one or more comparative analysis models identifies one or more reliability-
effective maintenance tasks that affect the one or more target variables of the at least
one measurable system based at least in part on at least one primary first principle
characteristic;

wherein the at least one primary first principle characteristic is determined based on an
amount of variation in the one or more target variables of the at least one measurable
system between the plurality of facilities;

wherein, based on performance of the one or more reliability-effective maintenance
tasks with the at least one measurable system, the at least one measuring device, the at
least one sensing device, or both, obtain, intermittently or continuously, current data
for the at least one primary first principle characteristic of the at least one measurable

system and transmit the current data to the processor that updates the estimated
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future reliability data of the at least one measurable system to generate the updated
estimated future reliability data of the at least one measurable system; and
outputting, by the processor, the estimated future reliability data and the updated

estimated future reliability data, using an output interface.

12. The method of claim 11, wherein the asset reliability data is Equivalent Forced Qutage

Rate data.

13. The method of claim 11, wherein the at least one maintenance standard is utilized to
generate normalized maintenance expense data from the maintenance expense data and the

one or more comparative analysis models.

14, The method of claim 13, further comprising:
generating the normalized maintenance expense data by generating a periodic

maintenance spending divisor.

15, The method of claim 11, further comprising:
compiling the at least one maintenance standard and the asset reliability data into a
compiled data file;
generating a categorized time based maintenance expense data based upon at least the
compiled data file; and
generating a categorized time based asset reliability data based upon at least the

compiled data file.

16. The method of claim 15, wherein the generating the categorized time based
maintenance expense data comprises arranging the category values according to one or more

time intervals for the plurality of facilities.
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17. The method of claim 15, wherein the generating the categorized time based asset
reliability data comprises arranging asset reliability data values according to one or more time

intervals for the plurality of facilities.
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250 Data Compilation
252 254 256 258 260 262 264 266
N | | ] | i ] /
Client # Plant Name %::ry c;";';’:;:‘: de Actual (:::.‘:‘s':‘“) M| Act Mxstd Mx “n:::'g':’j:: EFOR
007111 Smith Plant 2002 19,793 11,182 0.57 1.00 7.15
007111 |Smith Plant 2003 20,857 13,944 0.67 2.00 5.20
007111 Smith Plant 2004 20,514 13,060 0.64 1.00 7.48
007111 Smith Plant 2007 18,247 16,550 0.91 4.00 23.28
007111 [Smith Plant 2009 18,413 18,958 1.03 6.00 25.18
007111 Srnith Plant 2010 18,627 21,558 1.16 7.00 12.77
007111 Brown Plant 2011 18,881 36,340 1.93 9.00 7.10
007112  |Brown Plant 2002 20,090 10,826 0.54 1.00 4.95
007112  |Brown Plant 2003 20,681 14,775 0.72 2.00 6.79
007112 |Brown Plant 2004 20,657 20,709 1.00 5.00 7.94
007112  |Brown Plant 2007 18,368 18,599 1.01 5.00 23.80
007112  [Brown Plant 2009 18,339 18,337 1.00 5.00 13.02
007112 |Brown Plant 2010 17,297 28,940 1.67 9.00 7.98
007112  [Brown Plant 2011 17,842 29,689 1.66 9.00 44.58
024100  |Jones Plant 2006 14,334 8,736 0.65 1.00 11.35
024100 [Jones Plant 2007 14,450 13,638 1,00 5.00 7.41
024100 |Jones Plant 2008 14,362 14,590 1.07 6.00 8.08
024100 |Jones Plant 2008 14,700 13,066 0.93 4.00 15.22
024101 [Jonesy Plant 2006 14,382 8,639 0.64 1.00 8.21
024101 |lonesy Plant 2007 14,779 14,911 1.06 6.00 14.31
024101 Jonesy Plant 2008 14,271 15,770 1.17 7.00 3.64
024101 Jonesy Plant 2009 14,626 13,900 1.00 5.00 14.88

FIG.2
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Future 2 Year Reliability Data by Current Ordinal
Maintenance Spending Category

50% 5?4 50,6 50§ 5}0 5}2 5]|4 5,16 51?

Maintenance Spending Ratio Ordinal Categol
1 2 3 4 5 6 7 8 9
748] 1037 432] 2549  13.02 710 11.50 7.40 0.36
500 7.94 5.88]  13.71 275 4458 14.88 223 129] _ 13.36
5.08 5.64 271 140 1522| 1057| 1226] 1699 7.67
364 1181 4.89 343 11.72| 1313|4547 518 6.62
2.19] 1037 6.62 6.30 3.19] __19.08 5.07 1.39 7.68
3.93 6.21 377 __11.07 1.80] __15.62 2.20 1.94 518
3.39 0.92 145 573 1.90 337 5.95 280 1414
276 1202 7.30 3.39 0.46 3.34 5.08 6.33 6.28
12.00 3.56 4.59 6.03 343 2.94 3.66 914 1.04
7.65 132 3.46 5.07 436 2.25 2.96 2.64 242
641 343 577 118 231 1493 6.25 2.88 192
347 1056 9.01 3.59 331 7.09 747 6.29 0.40
16.15 6.99 7.04 6.28 3.82 539 3.18 7.26 022
1.46 5.58 241 6.21 3.59 6.49 3.59 4.94 3.93
5.65 2.57 4.95 3.29 7.70 1.38 0.46 7.74 043
15.35 523 1.94 514 932 6.85 3.20 147| _ 20.86
1.95 2.91 145 1.03] __19.63 7.54 1.20 051 __13.66
8.87 1.32 3.97 352 11.20 3.19 2.99 223 2.08
16.59 2.70 2.40 6.44 6.31 2.54 7.07 4.07 2.60
1.94 248 0.66 149 1471 2.95 7.96 2.83 1.60
1.82 2.56 6.29 121 242 922 3.66 342 9.58
247 5.50 7.19 3.85 0.67 4.10 3.87 3.65 2.57
338 _12.1 521 172 088 10.34] _ 45.19 5.78 347
5.78 433 2.88 7.96 145 0.16] __15.05 431
817 148 245 2146 2.18 2.10] 3740 5.15
245 5.88 5.68 6.29 243 178 285 2848
548 169] _ 16.20 535 1.79 2.80 278 6.20
5.65 3.68 6.66 146 2.00 333 5.63
11.45 242 5.79 5.89 9.93 3.90 7.76
9.72 4.05 551 _11.65] _ 17.09 174 2184
1.23 1.39 6.64 553 6.22 5.95 12.69
337 5.83 5.63 177 261 5.04 1.87
12.09 527 3.74 196] _ 11.95 7.39 5.70
9.02 1.56 2.55 113 7.53 BRI
0.57 1.07 1.04 6.74 273 0.91
001 1181 178 549 544 213
6.61 5.10 449 8.25 912
9.00 4758 3.06 1.91] _ 23.08
2.90 6.08]  13.92 3.65 0.88
234 233 7.06 4.69 7.85
14.75 041 30.55 5.75
5.10 2.03 7.64 213
271 184 9.45
155 2.29
10.88 .04
15.57 555
2036 532
3.32
0.99

FIG. 5
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600\ Future 2 Year Reliability Statistics by Current Ordinal Maintenance Spending Category
6?2 604 6(? 6})8 61(\ 612 6}4 61& 61{

\ Mainterlance Bpending\Ratio|Ordinal|Category \

620 | Statistic | 1 2 3 4 5 6 7 | 8 9
N Av 6.14 6.88 5.38 5.95 7.51 6.68 9.28 6.19 5.55
622 —1 Median 5.65 5.10 4.89 5.07 4.34 544 3.87 4.94 3.17
624 /1 Pgo 12.01 12.04 8.65 10.63 15.17 14.53 23.99 10.92 13.60

FIG. 6
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