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Abstract
The aim of this study is to compare the aviation derived reliability metric known as the Maintenance Free Operating
Period (MFOP) with the traditionally used reliability metric called Mean Time between Failure (MTBF), which has its
innate disadvantages in the field of maintenance. This is mainly due to MTBF’s inherent acceptance of failure and the
unscheduled maintenance directly associated with it. Moreover, MFOP is successfully applied to a Petrochemicalsspecific case study. To date, no other application of the MFOP concept to the Petrochemicals sector is known. In this
study, first, an extensive review of the literature is presented. This section covers concepts relevant to the study and helps
to contextualize the problem, revealing the major shortcomings of the commonly accepted MTBF metric. Then, for the
analysis of MFOP performance of the systems, a methodology that makes use of failure statistics to analyze both
repairable and non-repairable systems is presented. Validation makes use of a case study, which applies the MFOP
methodology to a system, specifically in the Petrochemicals sector. It was shown that MFOP could be applied to the data
obtained from the Petrochemicals sector, producing estimates, which were accurate representations of reality. These
findings provide an exciting basis for facilitating a paradigm shift in the mindset of maintenance personnel, setting
reliability targets, and dealing with unscheduled maintenance stops.
Keywords: Maintenance strategy; Petrochemicals; Physical asset management; Repairable system; and Non-repairable
system.
1. Introduction
Physical Asset Management (PAM) is one of the fast-growing engineering disciplines in the world. By reliance on recent
conception and implementation of the British Standard Publicly Available Specification 55 (PAS 55), specifically
dealing with PAM, the concept has become an area of much research and discussion in both industry and academia. This
has been even further bolstered by the upcoming creation of the standard set by an International Organization for
Standardization (ISO) on PAM from the PAS 55 standard, to be known as ISO 55000, which at the time of writing this
paper was still being developed. Within PAM and PAS 55, there are certain primary requirements for the optimization
of asset management activities. These requirements include acquiring, utilizing, maintaining, and renewing.The scope
of the research closely associate with the PAS 55 is the "maintain" asset management activity. Maintenance engineering
truly began to be taken seriously by the majority of the industry in the early 1980s by the advent of the formulation and
introduction of maintenance management theories, such as Total Productive Maintenance (TPM) and Reliability
Centered Maintenance (RCM). As with most industries, in maintenance, there is a tendency for constant improvement
of the status quo. Mobley (2002) pointed out that maintenance is one of the driving factors involved in reliability and
efficient operation (Khalilpourazari & Khalilpourazary 2018; Mohammadi & Khalilpourazari 2017). However, many
industries still knowingly perform ineffective maintenance action. Due to this fact, there is a constant push, especially in
the engineering discipline, to optimize methodologies and practices. Heng et al. (2009) state that plants in the United
States spent more than the US $600 billion to maintain their systems in 1981 and this figure has been doubled in the last
20 years. Thus, today maintenance is not a multi-billion-dollar industry, but actually a trillion-dollar industry.
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This is a massive industry, not only in terms of expenditure, but also in terms of maintenance activities; therefore, there
is a need for optimized maintenance activities in order to gain maximum benefit for the operator at the lowest cost. Old
concepts; therefore, need to be challenged with new thought patterns, in order to best perform this task and to continue
to improve maintenance, and thereby the greater scope of PAM.
2.

Literature Review

This sector introduces the related literature and attempts to contextualize the problem described in the introduction. PAM,
the umbrella term under which this research falls, is considered first, Asset Management (AM) and an overview of the
holistic approach to AM is then described. After gaining an overview of AM, the PAS 55 standard is briefly discussed
in the following subsection. After this, ACPs are reviewed and a number of relevant subsections follow. Maintenance
interval metrics play a central role in this study and are elaborated on after ACPs, together with relevant items regarding
maintenance intervals. Thereafter, two important maintenance management philosophies are discussed, in order to place
the research in context and to show its wider application. To begin to understand the term AM in the context of
engineering, from Engineering-specific perspective, Davis (2007, p.?) defined an engineering-AM as “a continuous
process-improvement strategy for improving the availability, safety, reliability, and longevity of plant assets, i.e.,
systems, facilities, equipment, and processes”. However, in order to gain an understanding of the complete and more
general application of the term AM, it would be appropriate to compare the above definition to the definitions of the
word pair, given by the Oxford English Dictionary (OED), first, the definition of an asset is given as “All the property
of a person or company, which may be made liable for his or their deaths”. (OED, 2007). Management is also defined
by the OED as”organization, supervision, or direction; the application of skill or care in the manipulation, use, treatment,
or control (of a thing or person), or in the conduct of something”. (2007) An authoritative definition of AM is the socalled accountant's view of assets. In the accountant's definition, assets are split into fixed and current assets. Hastings
(2010) defines a fixed asset as a physical item, which has value over a period exceeding one year. Examples of these
include land and buildings, as well as plant and machinery. Faster moving assets, such as cash and inventory are defined
as the current assets (Khalilpourazari et al. 2018; Khalilpourazari & Pasandideh, 2018). Amadi-Echendu et al. (2010)
state that one should clearly differentiates "engineering" asset objects from "financial" asset objects, as all assets can be
classified into one of these two object categories. Financial objects, for example, could be securities traded on the stock
exchange or patent rights, both of which only exist as contracts between legal entities. Engineering objects can be items,
such as inventories, equipment, land, and buildings. These objects can exist independently of any organization or
contract. Amadi-Echendu et al. (2010) point to a diagram, reproduced in Figure 1 below, in which the author describes
the base of a pyramid comprising of the realm of Engineering Asset Management (EAM), with financial and all other
assets being built at the top of it. The OED (2007) also more specifically defines AM as”the active management of the
financial and other assets of a company, etc., esp. in order to optimize the return on investment”.
Hastings (2010) gives another definition of AM that is more aligned with a businessobjectives, where AM is the set of
activities associated with:
• identifying what assets are needed,
• identifying funding requirements,
• acquiring assets,
• providing logistic and maintenance support systems for assets,
• Disposal or renewal of assets.
Amadi-Echendu (2004) and Woodhouse (2003) also state that aligning utilization and management with the stakeholderdesired performance is a key challenge for physical asset management. Effective asset management requires: (i) The
appropriate integration of the corporation between established disciplines and emerging technologies; and (ii) the
application of the integrated synergies towards achieving the value profile, desired at the respective lifecycle stages of
the asset. Amadi-Echendu (2004) also points out that PAM is fundamentally accountable for the triple bottom line of
business reporting of economic, environmental, and social responsibilities. In this regard, Woodhouse (2003) mentions
that integrated AM represents the best-sustained mix of both asset care (maintenance and risk management) and asset
exploitation (use of the asset to meet some organizational objective). Vanier (2000) presents the "Six What’s" of asset
management, in order to describe examples of decision support tools for asset management, as well as to show the
discrete levels for asset management implementation:
1. What do you own?
2. What is it worth?
3. What is the deferred maintenance?
4. What is its condition?
5. What is the remaining service life?
6. What do you fix first?
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Figure 1. Nature of EAM within the context of other assets. Retrieved from Amadi-Echendu et al. (2010)

The British Standards Institution (2008) PAS 55 standard on physical asset management, also defines five key asset
management areas within organizations:
1. Financial Assets
2. Physical Assets
3. Human Assets
4. Information Assets
5. Intangible Assets
Vanier (2001) and FHWA (1999) define asset management as "... a systematic process of maintaining, upgrading and
operating physical assets cost-effectively. It combines engineering principles with sound business practices and
economic theory, and it provides tools to facilitate a more organized, logical approach to decision-making. Thus, asset
management provides a framework for handling both short- and long-range planning". Even though this definition is
older, similarities can still be drawn to PAS 55 and Woodhouse (2001).
Wenzler (2005) called keeping assets healthy and operational as a core activity. Wheelhouse (2009) also states a number
of items that should be included within a plant asset care plan:
• Servicing and Maintenance
• Inspection
• Shutdowns
• Spares Management
• Asset Strategy
• Performance Monitoring
The MTBF is a reliability metric that is often used to describe equipment or system reliability. Smith (2005) defines
MTBF as a stated period in the life of an item, the mean value of the length of time between consecutive failures,
computed as the ratio of the total cumulative observed time to the total number of failures (Fazli-Khalaf et al. 2017;
Khalilpourazari & Khalilpourazary 2017;). Modarres et al. (1999) define the MTBF as the Probability Density Function
(pdf) of time, between the first failure and the second failure, the second failure, and the third failure, and this process
goes on. The unit of MTBF is hours per failure, however, most statements about MTBF are made in terms of some time
unit (Ireson et al., 1996). When an item goes through a renewal process, it is assumed to be perfect. This means that
when the item goes through repair or maintenance, it is assumed to exhibit the characteristics of a new item. Modarres
et al. (1999) state that the as-good-as-new assumption made here is sufficient for the vast majority of reliability cases.
Ireson et al. (1996) argue that MTBF does not indicate how high the failure rate is, nor does it indicate how long the
infant-mortality period will last. Knowles (1995) also mentions that defining reliability in terms of MTBF is neither
beneficial to the customer nor to the supplier. Kumar (1999) states that MTBF has been widely used for the past five
decades in many commercial and defense industries for measuring reliability, but there are many difficulties in using
MTBF for maintenance planning and it fails to engineer a solution to maintenance problems. The use of MTBF has been
questioned by a number of researchers. Knowles (1995), Dinesh Kumar et al. (1999), and Hockley and Appleton (1997)
listed a number of drawbacks of MTBF: (1) It is almost impossible to predict MTBF if the time-to-failure distribution is
not exponential; (2) The methodology used widely to predict MTBF and the failure rate, is based on the exponential
distribution. This distribution is used to model failure times, not for any scientific reason, but primarily for its
Int J Supply Oper Manage (IJSOM), Vol.5, No.4
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mathematical simplicity. Mitchell (2000) also makes a statement similar to both Knowles (1995) and Dinesh Kumar et
al. (1999), in that MTBF assumes an exponential failure rate, meaning that random failures are inevitable. Hockley
(1998) and Mitchell (2000) make the point that MTBF and the use thereof, has created a culture of acceptance of failure
with little or no motivation to understand the mechanisms of when and why failures occur, but instead to concentrate on
random failure. MFOP is defined by Mitchell (2000), Brown and Hockly (2001), Dinesh Kumar et al. (1999), Manzini
et al. (2009) and Long et al. (2009) as a period of operation during which the system must be able to carry out all of its
assigned missions without any maintenance action and without the operator being restricted in any way due to system
faults or limitation. Another term that goes hand in hand with MFOP is the Failure Free Operating Period (FFOP), which
can be equated to ROCOF vis-à-vis MTBF. FFOP is defined by Brown and Hockly (2001) and Mitchell (2000) as a
period during which the equipment shall operate without failure; however, faults and maintenance, both planned and
unplanned, are permissible, i.e. all planned operations and cycles are completed unchanged. Brown and Hockly (2001)
state that MFOP also utilizes fault-tolerant, redundant, and re-configurable systems that allow for continuous operation.
It is very importantly noted by Dinesh Kumar et al. (1999), Kumar (1999), and Mitchell (2000) that during a MFOP, the
system is allowed to undergo any planned minimal maintenance, and also that redundant components can fail during an
MFOP. Without forcing any corrective maintenance, this ties into Brown and Hockly’s previous statement. Long et al.
(2009) point out some MFOP concept change drivers, these changes could be in design, operation, and maintenance
planning. This is done to realize success in the operational environment with minimal maintenance inside a MFOP,
achieved through the use of failure anticipation, avoidance, and maintenance delay. Brown and Hockly (2001) state that
MFOP measures the probability of being able to successfully complete an operation or a series of operations, without
maintenance degrading the ability to conduct the next operation or series of operations. A key point differentiating the
reliability metric or maintenance interval MFOP from that of MTBF is that MFOP assumes, from the outset, that success
is attainable and that the probability of success can be accurately forecast from entry into service. Brown, and Hockly
(2001) state that MFOP specifies customer needs in unambiguous terms.
3.

Problem Statement

Physical Asset Management (PAM) has become an increasingly important area of research and discussion in both
industry and academia. The British Standards Institution (2008) PAS 55 states that PAM constitutes those systematic
and coordinated practices that support an organization, to optimally and sustainably manage their asset systems over
their entire life cycle. Due to the interdisciplinary nature of PAM, PAS 55 emphasizes an integrated and holistic view of
PAM, in order to come to terms with its complexity. A detailed overview of PAM and PAS 55 is given in the literature,
and the overall high-level research influence is given in Figure 2. In order to help with the assessment of this complexity
and the overarching nature of the field, seventeen Key Performance Area (KPA) have been defined in the literature.
These shed a light on the current status of an organization's AM performance and AM maturity. One of the KPAs defined
is called an Asset Care Plan (ACP). ACP is the high-level term coined to describe the mix of tactical and non-tactical
maintenance activities performed within a maintenance strategy. Here tactical maintenance is the group of Preventive
Maintenance (PM) activities, and non-tactical is the group of Corrective Maintenance (CM) activities, where PM is being
favored among maintenance specialists. Maintenance management strategies, such as RCM and TPM also fall under
ACPs and can even be said to operate on the same level as an ACP.
In order to schedule and specify maintenance activities, and analyze historical failure data on equipment, statistical
maintenance interval metrics are defined and used. The most notable maintenance intervals used today are MTBF and
Mean Time to Failure (MTTF), depending on whether the system is repairable or non-repairable. The use of MTBF to
predict and specify failures goes back nearly to half a decade and it is used extensively in industry. The aviation industry
is widely considered to be at the forefront of maintenance methods. In recent years, a study commissioned by the Royal
Air Force found a number of underlying and fundamental problems by the use of the maintenance interval metric MTBF,
specifically for aircraft. Long et al. (2009) highlight the fundamental problem with MTBF. The author states that the use
of MTBF in predicting failure accepts that failure cannot be accurately forecast or avoided. It assumes random failures
and this assumption has negative knock-on effects, as it creates the need for unscheduled maintenance activities to be
performed during normal operating hours. Other problems have been highlighted by Knowles (1995), Appleton (1996),
Hockley and Appleton (1997) and Dinesh Kumar et al. (1999), for example, that it is almost impossible to predict MTBF
if the failure distribution does not follow an exponential one. The exponential distribution is used within the prediction
of MTBF, not for scientific reasons, but mainly for its mathematical simplicity. In a very clear assessment provided by
Trinidad and Nathan (2006), there is a need for better reliability metrics that account for trends in the failure data.
The above-stated problems with MTBF have resulted in the Royal Air Force defining a new maintenance interval that
addresses the elementary problems that arise when using MTBF. The interval or reliability metric that has been defined
is called MFOP (Appleton, 1996). MFOP, which is elaborated on in the literature, is a period of operation, where no
unscheduled maintenance activities are allowed, thereby replacing unscheduled maintenance activities with scheduled
ones, essentially making it a warranty period. It exploits systems that are fault-tolerant and have redundancies. There
exists a problem, specifically within asset-intensive industries, in the application and use of MTBF for the scheduling of
maintenance activities.
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Figure 2. Asset life cycle activities, highlighting an overall area of research

Characteristically the Petrochemical industry needs equipment to work continuously, and any unscheduled downtimes
or interruptions during production time create massive losses in revenue and hamper the quality of the final product. It
would, therefore, be advantageous to use MFOP as reliability metric and give machines or equipment a set MFOP, within
a predefined confidence interval. This would potentially allow for better production scheduling, a better downtime
planning that could reduce the logistic footprint and yield a steadier throughput within a plant or system.
Hypothesis
The central research question is defined below:
Is the use of Maintenance Free Operating Periods a more appropriate reliability metric for the assessment of physical
assets in the Petrochemical sector?
From the central research question the null hypothesis can be derived, it is defined in Table 1:
Table 1. The Null Hypothesis (H0, H1)
H0: The use of Maintenance Free Operating Periods is not a more appropriate reliability metric for the assessment of physical assets
in the Petrochemical.
H1: More appropriate reliability metric for the assessment of physical assets in the Petrochemical is the use of Maintenance Free
Operating Periods.

The methodology is to be set out for the calculation of MFOP lengths, thereby modeling a chosen system. This
methodology is then applied in an industry case study, where the research can be validated and the null hypothesis can
be either rejected or accepted.
4. Case Study
In the sections that follow the study is performed on data collected from Petrochemicals. A brief outline of the specific
problem is given first, thereafter more is said about the case study and the system analyzed is formally introduced.
Practicalities of data gathering are then discussed, with data requirements, collection, and classification playing a
prominent role. Now that the case study has been defined, the analysis can be conducted. Three identical systems were
analyzed, general and coherent analysis steps were followed throughout, these are shown in Table 2.
Table 2. Analysis steps followed for each system
No.
Step
1
Analysis of failure data set
2
3

MTBF calculations for actual system
MFOP calculations for actual system

4

MFOP calculations for hypothetical system

5

Summary of results

4.1. The Problem
The global problem, as stated previously, is that current reliability metrics, MTBF that is widely used, do not provide an
unambiguous and untainted view of the performance and operation of the equipment. MTBF remains a simple mean and
has created a widely accepted view that random failures are completely unavoidable. In this specific study, it is to be
researched if there is an application within Petrochemicals for the proposed solution to the shortcomings of MTBF,
Int J Supply Oper Manage (IJSOM), Vol.5, No.4
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MFOP originating from the aviation industry. Having found a research partner, Petrochemicals, a system or equipment
needed to be found so that the hypothesis could be tested. After a visit on-site and discussions with various key players
from the plant, a system is established. The equipment that is chosen to be studied is a grouping of cone crushers used
in ethylene operations. The group of Pumps consisted of three individual and identical pumps, Turbine, and Compressor.
These pumps were vital to the overall process. Due to smaller sized pumps, Turbine, and Compressor in the process, a
failure at this station in the process would have had far-reaching consequences in proceeding stations. Another factor
that is taken into consideration is that this grouping of pumps, Turbine, and Compressor had seen some unreliability in
the past, a better picture of them is therefore desired. The aim of this case study is to investigate the idea of using the
aviation-derived concept of MFOP within a Petrochemicals environment. Here a specific item of the total Petrochemicals
system is chosen, its failures are modeled, and the MFOP concept then applied to the chosen item, in this case, a grouping
of pumps. The failure distribution of the pumps, Turbine, and Compressor is found and thereafter the relevant MFOP
statistical formulas are applied to the distribution, in order to find the maintenance free time of operation, specific for
that item. It can then be seen if this period is feasible and could be applied to the item. The modeling of the pumps,
Turbine, and Compressor failure distributions is an additional sub-aim of the study additionally. Ultimately, a better
understanding of applying the MFOP concept should be gained, thereby testing the school of thought of MFOP against
that of the traditionally used reliability metric MTBF. After detailed discussions with the concentrator plant manager on
the system and its subcomponents, a decision is made on which equipment to use for the analysis. This decision is based
on the plant manager's in-depth knowledge of the complete system and the complexities thereof. Also taken into account,
where conditions, such as equipment criticality to continue uninterrupted operations, based on non-operational output
loss. The chosen equipment is an arrangement of three pumps 201 A-B-C. These pumps were pivotal to the smooth
operation of the complete system and the equipment.

Figure 3. Application methodology, employed in Case Study

Down streaming from them. They were, however, to different degrees, susceptible to breakdowns and therefore
unplanned maintenance activities had to be conducted, thereby hampering the continuous operation of the system. Due
to their susceptibility and varying reliability, this system is chosen for the study. Figure 3 shows the methodology that
was used so far. As stated in the previous section, the system chosen for the study is a grouping of three pumps that are
used in Ethylene production operations in Figure 4.

Figure 4. Relative position of the ethylene retrieved in petrochemical process
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This unit consists of five main parts:
1. Cracking furnaces
2. Cooling of cracking gas and recovery of diluted steam in the cooling Tower
3. Compressor and wash with caustic
4. Pump & Cooling Section for recovery of C2 cut
5. Hydrogenation and purification of ethylene are formed.
Ethan enters this unit as a feed of the adjacent petrochemical plant. This feed comes with the ethanol from the unit itself
to the cracking in furnaces. The furnace output is immediately cooled and moved into the compressor section. The
moisture content of the exhaust gas is taken from the compressor in moisture absorbers and then enters the cooling
section. After cooling, cracking gas enters the distillation towers to separate the various carbon slices. Finally, the C2
Cut tower enters the hydrogenation reactor and after converting acetylene into ethylene andthe Ethylene separating tower,
ethylene is distilled from ethanol, and pure ethylene is sent from the top of the tower for use downstream of the
polyethylene or storage tank for export.
Production of
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Figure 5. Ethylene Production Steps retrieved in petrochemical process
The data used in this study were failure and maintenance data of the system of pumps 201. This data come from secondary
sources, being from petrochemical data recorder system, which records a large amount of data and variables. From this
system, maintenance data on the pumps were pulled and stored in Microsoft Excel. Data were obtained from 2016 to
2017, at a resolution or in increments of 10 minutes over the entire period; a higher resolution would have become
impractical within the Microsoft Excel environment, due to the large amounts of data points. Data could not be obtained
earlier than October 1, 2015, due to no data on failures being available before that point. Table 3 shows the number of
events found for each pump from the stated period.
Table 3. Number of Events Found in Data.

row
1
2
3

level
Pump 201-A
Pump 201-B
Pump 201-C

Number of failures
60
51
26

4.2
Analysis of the Failure Data Set for Pump 201-A
The first calculation performed on the data is the Laplace trend test. The result of the Laplace test for the found data is
UL-P-201-A = −2.5648, which is clear in the reliability improvement area of the test that displayed a trend; therefore, making
the Lewis–Robinson trend test superfluous. The results are outlined in Table 4.
The Power Law NHPP is used in this analysis. The data set for Pump 201-A can be analyzed using repairable systems
theory. Here a power law NHPP is used to model the system in order to find expected failure times. The power law's
parameters, λ, and δ were found through the least-squares method, the parameters were found by using the solver function
in Microsoft Excel.
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Table 4. Results of Trend Tests applied to P-201-A data

Trend Test
Laplace Test
Lewis-Robinson Test

Result
ULP−201−A = −2.5648
ULRP−201−A = 𝑁/𝐴

Table 5. Power law parameters found for P-201-A

Parameter
λ
δ

Value
0.6593
0.4023

ρCR1 = (0.6593) ·

0.4023t0.4023−1

The outcome of using the Power Law NHPP, in order to model the failure data is shown in Figure 6. Figure 6 plots the
actual found failure events, together with the predicted or modeled failure events, found through the use of the Power
Law NHPP.
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Figure 6. Modeled failure times using the Power Law NHPP

4.3.
MTBF Calculation for Pump 201-A
The historical and future MTBF of Pump 201-A is determined for comparative purposes and in order to have a reference
in the analysis that is used.
The historic MTBF for Pump 201-A is found to be 57.12 hours, using Equation (1):
(𝑡 −𝑡 )
𝑀𝑇𝐵𝐹𝜌1 (𝑡1 → 𝑡2 ) = 2𝛿 1𝛿
𝜆(𝑡2 −𝑡1 )

(1)

For a non-repairable system, the historic MTBF can be calculated by using Equation (1) this section still makes up
phase 3 of the methodology layout shown in figure 3. 𝑀𝑇𝐵𝐹𝜌1 (𝑡1 → 𝑡2 ) : Mean time between failures estimated by
power law NHPP from 𝑡1 𝑡𝑜 𝑡2
𝑡1 𝑎𝑛𝑑 𝑡2 : Between any two points in time
λ and δ : parameters for the power law NHPP
The future MTBF is calculated by using Equation (2):
𝐸((𝑇𝑟+1 |𝑡 = 𝑇𝑟 )) = (

1+𝜆𝑇𝑟𝛿
𝜆

)

1⁄
𝛿
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Providing a better representation of the current state of the system is the future MTBF. If the system is put back in
operation after the last recorded failure, then the next failure of the system can be predicted,(r + 1)𝑡ℎ , This yields the
next expected failure, 𝑇𝑟+1 ,in order to attain the future MTBF, λ and δ parameters for the power law NHPP to be
estimated using the least-squares method. Here T1, T2,…, Tr = arrival times of failures, r = total number of observations.
And is found to be 62.64 hours, results are summarized in Table.
Table 6. Summary of both historic and future MTBF found for Pump 201-A

MTBF type
Historic MTBF

Hours
57.12

Future MTBF

62.64

4.4. MFOP Calculations for Pump 201-A
MFOP calculations specific to Pump 201-A are shown in this section. It is established that Pump 201-A followed a
repairable system and is modeled accordingly, using the power law NHPP. Using Equation 3, and the previously
determined power law NHPP parameters, the MFOP of Pump 201-A could be determined. This is shown graphically in
Figure 7.
𝑀𝐹𝑂𝑃𝑆(𝑡𝑚𝑓 ) = 𝑒 −𝜆((𝑡𝑚𝑓+𝑇𝑟)

𝛿

−(𝑇𝑟)𝛿 )

(3)

Tr is the global time unit of the last known failure event andλ and δ parameters for the power law NHPP are estimated
using the least-squares method. In putting a number of values for tmf in this example from 1 to 200 is shown in Figure
7. As shown in Figure 8, it can be seen that Pump 201-A did not yield particularly high MFOPS probabilities for long
MFOP. The comparison of the historic MTBF, to the equivalent MFOP of the same length, gave the following results
that were found by the application of failure statistics and are not just a mean. At Pump 201-A’s MTBF of approximately
57.12 hours, the probability of achieving this, or the MFOPS, is about 53 %, without requiring any corrective
maintenance actions. A further MFOP length that could be taken, as it is easy to comprehend, is the length of a full day
or 24 hours. Inspecting Figure 8, it is found that Pump 201-A had a MFOPS of 70 % at an MFOP of 24 hours.

MFOPS

4.5. MFOP Calculations for Hypothetical Pump 201-A
In order to better perceive the MFOP principle, a hypothetical Pump 201-A is modeled. This crusher used the same data
set found for pump 201-A, but removed the top two failures from the data set. Even though this is a hypothetical system,
it does not seem unrealistic in the targets it achieves. In the case of pump 201-A, the top two failures that were removed
were the categories of the lube system and feedback faults, made up of approximately 70 % of the failures of Pump 201A. Now that a new data set is formed, the analysis began again with the application of trend tests to the failure data set.
Using the Laplace trend test, it is established that the hypothetical pump 201-A is laid in the grey area of the test.
Therefore, no conclusive statement can be made as to whether there is a trend present or not. The Lewis–Robinson trend
test is then applied to the data set, here, again no conclusive result is found, the data is still in the grey area.
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Figure 7. Probability of achieving MFOP length for Pump 201-A

At this point an assumption needs to be made, plotting the data, it can be seen that the system looks like a repairable
system with a distinct reliability improvement; it is therefore decided to model the system accordingly.
The power law NHPP is therefore used to model the new data set, with the power law parameters, λ, and δ, being found
numerically, using the least squares method. The results for the parameters are shown in Table 7.
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After the parameters for the power law NHPP were known, the MFOP analysis could begin. Plotted in Figure 7, is a
comparative plot of the MFOP length and equivalent MFOPS for both the current Pump 201-A and the hypothetical
Pump 201-A system.
Table 7. Power law parameters found for the hypothetical Pump 201-A

Parameter
λ
δ

Value
0.6037
0.3256

MFOPS

4.6. Summary of Results of Pump 201-A
Pump 201-A is the only Pump 201-A of the three that could be modeled as a repairable system, due to the results of the
Laplace trend test. The greatest cause of failure for Pump 201-A is the lube system, accounting for nearly 40 % of all
failure. MFOP calculations performed on the Pump 201-A showed that the Pump 201-A at an MFOP length is equal to
that of its MTBF (57.12 hours), where the MFOPS is approximately 53 %. In essence, giving Pump 201-A 70 % chance
of completing its found MTBF, without requiring unscheduled maintenance. A different outlook of pump 201-A is given
in the hypothetical case that is modeled. Here the top two failures were removed from the data and a new failure data set
is defined.
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Figure 8. Probability of achieving MFOP length for both hypothetical and current Pump 201-A

4.7. Analysis of the Failure Data Set for Pump 201-B
The first calculation performed on the failure data for Pump 201-B is the Laplace trend test. The result of the Laplace
test for the found data is ULP−201−B = −1.49. This puts Pump 201-B into the grey area of the Laplace trend test and the
test could therefore not provide a definitive answer as to whether there is a trend or not. The Lewis–Robinson trend test
is then applied to the data. The outcome of the Lewis–Robinson test is found to be ULRP−201−B = −0.85. This took Pump
201-B back to the noncommittal or no trend area of the Laplace trend test. The results are outlined in Table 8. Due to the
fact that the Lewis–Robinson test showed that Pump 201-B had no apparent trend within the data, Pump 201-B is
analyzed using non-repairable systems theory.
Table 8. Results of Trend Tests applied to PUMP 201-B data

Trend Test
Laplace Test
Lewis-Robinson Test

Result
ULP−201−B = −1.49
ULRP−201−B = −0.85

Table 9. Weibull parameters found for PUMP 201-B

Parameter
β
η
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This creates the specific distribution for PUMP 201-B given in Equation 4 below:

𝑓(𝑥) =

𝛽 𝑥 𝛽−1
( ) .
𝜂 𝜂

exp (−(𝑥⁄𝜂 )𝛽 )
(4)

2.554
2.554
𝑥
𝑥
𝑓(𝑥) =
(
)1.554 . exp(− (
)
)
74.366 74.366
74.336

Here β is the shape parameter and η is the scale parameter of the Weibull distribution, with η> 0 and β > 0. These
parameters are required in order to later calculate the MFOP of the system selected. Equation 4 provides the probability
of system failure at instant x and is plotted in Figure 9. Analyzing the shape parameter, β, of PUMP 201-B, which is also
known as the Weibull slope, as the value of β, is equal to the slope of the probability density function shown in Figure
9. Even though PUMP 201-B is not a non- repairable system, it behaves like one, with the current β > 1; PUMP 201-B
displayed a probability of failure that decreases with time. The analysis determined the scale parameter, η, which has the
effect of stretching out the probability density function, or the same effect as a change in the abscissa scale. The peak
value of the probability density function curve could decrease, as the area under the probability density function remained
a constant one. An increase in η, while keeping β constant, stretches the curve out towards the right and its height
decreases. A decrease in η, while keeping β constant, pushes the distribution to the left and its height increases. Now that
parameter estimators are known and systems reliability is modeled, including graphically, the MFOP calculation can
begin.
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Figure 9. Weibull pdf for PUMP 201-B Current & Hypothetical

4.8. MTBF Calculation for PUMP 201-B
The historic and future MTBF of PUMP 201-B is determined simply for comparative reasons and in order to have a
currently used reference in this analysis. For the non-repairable system of PUMP 201-B, the calculation of the MTBF is
clearly the average of the failure times found in the collected failure data. From the data, the average Xi is calculated and
then divided by the total number of observations, in this case, 51. The historic MTBF of PUMP 201-B is then found to
be 64.98 hours and the future MTBF, found by applying Equation 5, is determined as 66.02 hours. The results are
summarized in Table 10.
∞

𝐸[𝑋𝑟+1 ] =

∫0 𝑥.𝑓(𝑥)𝑑𝑡

(5)

∞

∫0 𝑓(𝑥)𝑑𝑥

Here the integral of f (x) will converge to 1 and the integral of x .f (x) will converge to the future MTBF of the system.
Table 10. Summary of both historic and future MTBF found for PUMP 201-B

MTBF type

Hours

Historic MTBF
Future MTBF

64.98
66.02

4.9. MFOP Calculations for PUMP 201-B
MFOP calculations are shown in this section. These calculations are specific to PUMP 201-B. PUMP 201-B has been
found to act like a non-repairable system previously, thereby necessitating a Weibull analysis of the system, which is
done in the previous section. The shape and scale parameters for the Weibull distribution of PUMP 201-B were found.
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These are needed for further analysis. In order to determine the MFOP and MFOPS of PUMP 201-B, a system that can
be Weibull modeled on Equation 6 is used.
𝛽

𝑀𝐹𝑂𝑃𝑆(𝑡𝑚𝑓 ) = 𝑒𝑥𝑝 (

𝑡 𝛽−(𝑡+𝑡𝑚𝑓 )
𝜂𝛽

)

(6)

λ and δ parameters for the power law NHPP be estimated using the least-squares method. In putting a number of values
for tmf in this example from 1 to 120 this is shown in Figure 10. Using Equation 6 and the previously determined Weibull
shape and scale parameters, the MFOP of PUMP 201-B is calculated. It is immediately obvious that PUMP 201-B, in its
current state, does not provide a particularly high MFOP at a high probability of achievement at that MFOP length. In
comparison to the MTBF found in the previous section, which is approximately 64.98 hours of operation, MFOP yields
additional information calculated through formal failure statistics and is not just a Mean as in MTBF. Results present us
with the fact that if PUMP 201-B is given a MFOP length equal to that of the MTBF (64.98 hours), PUMP 201-B would
only have an approximately 50 % probability of completing that period without requiring any corrective maintenance
actions. Another MFOP length of interest, which is easy to comprehend, is the length of 24 hours or a full day. Again,
by finding 24 hours on the x-axis of the plot and then reading off the equivalent probability, it is found that PUMP 201B has an approximately 95 % probability of achieving an MFOP of 24 hours.
4.10. MFOP Calculations for hypothetical PUMP 201-B
Results for the Weibull parameters are shown in Table 11.
Table 11. Weibull parameters found for hypothetical PUMP 201-B

Parameter
β
η

Value
6.780
95.000

Comparing the current MFOP of PUMP 201-B and the hypothetical one in Figure 10, it is immediately noticeable that
the hypothetical system provided a substantially improved MFOP, at a far higher probability of success. Studying the
64.98-hour MTBF value that is established previously, it now becomes apparent that the new system has a far higher
chance of achieving this period, from 50 % to 92 %.
4.11. Summary of Results of PUMP 201-B
P-201-A and PUMP 201-B have very similar MTBF values, 57.12 hours and 64.98 hours respectively, but behave very
differently and therefore need to be modeled in a different way. The greatest cause of failure for PUMP 201-B, as for all
pumps, is the rotor system, accounting for nearly 50 % of the total failures within the analysis period. Owing to the
results of the Laplace and Lewis-Robinson trend tests, the pump is modeled using the Weibull distribution with
parameters found, as seen in Table 10 and Table 12. The MFOP calculations performed on pump two demonstrated that
the crusher at an MFOP length is equal to that of its found MTBF had a MFOPS of approximately 50 %. Therefore,
giving the pump a 50 % chance of achieving its found MTBF.

MFOPS

In order to show another perspective of the PUMP 201-B system, a realistic hypothetical case is constructed. The top
two failures found in the Pareto analysis were removed from the data set and a new failure data set was compiled. The
conceived system displayed a significant improvement in its attainable MFOP and MFOPS, gains of an MFOP of 65
hours from a previous MFOPS of 50 % to one of 92 % are seen in Figure 10.
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Figure 10. Probability of achieving MFOP length for both hypothetical and current PUMP 201-B
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4.12.
Analysis of the Failure Data Set for Pump 201-C
The result of the Laplace trend test in the dataset was found to beULP−201−C = 1.878. This put P 201-C, as with PUMP
201-B, in the grey area of the Laplace trend test, the test thus provided an inconclusive result and did not deliver an
answer as to whether there is a trend present within the dataset. The Lewis-Robinson trend test, a modification of the
Laplace trend test, is then applied to that data set. The test uses the same test scale as the Laplace test, the result of the
Lewis-Robinson test is found to be ULRP−201−C = 1.948. This did not show a significant change and is still within the
grey area of the test metric, revealing no further details about whether the data set has an underlying trend or not.
Table 12. Results of Trend Tests applied to P 201-C data

Trend Test
Laplace Test

Result
ULP−201−C = 1.878

Lewis-Robinson Test

ULRP−201−C = 1.948

Reliability
Improvement

-2

Non-committal

-1

0

Reliability
Degradation

ULP-201-C

1 U
LR

2

Grey area

No further details about whether the data set has an underlying trend or not. This information is needed in order to
ascertain whether the pump should be modeled as a repairable or non-repairable system. As both trend tests did not
divulge a definitive answer, the data is looked over again It is assumed that no trend is present. P 201-C is therefore
modeled in a Weibull distribution and as a non-repairable system, provides a satisfying result.
Table 13. Weibull parameters found for P 201-C

Parameter
β
η

Value
0.752
44.887
𝛽 𝑥 𝛽−1

Substituting the found shape and scale parameters into Equation 𝑓(𝑥) = ( )
𝜂

𝜂

𝑥 𝛽

. 𝑒𝑥𝑝 (− ( ) ), he specific equation
𝜂

for P 201-C shown below in Equation 7.
𝑓(𝑥) =

0.752

(

𝑥

44.887 44.887

)−0.248 . exp (− (

𝑥

)

44.887

0.752

)

(7)

Here β is the shape parameter and η is the scale parameter of the Weibull distribution, with η> 0 and β > 0. These
parameters are required in order to later calculate the MFOP of the system selected. Analyzing the found Weibull shape
parameter, β, of P 201-C, it is found that it is close to a value of 1. If the β is equal to 1, then the effect would be a
constant failure rate or one which is consistent with the exponential distributions. Even though β is still less than 1 for P
201-C, the pump displays a very slightly decreasing failure rate, but close to a constant one. The Weibull pdf is shown
in Figure 11 and the failure probability function is shown in Figure 12.
4.13. MTBF Calculation for PUMP 201-C
From the data, the average Xi is calculated, thereby yielding the historic MTBF of P 201-C. The historic MTBF of P
201-C is found to be 48 hours and the future MTBF is determined as lasting for 53 hours. The results are summarized in
Table 14.
Table 14. Summary of both historic and future MTBF found for P 201-C

MTBF type
Historic MTBF
Future MTBF

Hours
48
53

4.14. MFOP Calculations for Pump 201-C
In order to determine the MFOP and MFOPS of P 201-C, Equation 6, as with P 201-C is used. The shape and scale
parameters are substituted into the equation to calculate the MFOP and are shown graphically in Figure 13.
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Table 15. Weibull parameters found for hypothetical P 201-C
Parameter
Value
β
0.752
η
44.877
As with PUMP 201-B, P 201-C does not provide a particularly high MFOP at a high probability of achievement.
However, immediately noticeable is that P 201-C is more reliable than PUMP 201-B. Comparing P 201-C’s previous
MTBF, 48 hours, with the found MFOP, it was found that P 201-C only had an approximately 50 % chance of completing
this period without requiring any corrective maintenance actions. As with PUMP 201-B, looking at a 24-hour period is
relatively easy to comprehend. Figure 13 shows that the pump had a 50 % chance of completing a full day without
requiring corrective maintenance actions.
4.15. MFOP Calculations for hypothetical PUMP 201-C
A hypothetical P 201-C is modeled, again, in order to better demonstrate the MFOP concept. Even though this system is
hypothetical, it is not unrealistic. With reference to the Pareto chart shown in Figure 10, the hypothetical case removed
the top two failure cases from the data set. In the case of P 201-C, these were the categories of lube system failures and
other/unplanned maintenance. The latter failure is classified by failures, such as sequence stops or data points that are
simply named “unplanned maintenance”. These two failure categories made up over 70% of failures for P 201-C. Once
a new data set had been formed, the analysis started again with a trend test. The Laplace trend test established that there
is no underlying trend present in the new data set and therefore the hypothetical pump could again be modeled using the
Weibull analysis. Weibull parameters were then found by using the Maximizing the Likelihood Method, parameters β
and η, shown in Table 16. As the Weibull parameters, β and η, of the hypothetical system are now known, an MFOP
calculation could be performed. The results were plotted together with the current MFOP performance, shown in Figure
14. By comparing the two systems, a vast difference can be seen in the probability of achievement of MFOP length. The
supposed system is immensely more reliable than the current system. Taking the previously established current systems
MTBF of 48 hours, P 201-C had a 37 % chance of completing this period. The proposed system would now have a 57%
chance of making the same period, a sizeable improvement.
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Figure 14. Probability of achieving MFOP length for both hypothetical and current P 201-C

4.16. Summary of Results of Pump 201-C
It can be ascertained that P 201-C is the most reliable pump of the three pumps analyzed. Of the 26 events that were
found during the analysis period, the Pareto analysis established that the rotor system is by far the greatest cause of
failure, accounting for over 60 % of failures. The data set is analyzed and it is found that it could be characterized by a
Weibull distribution. Weibull parameters were found with results provided in Table 14. P 201-C displayed a probability
of failure that decreased with time. The MFOP of P 201-C was calculated and it was found to be 37 % at the crusher’s
MTBF of 48 hours. Here the operator of the equipment immediately had more information at hand about the current
performance of the system. A hypothetical or proposed P 201-C is then modeled, with the top two causes of failure
removed from the data set, and a new failure data set found. A considerable and realistic improvement is found in both
the MFOP and MFOPS, as seen in Figure 14, with the pump achieving an MFOP of over 48 hours at an MFOPS of more
than 57 %.
4.17.
Final Remarks
Now that the MFOP analysis for all pumps has been performed, a final comparison can be conducted. Starting with the
familiar MTBF values found for each pump, shown in Table 16. The most striking element is the fact that P-201-A and
PUMP 201-B have an MTBF that is virtually the same, P 201-C.
Table 16. Historic and future MTBF values for all pumps in their current state

Future MTBF (hrs.)

Historic MTBF (hrs.)

pumps

62.64
66.02
53.03

57.12
64.98
48.01

201-A
201-B
201-C

Even though P-201-A and PUMP 201-B have more or less the same MTBF, their reliability characteristics are vastly
different.

Figure 15. Comparison of all three pumps current MFOP performance
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At the exactly the same MFOP of 30 hours, (Figure 15), P-201-A has an MFOPS of 35 %, whereas PUMP 201-B has a
MFOPS of only 80 %. This illustrates the vastly different reality of the crushers, performances and provides a more
“complete” picture.
5.

Conclusion

The research conducted above has been successfully applied to the data obtained from Petrochemicals; however, in order
to ascertain the practical value of the research, a number of external industry experts were approached. The first
validation was done by senior engineering manager at large Petrochemicals who studied the results and approved the
validity of the research in writing. Stating that he preferred the metric MFOP over MTBF, finding it more beneficial to
describe reliability. Another validation was conducted; this was done by way of an interview an external person and
introducing him to the research and case study results. For this purpose, Maintenance Specialist was interviewed.
Maintenance Specialist is a consultant working for the asset management consulting company, and has extensive
experience in reliability and maintenance topics in the industry and specifically in Petrochemicals. The review of the
literature demonstrated that there is a definite problem with the use of the maintenance interval metric Mean Time
Between Failures (MTBF). This problem is not isolated from the Petrochemicals industry. The aviation sector has defined
a new maintenance interval metric to address the intrinsic issues that MTBF presents. The maintenance interval metric
that was defined is called Maintenance Free Operating Period (MFOP) and was introduced in the literature. It was chosen
to investigate this aviation-derived metric and is used in the Petrochemical industry. After an application methodology
was introduced, the principle was applied in a case study presented in this chapter. From the analysis, it could be clearly
seen that historic MTBFs found for each pump did not describe the system completely, it did provide indications that the
system seems unreliable, but this would have been known by simply observing the system for a short time physically
on-site, no more valuable information is provided. The future MTBF that was found for each pump also failed to show
any more information, except for showing that P-201-A is more reliable that P 201-C which is actually not the case. It
could be seen from the analysis that the MFOP principle provides a far better and more accurate picture of the analyzed
system's performance, enabling maintenance engineers to make better-informed maintenance decisions on the pumps,
the system that was analyzed. Engineers perform smarter and more focused maintenance, setting reliability targets that
can be visually tracked.
In today’s extremely competitive industrial environment, optimized maintenance decisions and programs are becoming
increasingly important to asset-centric organizations. Preventive maintenance remains the most popular maintenance
strategy, followed by a vast number of organizations, especially in the Petrochemicals sector. An intrinsic and essential
part of maintenance is maintenance interval metrics or reliability metrics, as they yield information of the reliability
performance of a certain system or equipment. The most commonly found and used maintenance interval metric is
MTBF, which is used widely in various industries including the Petrochemicals sector. A number of inherent problems
with the definition and application of MTBF have been found and a proposed solution to these problems has come from
the aviation sector. The aviation sector is highly regulated, safety conscious, and asset-intensive, bearing many
similarities to the Petrochemicals industry. The solution put forward is to define a new maintenance interval metric called
MMFOP. This study investigated the school of thought of the widely used maintenance interval metric MTBF, against
that of MFOP and applied it in the Petrochemicals sector. Following the literature study, an application methodology
was derived in order to apply the MFOP concept to a system and compare the results to an ordinary MTBF approach.
This methodology is based on the use of failure statistics, in order to result in a MFOP for both repairable and nonrepairable systems. The methodology was then applied in the case study, with data being provided from Petrochemicals.
In the case study, three pumps used for ethylene production were analyzed and both MFOPs and MTBFs were calculated
for the pumps. Part and parcel of any scientific study are limitations. Raw data plays a large part in the application and
use of MFOP and the calculation thereof. If no historical data were available for the system, then it would be difficult or
impossible to model the system. The calculation, and thereby the application of MFOP, requires a certain amount of
background knowledge in failure statistics. If this knowledge is not available, then the MFOP methodology cannot be
applied effectively.
There are still areas where future research could improve results:
1- A general comment for future research is that data quality obtained from the Petrochemicals industry remains a
problem. There should be a concerted effort to improve data recordings. In case of this study, failure data was
readily available through the modern PI data capturing system, except that the maintenance data input was at
times ambiguous or incomplete, specifically as to the root cause of the failure. It would, therefore, be desirable
for future studies to have better data quality. Through consistent data capturing, this would further improve the
results.
2- Future research may investigate the incorporation of the MFOP concept, and the MFOPS probability associated
therewith, into the criticality analysis. This would be beneficial to a criticality analysis, as commonly, the
educated guesses of an employee are simply used to determine which system is critical to the operation. The
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MFOPS of different systems could be used within the criticality analysis to better establish which system is
most critical to the operation.
The recommendations listed above could provide interesting windows for future research projects conducted in the field
of PAM.
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