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ABSTRACT

The modern industrial landscape is defined by increased competition, shorter response times, lower costs, and more reliable processing to meet customer demands. As
a result, it has gained traction worldwide, and the necessity to undergo radical digital transformations in how they deal with processes. Specifically, it is receiving
great relevance to the construction of specific decision support systems (DSSs) to help monitor industrial systems with a data-driven analytic approach, aiming to
maximise reliability and efficiency. Maintenance is one of the most investigated processes based on risk-driven inspection.

The Risk-Based Inspection (RBI) procedure, widely consolidated in the scientific field thanks to the publication of the API RP 581 manual of the American Pe-
troleum Institute, is one of the most used procedures in the oil and gas sector to carry out risk assessments of the integrity of industrial components. It forms the basis
for developing inspection plans within which the components to be inspected are prioritised based on the associated risk of failure.

The use of non-intrusive inspection methodologies, based on non-destructive testing techniques, is incorporated into the assessment as an alternative to other
traditional inspection strategies based on direct inspection. These techniques may help to reduce the number of scheduled plant shutdowns and the associated cost
due to production loss.

This research aims to develop a decision support system (DSS) based on the guidelines of the RBI procedure that is easy to use and open to access to support
decisions in a cost-benefit analysis of the maintenance process.

The system was developed focusing on a real plant, assessing the operational and financial risk of the shell and tube heat exchanger. The data used to implement
the procedure in the system were provided by the company SGS specialised in industrial components’ certification and inspection.

The current assessment has been performed for the damage mechanisms that affect the considered equipment: thinning, external corrosion, and CUI. All of the
referred damage mechanisms are corrosion-based. None of the other multiple damage mechanisms that could affect the industrial equipment has been considered in
this work.

1. Introduction to the organisation’s operations (Lee et al., 2023).

The oil and gas sector is one of the most sensitive to maintenance,

Nowadays, many industries face complex challenges in order to
optimise the operations and functionalities of their plants in a highly
dynamic supply chain and market demand environment (Arena et al.,
2022). Consequently, even maintenance functions must find a new
dimension driven by the continuous growth of global competitiveness
(Di Nardo et al., 2021; Velmurugan & Dhingra, 2015). The importance
of plant assets maintenance is inextricably linked to the concern of the
organisation’s overall quality and resulting profitability, which are vital
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since it leads the world-wide energy supply (Yang et al., 2009). Besides,
this industry is a highly competitive sector where the world’s leading
companies compete against each other by focusing on technological
innovation and process optimisation (Antomarioni et al., 2022; Sharma
et al., 2015). A complex risk framework needs to be appropriately
managed to ensure the success of an oil and gas project. Currently, there
is a greater awareness of the need to assess the risk related to the safety
of personnel (including company employees and community), the
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business interruption and the environmental damage; however, in-
dustries focus mainly on risk assessment limited to on-site plant safety,
since it is there where the hazard starts (Rawat et al., 2022). Managers
can consider risks when deciding when, where, and how to inspect and
assess equipment used for business (Adedipe et al., 2020; Keers & van
Fenema, 2018). Hence, this industrial reality pays great attention to the
plants’ maintainability, reliability, and safety principles.

To reduce the amount and frequency of maintenance costs and
improve maintenance practices, various analysis techniques are used to
assess the risk and damage to equipment (ISO 14224, 1999). The reli-
ability of equipment and systems is currently one of the main business
strategies to improve an organisation’s market position and achieve and
maintain a competitive advantage (Mohammed, 2023). On the other
hand, failure of equipment and systems can be highly costly for com-
panies (Lees, 1996).

Selection of an appropriate approach is crucial in maintenance, and
the connected outputs are difficult to assess (Chris & Wang, 2001).
Traditionally, a maintenance strategy must be balanced to maximise
equipment uptime and facility performance, while requiring the least
resources and costs. In short, the maintenance strategy should be
selected appropriately to improve the competitiveness of the production
(Velmurugan & Dhingra, 2015). Three leading maintenance strategies
are failure maintenance, preventive maintenance, and predictive
maintenance.

Failure maintenance is the most straightforward maintenance strat-
egy to implement, where the equipment can operate until it fails and,
consequently, is repaired or replaced. Preventive maintenance is widely
used in manufacturing, where equipment is checked, properly repaired,
and renewed regularly to avoid unplanned downtime. Predictive
maintenance uses sensors to monitor the condition of manufacturing
assets. (Ramotsoela et al., 2018; Tamilselvan & Wang, 2013). Such data
are often used to establish an alarm system to detect any abnormal
behaviour and ensure regular and continuous operation (Joung et al.,
2020). Other maintenance strategies, such as opportunistic and correc-
tive maintenance, can be adopted to maximise the availability of
manufacturing systems (Sellitto, 2020).

Time or risk can be assumed as reference variables for the strategy to
verify the condition of the assets. A time-based inspection (TBI) strategy
establishes the inspection frequency in fixed time intervals, depending
on the characteristics, for instance, of the equipment, the process fluid.
Instead, a risk-based inspection (RBI) strategy defines an inspection plan
in such a way that the maximum risk is always kept below a threshold
level (risk target). RBI evaluation is based on the examination of the
equipment and associated damage mechanisms. As a result, RBI con-
nects the mechanisms that cause equipment failure to the inspection
strategy that effectively reduces the associated risks.

The classic TBI strategy has been generally overcome, and through a
more robust comprehension of the causes of degradation, the focus has
moved to the conditions of the items, reinforcing a RBI approach (API RP
581, 2016). In contrast to the TBI strategy, which considers parameters
mainly related to the consequence of failure, RBI allows scoring in-
spection and maintenance activities by evaluating both the likelihood of
failures and their consequences, and identifying high-risk items (Arena
et al., 2022).

Furthermore, according to API RP(2016), the RBI methodology takes
into account the type of inspection is designed considering the specif-
ically identified damage mechanisms and the level of inspection effec-
tiveness is adjusted based on the calculated probability. Therefore, it
significantly improves the condition-based approach (API RP 581,
2016). As a result, inspection and resources are mostly focused on the
highest risk items, and downtime and shutdowns can be reduced at the
minimum to keep the risk under control, allowing longer periods of
continuous operation.

In shifting towards a predictive RBI type, the plant’s performance
certainly increases, but also the costs and resources associated with
them, sometimes considerably (Lee et al., 2023). For this reason, since
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predictive maintenance is the most desired strategy for plant manage-
ment, the cost becomes as crucial as the benefit that this type of main-
tenance induces then before (Saleh et al., 2023).

Maintenance expense has continuously risen over the past decades:
depending on the industry, the proportion of production expenses
related to maintenance duties ranges from 15 % to 70 %. ([langkumaran
& Kumanan, 2012). Besides, it has been established that about one-third
of the maintenance, expenditures are wasted due to the uncertainties
and inefficiencies associated with the lack of knowledge of the wear
state or the improper use of the received data (Mobley, 2002).

This phenomenon is also connected to the changing maintenance
purpose. In fact, the scope of plant maintenance is not only to keep
working any equipment or item to prevent disruptions in plant activities
(Al-Najjar et al., 2001; Henriques & Sadorsky, 1999) but also to ensure
efficient and quality production, equipment availability, worker well-
being and environmental safety (Al-Najjar et al., 2001; Bennett, 2006;
Hussain et al., 2023; Joung et al., 2020).

Therefore, maintenance management cannot be seen as a punctual or
a short-term activity but necessarily needs medium-long-term strategic
objectives from a risk management perspective in order to ensure
operational, economic, environmental and social continuity of the
plants (Bokrantz & Skoogh, 2023; Duffuaa et al., 2002).

Since the heterogeneous nature of the necessary information for the
correct management of the maintenance phase and its dependence on a
large number of people and processes, it emerges the need for a cutting-
edge decision support system (DSS) aimed to collect all this information
and give a global and complete idea of the state of maintenance of the
systems: in order to allow choosing the best possible solutions (Liang
et al., 2023) not only in the company interest but also for the benefit of
people and environment (Peron et al., 2022).

With this premise, the objective of this research is to develop and
make available a DSS based on the guidelines of the RBI procedure that
is easy to use and open to access focusing in the field of the oil and gas
industry and specifically in the middle field phases of process and
storage that results to be the more complex and item-rich of the entire
stream. Besides, a comparison between different RBI strategies and a TBI
approach will be tested to validate different solutions for the case study
examined.

The assessment has been performed on a shell and tube heat
exchanger, based on the data provided by the company SGS specialised
in industrial components’ certification and inspection. The referred
equipment is affected by the following damage mechanisms: thinning,
external corrosion, and corrosion under insulation (CUI). Therefore, the
analysis has been performed only for those damage mechanisms. All of
the considered damage mechanisms are corrosion-based. Moreover. The
damage mechanisms that have been assessed are considered to be some
of the most typically found in the industry. However, many other mul-
tiple damage mechanisms could affect the industrial equipment and that
are caused due to other types of corrosion, cracking, erosion, tempera-
ture, stress, and/or combinations of various of those factors (such as
stress corrosion cracking, corrosion-erosion). None of these damage
mechanisms has been considered in this work.

Therefore, the current study is proposed as an introduction and could
be expanded to other possible scenarios, including additional or other
damage mechanisms.

The paper is organized as follows: section 2 provides an overview of
the research topic of maintenance in the oil and gas sector (with a focus
on RBI approach) and the decision-support systems approach that is
used; section 3 clarifies the detail about the methodology used and the
main results obtained, and the conclusion can be found in section 4 there
is, limitations and future research directions.
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2. Materials and methods
2.1. Decision support systems (DSS)

To implement the RBI analysis and understand its benefits, this
research uses a DSS approach to investigate the results of an RBI
approach versus the TBI approach and support decision-makers in
choosing methodologies and parameters that optimise the maintenance
process and the risk level. The case study is focused on a relevant
equipment, such as a shell and tube exchanger as a part of an industrial
ethylene production plant.

Generally, a DSS is a software system that makes available to the user
(i.e. the decision-maker) a series of functionalities of data analysis and
the use of models interactively and straightforwardly to increase the
efficiency and effectiveness of the decisional process (Marsden & Pingry,
1993).

Several DSSs have been developed for specific applications in various
domains, such as farming activities (Fuchigami et al., 2021), portfolio
investment construction and selection (Xidonas et al., 2011), waste
disposal selection (Demesouka et al., 2019), energy planning with un-
certainty (Moret et al., 2020), and supplier selection (Kellner et al.,
2019). Burstein and Holsapple (2008) extensively cover the theoretical
background, design principles, historical and latest development, and
practical implementations of DSSs classifying them in various ways
(Smedberg & Bandaru, 2023).

Essential aspects of a DSS are the ease of use and flexibility of the user
interface, the interactive environment, effectiveness in using models and
analysing data of interest and the possibility for the system to become an
integral part of the decision-making process (Marsden & Pingry, 1993).

Very often, it is not only the intuition or the decision-makers’ ability
that determines the development or survival of a company but the speed
with which a decision is made and, therefore, the reduction of the
problem-action gap. What is required from a DSS is the ability to
consolidate information, produce reports or forecast data, and allow
simulations, all flexibly and simply (Centobelli et al., 2017).

The concepts described so far can be simplified and summarised in
Fig. 1. During the operating phases, a data interchange occurs between
operators, users, and devices within the organisation. A portion of this
data has the potential to be integrated into a database that functions as a
comprehensive repository for the DSS. The DSS is capable of generating
output data that enables managers to make informed decisions within
the specific environment for which the DSS was created. This capability
is achieved by a prioritisation model that considers the limits imposed
by corporate strategies.

In general, monitoring the integrity of industrial assets based on
fixed inspection frequencies could result economically unproductive, as
the condition of the assets which is verified during the inspection is not

Safety Science 177 (2024) 106570

taken as an input to define the inspection plan. This could result in an
unnecessary high inspection frequency, which would carry to excessive
downtime. In addition, it would result in sweeping inspection plans on
all components rather than prioritisation plans for the components to be
inspected.

A risk-based decision support system is a tool that allows a decision-
maker to identify the factors that influence failures on specific segments
and analyse their effects by determining the likelihood of these risk
factors occurring (Berardi et al., 2008). The severity of the fault is
determined through the analysis of the consequences. From this, the
impact of a failure caused by each risk factor can be established in terms
of cost, and the cumulative effect of failure is determined through
probability analysis. The model can optimise the cost of inspection and
maintenance operations (Dey, 2004).

Risk-based decision support systems can significantly reduce the
time required to assess the integrity of the assets, because the estimated
risk allows the decision-maker to quickly establish the required in-
spection effectiveness to be applied for every identified damage mech-
anism (Bousdekis et al., 2019). Therefore, these tools can determine an
added value not only in the inspection plans but also in the maintenance
plans that derive from them as the risk-based DSSs by providing helpful
information on the health status of the components, allowing to identify
which ones are the components to be inspected that do not meet the risk
target desired by the managers. This process enables building mainte-
nance plans aimed at the integrity of the priority assets without having
to inspect all the components, as the decision-maker has information on
the risk of breakage of the components released by the system that can
discriminate which are the components that do not require maintenance
as they fall within the desired risk (Riis et al., 1995). The above are the
main reasons why the development of this system has been undertaken,
which will be described in the following.

2.2. Maintenance procedures in the oil and gas plants

Over history, oil and gas companies have begun to scale up their gas
facilities with exploration and production activities to meet the growing
demand for a growing industrial base and the integrity of the assets of
these facilities had historically been achieved through a TBI approach
(Giridhar Kumar et al., 2020). However, the TBI involves three main
implications:

e It is necessary to inspect all the equipment; therefore, the resources
used are enormous if the number of items is high;

e The costs related to the inspections are high, as it also inspects a
potentially intact asset that does not show significant degradation
states;
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Fig. 1. General DDS Flow Chart.
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e This approach determines the systematic shut-down of all equip-
ment, even the intact ones; consequently, the costs related to pro-
duction losses tend to rise.

While this type of inspection has allowed oil and gas companies to
maintain equipment integrity in compliance with corporate standards
and objectives, this model has gone into crisis over time, as equipment to
be inspected within a plant has increased to excess. As a result, the oil
and gas industry has constantly felt the urgent need to optimise its in-
spection approach (Rodriguez-Prieto et al., 2020).

Nevertheless, most operating companies are aware of RBI: it repre-
sents a fundamental step as it allows to evaluate the integrity of the
assets within an industrial plant and consequently allows it to go and
prioritise the inspection and maintenance interventions based on the
probability of failure and the consequence of failure associated with the
components (Arena et al., 2022). It could result in a reduction of the
needed inspection time and the number of assets to be inspected, which
would decrease the resources that would be needed (Bertolini et al.,
2009; Straub & Faber, 2005). Moreover, it also could allow expanding
the inspection intervals, reducing production downtime and related
losses (Bertolini et al., 2009; Straub & Faber, 2005). However, reser-
vations about transitioning from a TBI to an RBI approach exist yet.
Using the particularly challenging but successful transition from a TBI
approach to an RBI approach in the plant, the following four main
benefits realised by the RBI implementation could be outlined (Al-
Shdifat et al., 2020; Bhatia et al., 2019; Khan et al., 2019; Shafiee &
Adedipe, 2023):

e Extended inspection intervals

e Reduced inspection scope / increased plant availability;
e Greater operational awareness;

e Optimised inspections and maintenance costs;

As stated in API RP 581 Best Practice, “The primary work products of
the RBI Assessment and Management approach are plans that address ways
to manage risk at the individual equipment level” (API RP 581, 2016). In
addition to risk reduction and an overall improved security environ-
ment, RBI plans can lead to cost reductions by helping to identify
equipment that does not require inspection or requires minimal in-
spection (Bokrantz et al., 2020). Therefore, inspection and maintenance
activities can be more cost-effective and provide enough space for effi-
cient planning and scheduling (Giridhar Kumar et al., 2020; Liang et al.,
2023). This results in a significant reduction in the number of in-
spections performed.

By focusing on risk control, RBI provides a better link between the
damage mechanisms that may lead to the equipment failure mode (e.g.
loss of containment) and inspection approaches that effectively reduce
associated risks. Statistically, a significant percentage of the risk is
usually associated with a small portion of the equipment in any opera-
tional facility. Adopting an RBI methodology for planning inspection
activities allows the inspection/maintenance department to provide
higher coverage on high-risk items and adequate effort on low-risk
equipment (Bhatia et al., 2019). Besides, safely extending a facility’s
lifespan and reducing downtime due to a turnaround directly increase
plant availability, and the significant improvement in resource avail-
ability is another positive effect of implementing RBI (Bertolini et al.,
2009; Krishnasamy et al., 2005).

Cost reduction is not the primary goal that promotes the imple-
mentation of a RBI approach, but it certainly can generate cost optimi-
sation as a side effect of cost reallocation (Han et al., 2019; Shafiee &
Adedipe, 2023). A RBI program justifies the ineffective, unnecessary, or
inadequate inspection techniques. According to the damage mechanism,
intrusive inspections can be replaced in some cases with online or non-
intrusive inspections that do not require equipment shutdown. RBI also
provides a basis for reducing or eliminating inspection in low-risk
equipment (those below the risk target). Finally, a combination of

Safety Science 177 (2024) 106570

more specific inspections, in terms of used inspection techniques and
effectiveness, with a frequency adapted to the risk level can be used
instead of non-specific inspections with a generic frequency. This should
result in the application of inspection resources where they are needed
and, consequently, in an increase in the cost-effectiveness of inspections.
Another opportunity to manage inspection costs is to identify items in
the inspection plan that can be performed non-intrusively and on-
stream. If non-intrusive inspection is able to be applied and provides
sufficient information to assess the condition of the component, there is
the potential for net savings based on not having to open, clean and
inspect internally during downtime. If the element considered is the
main stopping factor of an operating unit, a non-intrusive inspection can
help increase the uptime of the unit (Khan et al., 2019).

From a technical point of view, the RBI technique involves a quan-
titative assessment of the Probability of Failure (PoF) and the Conse-
quences of Failure (CoF) associated with each item in a plant (Khan &
Haddara, 2004). This analysis allows the estimation of optimal inspec-
tion and maintenance intervals that maximise the availability of a sys-
tem while minimising its risk (Khan & Haddara, 2004). In this way, RBI
helps determine the most economical use of maintenance resources,
allowing organisations to prioritise and plan maintenance activities
based on the quantified risk of equipment failure. Consequently, an
effective RBI helps to increase the life cycle of equipment and reduce
inspection costs and instances of failure (Khan et al., 2006).

RBI techniques were formalised through risk calculations to make
decisions about inspection schedules. They can be qualitative when
referring to a non-numerical representation using graphics, flow charts,
and data sources (Khan et al., 2015, 2016), using analytical estimates in
which subjective scores are given to numerous factors identified as
causes of equipment damage. In this case, the results represent a
perception rather than a measurement. In contrast, when discussing
quantitative methods, the risk Is estimated using a numerical or statis-
tical method (Wintle et al., 2001). In this way, the PoF and CoF are
obtained based on complex models that return much more reliable and
accurate results than qualitative approaches (Drozyner & Veith, 2002).
Unfortunately, these calculations are not always easy and can result in
significant cost increases in maintenance strategies. For this reason,
semi-quantitative techniques have been introduced to provide a more
detailed prioritisation of the risks of qualitative assessments and reduce
the arduous task of calculating the risk factors of quantitative assess-
ments (Mohammed, 2023). However, PoF and CoF are crucial elements
in each RBI approach.

According to the API RP 581, PoF is recognised globally as (API RP
581, 2016):

POF(t) = gfftotalA' Df(t)A'FMS @

Looking at equation (1), the PoF is a function of time and is given by the
product of three different parameters. The generic failure frequency (gff)
is a value of the average failure rate for a similar asset type that is taken
from the specific industry database and is adjusted through the damage
factor (Dy (1)) and the management system factor (Fys). There is a clear
distinction between the meaning of these two adjustment factors; in
particular, the Dy adjusts the generic failure frequency according to the
active damage mechanisms to which the component is subjected and
considers the susceptibility to the damage mechanism and/or the
damage accumulation rate. The Dy also assesses historical inspection
data and the effectiveness of past and future inspections. On the other
hand, the Fys explains the plant management systems’ influence on the
plant’ mechanical integrity. Another difference is that the Dyis linked to
a specific component and damage mechanism, whereas the Fysg is
applied equally to all plant components (API RP 581, 2016).

To calculate the damage factors related to the considered damage
mechanisms in this case (thinning, corrosion under insulation on ferritic
component and external corrosion on ferritic component), the future
corrosion rate needs to be estimated.
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In the case of thinning, the future corrosion rate was obtained based
on the past corrosion rate that was calculated by thickness measuring.
The wall thickness reduction is produced from the component’s interior
for this damage mechanism.

Regarding the damage factor for external corrosion on ferritic com-
ponents, the future corrosion rate is calculated through equation (2).

C: = CrpAmax(Fyq, Fiy| 2

Where:

C, is the estimated future corrosion rate.

C,p is the base corrosion rate. The value for this parameter was taken
from table 15.2M of API RP 581, based on the operating temperature
and the driver (atmospheric condition causing the corrosion rate).

Fgq is the adjustment factor for equipment design/fabrication detail.
A value of 2 is given if the equipment has a design which allows water to
pool and increases metal loss rates. Otherwise, a value of 1 is assigned.

Fjg is the adjustment factor for the interface. If there is an interface
where it enters soil or water, a value of 2 is given. Otherwise, this
parameter is set as 1.

The corrosion rate for corrosion under insulation on ferritic
component damage factor is calculated through equation (3).

C, = CpA-FinsA-FeyA-FicA-max [Frq, Fir] 3)

Where:

C, is the estimated future corrosion rate.

C,p is the base corrosion rate. The value for this parameter was taken
from table 16.2M of API RP 581, based on the operating temperature
and the driver (atmospheric condition causing the corrosion rate).

Fins is the adjustment factor for insulation type. It is determined
according to Table 16.3 of API RP 581.

Fe¢p is the adjustment factor for complexity. Values of 0.75, 1 or 1.25
are given if the complexity is below average, average or above average,
respectively.

Fi¢ is the adjustment factor for insulation condition Values of 1.25, 1
or 0.75 are given if the insulation condition is below average, average, or
above average, respectively.

Although it can be considered that API RP 581 can have some limi-
tations as a model to predict the corrosion rate, API RP 581 has been
chosen for reference, in this work, because its use is widely extended in
the industry. Nevertheless, to minimize the possibility of equipment
failures earlier than expected due to the estimation of an improperly low
corrosion rate, conservative values have been applied to calculate this
parameter.

It must be noted that there are different types of corrosion,
depending on the material of the component, the environment, the fluid
process, the process conditions (pressure, temperature, flow...), the

Table 1
Inspection effectiveness categories (API RP 581, 2016).
Inspection Description
effectiveness
A Highly The inspection methods will correctly identify the true
effective damage state in nearly every case (or 80 % to 100 %
confidence)
B Usually The inspection methods will correctly identify the true
effective damage state most of the time (or 60 % to 80 % confidence)
C  Farily The inspection methods will correctly identify the true
effective damage state about half of the time (or 40 % to 60 %
confidence)
D  Poorly The inspection methods will provide little information to

correctly identify the true damage state (or 20 % to 40 %
confidence)

The inspection method will provide no or almost no
information that will correctly identify the true damage state
and are considered ineffective for detecting the specific
damage mechanism (less than 20 % confidence)

E Ineffective
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service type, etc. Most of the models focus on the analysis of sweet
corrosion, and they are not suitable for predicting the corrosion rates
due to those other types of corrosion. The uncertainties associated with
corrosion prediction can significantly affect the result of the damage
factor calculation, therefore, it has a relevant influence in the risk value.

Adopting a conservative approach is normally an effective measure
to partially mitigate the possibility of estimating a risk too low, which
would be the most adverse effect of the referred uncertainness.

Since the corrosion rate is based on an estimation, three possible
scenarios (future damage states) are introduced in the calculation to
consider possible variations of this parameter. The damage state 1 is
such that the damage is no worse than expected, the damage state 2 is
somewhat worse than expected and the damage state 3 is considerably
worse than expected. Factors 1, 2 and 4 for the described damage states
are applied to the expected corrosion rate.

The expected metal loss fraction since last inspection is calculated by
application equation (4).

_ C,A~age

Ap 4

b

Where:

Ay is the expected metal loss fraction since the last inspection.

C, is the estimated future corrosion rate.

trq is the measured thickness reading from previous inspection, from
internal side (for thinning) or from external side (for external corrosion
and corrosion under insulation).

age is the in-service time that damage is applied. When the damage is
internal (thinning), the value of this parameter corresponds to the in-
service time since the last internal inspection thickness measurement
(agew). When the damage is external (external corrosion or corrosion
under insulation), this parameter is calculated based on the external
agesx, the age of the coating (ageoq) and the coating quality.

The flow stress is calculated through equation (5).

MA.EA.L] 5)

FS =
Where:

FS is the flow stress.

YS is the yield strength.

TS is the tensile strength.

E is the weld joint efficiency.

Equation (6) is used to calculate the strength ratio parameter.

PA-D

" GAFSAty

Where:

SRp is the strength ratio parameter.

P is the operating pressure.

D is the external diameter of the component.

a is the component geometry shape factor (a value of 2 is used for
cylinder).

FS is the flow stress.

trq is the measured thickness reading from the previous inspection,
from internal side (for thinning) or from the external side (for external
corrosion and corrosion under insulation).

The damage factor is calculated using equation (7).

(Popch)( — /}1)) + (P0P2<I>( —P) ) + (P0p3q>( - ﬁs))

Dy = A 7
! 1.56A-10-* )

Where:

Dy is the damage factor. In the case of thinning, the result of the
equation above is the base damage factor (Dgs), which needs to be fur-
therly adjusted to get the final damage factor.

Poy1,Pop1, Pop are the posterior probabilities for damage states 1, 2



E. Oropallo et al.

and 3, respectively. These parameters are calculated from the inspection
effectiveness factors, which depend on the number of inspections of
every level of effectiveness (A, B, C and D), and the conditional proba-
bilities and the prior probabilities. They are calculated for each of the
considered damage states.

P1,Pa, P5 are the p reliability indices for damage states 1, 2 and 3,
respectively. These parameters depend on the expected metal loss
fraction since the last inspection, the corrosion rate factors for each of
the considered damage states, the coefficient of variance for thickness
and the strength ratio parameter.

® is the standard normal cumulative distribution function.

The inspection effectiveness is classified in four levels or categories
(API RP 581, 2016), as shown in Table 1.

The calculated damaged factor calculated as described above is the
final value for external corrosion and corrosion under insulation damage
factors, but it still needs to be adjusted for thinning. It is done by
application of equation (8).

Dy = max|[(DpA-FpA-Fp),0.1] ®

Where:

Dy is the final damage factor for thinning.

Dyp is the base damage factor for thinning.

Fip is the adjustment factor for injection points. If any injection/mix
point exists in the component, this factor is equal to 3. Otherwise, a
value of 1 is applied.

Fpy is the adjustment factor for dead legs. If there is the presence of
dead legs, this factor is equal to 3. Otherwise, its value is 1.

The consequence of failure methodology defines the CoF used with
PoF to obtain a risk assessment and inspection programme for a
component subject to process and environmental conditions typically
found in the refining, petrochemical, exploration, and production in-
dustries. The consequences, calculated using the procedures, are not
intended to be used in a rigid consequence analysis of a component. The
categories of consequences examined using different techniques are
flammable and explosive consequences, toxic consequences, non-
flammable and non-toxic release consequences and financial conse-
quences, as illustrated in Fig. 2. Each category is evaluated according to
the type of damage, the phase, temperature, and volume of material
released and the area where it happens.

The consequence’s calculation is based on a failure which would
happen due to the release of the fluid contained in the component. Four
release hole sizes are taken as reference: small (diameter = 6.4 mm),
medium (diameter = 25 mm), large (diameter 102 mm) and rupture
(diameter 406 or component diameter, whichever is higher).

The equation generically calculates the component damage /
personnel injury toxic / flammable / non-flammable, non-toxic conse-
quence areas (9).

CONSEQUENCES FOR
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Z::lgfan'CA;,n

CAY =
7 gﬂ total

9
Where:

CA7 the final probability-weighted consequence area can be calcu-
lated for component damage flammable consequence or personnel
injury flammable/toxic / non-flammable, non-toxic consequence.

gffn are the generic failure frequencies for each of the n release hole
sizes.

CA7, is the blended component consequence area, associated with
the n™ release hole size, determined for the component damage flam-
mable consequence or for personnel injury flammable/toxic / non-
flammable, non-toxic consequence.

&ffiotar is the sum of the individual release hole size generic
frequencies.

The final personnel injury consequence area is given by equation
(10).

inj inj ? inj

CAy; = max [CAﬂ“"‘,c tox CAf'f“f] (10

Where:

CAjyj is the final personnel injury consequence area.

CA{;;'" is the final probability weighted personnel injury flammable
consequence area.

CAg‘i}‘ is the final probability weighted personnel injury toxic conse-
quence area.

ﬁ[t . . o1 . ..

CA;j is the final probability weighted personnel injury non-
flammable, non-toxic consequence area.

The final component damage consequence area is given by equation
an).

CAcma = CALY an
Where:

CAcmg is the final component damage consequence area.

CA’Z;'; is the final probability weighted component damage flam-

mable consequence area.
The final consequence area is calculated through equation (12).

CA = max[CAcmg, CAu] (12)

Where:
CAcmq is the final component damage consequence area.
CAjyj is the final personnel injury consequence area.
The financial consequence is calculated trough equation (13).

FC = FCcmd + FCaffa + FCpmd + FCinj + Fcenviron (13)

"ONSEQUENCES "RSONNEL 0STS
EQUIPMENT AND PERSONNEL CONSEQUENCES FOR PERSONNEL COST
- TORIC REPAIR FAILED COMPONENT
FLAMMABLE/EXPLOSIVE NON-FLAMMABLENON -EXPLOSIVE REPAIR SURROUNDING EQUIPMENT
BUSSINESS INTERRUPTION

PERSONNEL INJURY
ENVIRONMENT CLEANUP

r

FINANCIAL

CONSEQUENCE

CONSEQUENCE

OF FAILURE

Fig. 2. Consequence of failure.
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Where:

FC is the final financial consequence.

FC¢mgq is the financial consequence of component damage.

FCqffq is the financial consequence of surrounding equipment on the
unit.

FCproq is the financial consequence of lost production on the unit.

FCyy is the financial consequence as a result of serious injury to
personnel.

FCenyiron is the financial consequence of environmental clean-up.

Plotting PoF and CoF values on a risk matrix is possible to obtain the
risky evaluation through an effective graph way (API RP 581, 2016).

Defining a goal by applying this methodology and defining a risk
target is always possible. This risk target is the maximum risk level that
the installation’s owner-user can assume. Once the goal has been met or
exceeded, an activity such as inspection is triggered. Several objectives
can be defined in an RBI program to initiate and determine risk miti-
gation activities like risk target (an acceptable risk level that triggers the
inspection planning process), PoF target (a failure or loss rate that is
considered unacceptable and triggers the inspection planning process),
Dy target (a damaged state that reflects an unacceptable failure rate
factor more significant than generic and initiates the inspection plan-
ning process), CoF target (an unacceptable consequence level in terms of
area of consequence or financial consequence based on owner-user
preference), target thickness (a specific thickness, often the minimum
thickness, is considered unacceptable, triggering the inspection plan-
ning process) or maximum inspection interval target (a particular in-
spection frequency considered unacceptable triggers the inspection
planning process. The decision maker can set a maximum inspection
interval or can be set based on a jurisdictional requirement as a miti-
gation solution.

As summarised in Fig. 3, the RBI methodology combines knowledge

DATA
COLLECTION
AND
DEFINITION
DESIGN FUTURE POTENTIAL
CONDITIONS CONDITIONS DAMAGES

L | I
|

PROBABILITY OF

CONSEQUENCE OF
FAILURE
IDENTIFICATION

FAILURE
IDENTIFICATION

REAL RISK
RANKING
DEFINITION

DEFINITION OF
ADEQUATE
ACTIONS AND
TIMES

MITIGATED RISK
DEFINITION

Fig. 3. RBI methodology flowchart.
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of damage mechanisms and consequences, damage progression rates,
inspection effectiveness, and mitigation models to determine the like-
lihood of failure causing losses. And this makes RBI a compelling
methodology; indeed, an RBI approach allows inspection and mainte-
nance resources to be shifted to provide a higher level of coverage on
high-risk and impact items and appropriate commitment on risky
equipment with a lower and limited impact.

Once the risk has been ranked, a risk target must be established. The
risk target can be defined as the maximum risk that the asset owner can
assume. Therefore, the risk should be always kept below the risk target.

In order to comply the risk target, it is necessary to define the
adequate actions and times to be applied. In other words: an inspection
plan needs to be developed. This inspection plan must provide infor-
mation about the following:

— Damage mechanisms whose condition needs to be verified through
inspection, based on the result of the risk calculation.

— Type of inspection (inspection method and technique) will be
applied to verify each specific damage mechanism.

- Effectiveness of inspection, based mainly on the inspection’s scope
and the technique’s type. It must be enough to reduce the risk below
the risk target, but a higher effectiveness could be applied to keep the
risk lower than the risk target for a longer period, which allows for
increasing the intervals between inspections.

- Date for inspection (target date). The inspection must be planned to
be performed before the date when the risk target is reached.

The inspection plan is scheduled within a defined plan period. Once
an inspection is performed and at the end of the plan period, the RBI
assessment should be performed again by application of the information
provided by the inspections (evergreening). This cyclic process is
repeated during the whole life of the asset.

2.3. Case study

The DSS has been developed based on the guidelines of the RBI
procedure established in the scientific literature for its applications in
the oil and gas sector and following what is defined in the API RP 581
manual to set as the ultimate goal the assessment of both the risk
associated with the area affected by the failure of the heat exchanger and
the evaluation of the financial risk linked to the failure of the latter. To
test the software, it was used real data collected from a petrochemical
plant in Spain whose maintenance and reliability program was managed
by the company SGS.

Following the definition of the ultimate goals of the system, these
were decomposed by identifying the elements necessary for the devel-
opment of the model. The assessment of the financial risk and the area
affected by the failure of the heat exchanger are obtained respectively
from the product of the financial consequence and the Consequence by
area with the PoF.

Therefore, the DSS design has foreseen the introduction of a gateway
to allow the end-user to choose which purpose to evaluate. The gateway
introduced the need in the system to separate the procedure for calcu-
lating the Financial Consequence and the Consequence by Area into two
different sections. According to the API RP 581 manual, a first macro-
identification of the factors affecting the calculations of the financial
consequence and the Consequence by area was conducted to structure
the skeleton of the calculation procedure. Besides, the factors charac-
terising the PoF calculation also exploded: the gffioar, Dy and Fys of the
component under analysis. The Dy is a damage factor that can contain
multiple sub-factors. Considering the case study of a heat exchanger, it
was decided to consider only the Thinning Damage Factor, the External
Damage Factor and the CUI Damage Factor. This decision was made
after an in-depth discussion with the inspector and RBI technician of the
company. At this point in the design process, it was also necessary to
introduce baseline data containing all the variables and parameters
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needed to activate the calculation procedures.

Once this level of detail of the system structure was obtained, the
perimeter of the model was defined accordingly. The next step was to
adopt a bottom-up approach to complete the system design phase. This
approach identified the need for the user to populate the baseline data
section with all the parameters defined by the API RP 581 manual for
applying RBI and the operational data of the heat exchanger and the
plant in which it operates. Fig. 4 provides the DSS built for the current
RBI case study.

The final calculations are listed in the previous DSS flowchart. Spe-
cifically, the values obtained from the individual calculations were
retrieved to complete the RBI analysis model. The main factors making
up the risk assessment were obtained for present and future values.

The asset under assessment is the shell of a heat exchanger con-
taining steam as fluid process. The component was made in carbon steel
according to ASTM A-106 Gr. B.

The main general data of the equipment that was used for calculation
is collected in Table 2.

Internal corrosion rate is applicable for the calculation of the thin-
ning damage factor. The value for this parameter was estimated based
on the characteristics of the process fluid. A conservative position was
assumed to define it. A value of 0.05 mm/year was estimated for this
parameter.

External corrosion rates for calculating external corrosion and
corrosion under insulation on ferritic damage factors were obtained
from tables 15.2M and 16.2M in API RP 581 for driver marine (API RP
581, 2016; API, 2021). Values of 0.025 mm/year and 0.127 mm/year
were applied for these parameters, respectively.

Based on the designed external and internal corrosion rates, the total
estimated corrosion rate is 0.132 mm/year. The score from the plan’s
management system assessment questionnaire according to API RP 581
/ Annex 2.A was 750.

Some inspections were performed on the equipment in the past.
However, these inspections were considered ineffective for the calcu-
lation because they involved a reduced scope.

Regarding the adjustment factors for the calculation of the thinning
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Table 2

Main general data for calculation.
Parameter Value
Design Temperature 120°C
Operating Temperature 120°C
Design Pressure 114 bar
Operating Pressure 114 bar
Internal Diameter 203 mm
Volume 0.90°
Yield strength 240 MPa
Tensile strength 415 MPa
Allowable stress 151 MPa
Weld joint eficiency 1
Installation date 1974
Last measured thickness 8.3
Date where the last measured thickness was measured 2018
Date of last coating application 2015
Coating condition Medium
Level of confidence data Low

damage factor, all of them were set as 1. The detection system was
assessed as composed of instrumentation designed specifically to detect
material losses by changes in operating conditions in the system. The
isolation system consists of isolation devices activated by operators in
the control room. The mitigation system consists of inventory
blowdown.

The costs for calculation of financial consequence were applied as
follows, considering the plant evaluations:

— cost of replacement of equipment in the affected area: 4,000 $/m?.

— daily production in the unit: 40,000 $/m?2.

— cost due to relevant injury/fatality: 10,000 $/person

A density of 0.1 person/m? was estimated.

The referred costs have been estimated based on data of projects
developed by SGS for some petrochemical plants in Spain. Those pro-
jects consisted of implementation of RBI systems according to API RP
581. Within each of these projects, the financial data were estimated
mainly based on the information given by the owner of the facilities and,
in some cases, they were adjusted by the SGS technicians involved in the
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project.

The TBI strategy that had been applied to the asset until the per-
formance of this assessment was an external inspection every 3 years
and an internal inspection every 9 years. This plan has been defined
considering that the inspections would be performed during the turn-
around of the plant, whose frequency is every 3 years. This is approxi-
mately according to the requirements established by Spanish regulations
(Real Decreto, 2060/2008 - ITC EP-3) for equipment class 1 in refineries
and petrochemical plants.

The RBI study has been developed using the unbalance risk matrix
according to API RP 581 as reference. The risk target has been fixed in
the medium risk level (no medium-high nor high risk is allowed). A plan
period from 2023 until 2056 has been considered.

Four different RBI strategies have been designed within the referred
period. A different inspection effectiveness prioritisation is applied for
every strategy, as described in Table 3.

The principles to define the referred strategies are as follows:

- The effectiveness of the first inspection is different for each strategy,
in order to cover the four possible effectiveness (A, B, C and D).

- The effectiveness of the second, third inspection (except for the last
inspection within the plan period) is aimed to be the same as the
effectiveness of the first inspection. However, this effectiveness could
result not enough to reduce the risk below the risk target. If so, a
higher effectiveness would be selected, following the prioritisation as
indicated in the previous table, in order to keep the risk below the
risk target until the next inspection.

For the last inspection, the inspection effectiveness is set in such way
that it is as low as possible, but enough to reach the end of the plan
period keeping the risk below the risk target.

The referred strategies include several options within a range of
different inspection effectiveness (from the highest one —A- to the
lowest one —D-). The cost of an inspection when a higher effectiveness is
applied will be higher than if a lower effectiveness is applied, but a
higher effectiveness will result in a higher risk reduction, therefore it
will allow to extend the period until the next inspection. The optimal
among the proposed strategies is the one which have a rate cost per
inspection/number of inspections with the lowest estimated total cost
within the plan period.

The approach used in this work to design the strategies to set the RBI
inspection plan is proposed as a systematic way, easily adaptable to
other cases of study, which allows to get different options, allowing the
decision maker choses the optimal among them.

Other possible strategies could have been designed combining
different inspection effectiveness. In case a more optimized combination
exists, it is expected that it will be close to one the four designed stra-
tegies, since they cover a wide range of different inspection
effectiveness.

Table 3
Description of prioritisation criteria to stablish the inspection effectiveness for
each designed RBI strategy.

RBI Typically Effectiveness Prioritization Prioritization
strategy applied of the 1st for the for the
No. effectiveness  inspection effectiveness effectiveness
of the next of the last
inspections inspection
*) within the
plan period
)
1 Highest A A D>C>B>A
2 Medium-high B B>A D>C>B>A
3 Medium C C>B>A D>C>B>A
4 Low D D>C>B>A D>C>B>A

(*) Following the described prioritisation, a sufficiently high inspection effec-
tiveness is selected to avoid the risk target is exceeded.
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In any other particular case, based on the analyst’s judgement, a
deeper analysis could be made to get the optimal RBI strategy. For the
purposes of the current work, the applied approach is considered enough
to get an overview that allows to compare the estimated costs of the
execution of an inspection plan according to a RBI methodology versus
another inspection plan according based on a TBI strategy.

The execution of any inspection involves a cost that depends on the
type of inspection and the scope of the inspection, which is directly
related to the inspection effectiveness. External inspections may be
executed in service, but internal inspections are performed during
shutdowns, with the equipment out of service, which involves additional
costs due to the production loss.

The summary of estimated unitary costs and the estimated time of
production stop for each type of inspection are contained in Table 4.

As explained previously, it has been assumed that the performance of
internal inspections requires setting the equipment out of service.
However, it could be considered the possibility to perform non-intrusive
inspections, based on non-destructive testing techniques, such as profile
radiography, ultrasonic scanning, etc. that allow (in some cases) to
verify the internal condition of the component during operation. The
cost per hour of these techniques is higher than the cost of the direct
visual inspection, but they may be applied from the external surface of
the equipment, therefore, access to the interior is not needed, in
advantage. The estimated costs of the non-intrusive alternatives for the
previously referred inspections (only for the inspections addressed to
verify the internal surfaces) are indicated in Table 5.

In addition, implementing an RBI system is estimated at 210 $ per
asset. The RBI system maintenance cost (evergreening) has been
considered within the referred costs for the inspections.

The uncertainness about the condition of the asset can be reduced
through the inspection appropriately selected for the specific damage
mechanism. The reduction of the uncertainness will depend on the type
of inspection (inspection method / inspection technique) and the scope
of the inspection, which is related to the inspection effectiveness.
However, even when the maximum inspection effectiveness is applied, a
remaining uncertainness (remaining risk) is expected.

In addition, it must be noted that the different inspection techniques

Table 4
Estimated costs and time of production stop per inspection type.

Description Estimated time of Inspection
production stop cost
(hours)

Inspection for thinning 12 720 $
effectiveness A

Inspection for thinning 10 600 $
effectiveness B

Inspection for thinning 8 480 $
effectiveness C

Inspection for thinning 6 360 $
effectiveness D

Inspection for external corrosion 0 660 $
effectiveness A

Inspection for external corrosion 0 540 $
effectiveness B

Inspection for external corrosion 0 420 $
effectiveness C

Inspection for external corrosion 0 300 $
effectiveness D

Inspection for CUI on ferritic 0 720 $
effectiveness A

Inspection for CUI on ferritic 0 600 $
effectiveness B

Inspection for CUI on ferritic 0 480 $
effectiveness C

Inspection for CUI on ferritic 0 360 $
effectiveness D

Internal inspection (TBI strategy) 6 360 $

External inspection (TBI strategy) 0 240 $




E. Oropallo et al.

Table 5
Estimated costs and time of production stop per inspection type (non-intrusive
inspections).

Description Estimated time of Inspection
production stop cost
(hours)
Non-intrusive inspection for 0 1,440 $
thinning effectiveness A
Non-intrusive inspection for 0 1,200 $
thinning effectiveness B
Non-intrusive inspection for 0 960 $
thinning effectiveness C
Non-intrusive inspection for 0 720 $
thinning effectiveness D
Non-intrusive internal inspection 0 480 $

(TBI strategy)

will present different detection capabilities. As a general rule, the non-
intrusive inspection techniques are considered less reliable than the
inspection techniques based on direct examination.

3. Results analysis

Regarding the calculations for the RBI strategy, based on the applied
baselined data, the current financial risk category has resulted as 1C,
which means that the probability category is “1” and the financial
consequence category is “C”. The representation of this risk and the
established risk target (medium risk) in the risk matrix is as shown in
Fig. 5.

The financial consequence category has resulted as “C” since no plant
or equipment variations have been assumed. The consequence is not
time-dependent, so it does not change within the plan period. On the
other hand, the probability may vary with the time, due to the increase
of thickness loss. The maximum allowed probability category is “3”
based on the established risk target. A sufficiently effective inspection
has been indicated to be performed just before that probability is
reached. The prioritisation for the inspection effectiveness in each case
depends on the specific strategy.

The RBI inspection plans that have resulted for every proposed
strategy, are detailed in Table 6.

It is observed that the application of more effectiveness inspections
trends to increase the intervals between inspections and even reducing
the number of interventions for inspection during the considered period
in some cases (2 interventions in the case of the strategies 1 and 2; and 3
interventions in the case of the strategies 3 and 4).

The evolution of the future risk vs time is represented for each of the
referred strategies in Fig. 6.

Fig. 6 shows how the risk increases over time (due to the increase of
the PoF) until an additional inspection is introduced in the calculation.
The time when this inspection is performed and its effectiveness must be
appropriate to avoid exceeding the risk target (the line that represents

Probability of Failure (POF)
w

Risk target

A B C D E
Consequence of Failure (COF)

Fig. 5. Present financial risk calculated for the asset.
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Table 6
Inspection RBI plan for each proposed strategy.

Year Activities per RBI strategy

Strategy 1 Strategy 2 Strategy 3 Strategy 4
2023  Initial RBI study Initial RBI Initial RBI Initial RBI

study study study

2032 - - - CUIF-D
2033  CUIF-A CUIF-B CUIF-C
2044 - - - CUIF-C
2045 - - CUIF-C -
2050 — CUIF-B -
2053 - - - CUIF-D
2056  CUIF-D + THIN - CUIF-B

D

Meaning of the abbreviations in this table: CUIF-A: Inspection for corrosion
under insulation on ferritic component damage mechanism with effectiveness A;
CUIF-B: Inspection for corrosion under insulation on ferritic component damage
mechanism with effectiveness B; CUIF-C: Inspection for corrosion under insu-
lation on ferritic component damage mechanism with effectiveness B; CUIF-D:
Inspection for corrosion under insulation on ferritic component damage mech-
anism with effectiveness D; THIN-D: Inspection for thinning component damage
mechanism with effectiveness D.

the risk target is never reached, as the charts show).

The expected costs due to inspection and RBI implementation and
the costs due to the production loss for each proposed RBI strategy,
depending on intrusive or non-intrusive inspections are applied, are
shown in Table 7 and Table 8, respectively.

It is observed that the most profitable option is the application of the
strategy 2, if a direct visual inspection is chosen, but the strategy 1 is the
best choice when a non-intrusive inspection technique is selected,
instead, and the total estimated cost of such strategy is lower if a non-
intrusive technique is applied than if a direct inspection is performed,
even though the inspection costs are higher in the first case. This is
because the reduction of costs due to production loss is higher than the
increase of inspection cost in that case.

The expected costs due to inspection according to TBI plans and the
costs due to the production loss, depending on intrusive or non-intrusive
inspections are applied, are shown in Table 9 and Table 10, respectively.

It is verified that when a TBI strategy is selected, applying a non-
intrusive inspection technique results in a higher cost-benefit than the
one based on direct visual internal inspection. This is because the
reduction of costs due to production loss is higher than the increase in
inspection cost.

The resulting cumulative costs vs time for the TBI strategy with the
intrusive inspection are compared with those for the best RBI strategy
with intrusive inspection (strategy 2) in Fig. 7.

The resulting cumulative costs vs time for the TBI strategy with non-
intrusive inspection are compared with those for the best RBI strategy
with non-intrusive inspection (strategy 1) in Fig. 8.

It is observed that in both cases (whether intrusive inspection or non-
intrusive inspection is applied) the RBI strategy results relatively more
profitable than the TBI strategy and this difference increases over time.

The proposed DSSs as design artefacts are the design-science con-
tributions of this research from a theoretical point of view. This
contribution improves our understanding of managing maintenance
operations in a complex and hazardous environment. March and Smith
(1995) contend that empirical papers produced in collaboration with
organisations blur the distinction between academic research and in-
dustrial adoption of technological solutions. The publication of these
findings will assist organisations to develop domain-independent and
scalable solutions to large-scale information system problems.

4. Conclusions, limitations, and future research directions

This study focuses on the issues of selecting the appropriate main-
tenance policy to achieve an optimised acceptable level of safety and
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Fig. 6. Evolution of future risk vs time within the plan period for strategy 1, 2, 3 and 4, respectively from left to right and from up to down. The continuous lines

represent the calculated risk, and the dashed lines represent the risk target.
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Table 7
Estimated costs for each proposed RBI strategy (intrusive inspection).
Year Costs
Strategy 1 Strategy 2 Strategy 3 Strategy 4
Inspection & RBI Production Inspection & RBI Production Inspection & RBI Production Inspection & RBI Production
system loss system loss system loss system loss
2023 210 $ 0% 210 $ 0% 210 $ 0% 210 $ 0%
2032 - 0$ - 0$ - 0$ 360 $ 0$
2033 720 $ 0$ 600 $ 0$ 480 $ 0$ - 0%
2044 - 0$ - 0$ - 0$ 480 $ 0$
2045 — 0% - 0% 480 $ 0% - 0%
2050 - 0% 600 $ 0s$ - 0% - 0s$
2053 - 0% - 0% - 0% 360 $ 0%
2056 720 $ 10,000 $ - 0% 600 $ 0% - 0%
Total 11,650 $ 1,170 $ 1,770 $ 1,410 $
Table 8
Estimated costs for each proposed RBI strategy (non-intrusive inspection).
Year Costs
Strategy 1 Strategy 2 Strategy 3 Strategy 4
Inspection & RBI Production Inspection & RBI Production Inspection & RBI Production Inspection & RBI Production
system loss system loss system loss system loss
2023 210 $ 0$ 210 $ 0$ 210 $ 0$ 210 % 0$
2032 — 0% - 0% - 0% 360 $ 0%
2033 720 $ 0$ 600 $ 0$ 480 $ 0$ — 0%
2044 - 0$ - 0$ - 0$ 480 $ 0$
2045 — 0% - 0% 480 $ 0% - 0%
2050 - 0s$ 360 $ 0s$ - 0% - 0s$
2053 — 0$ - 0$ - 0$ 360 $ 0$
2056 1,080 $ 0$ - 0$ 600 $ 0$ - 0$
Total 1,080 $ 1,170 $ 1,770 $ 1,410 $
Table 9 Table 10
Estimated costs for TBI strategy (intrusive inspection). Estimated costs for TBI strategy (non-intrusive inspection).
Year Activity Cost Year Activity Cost
Inspection Production loss Inspection & RBI system Production loss
2023 External inspection 240 $ 0% 2023 External inspection 240 $ 0%
2026 External inspection 240 $ 0$ 2026 External inspection 240 $ 0$
2029 Internal inspection 360 $ 10.000 $ 2029 Internal inspection 480 $ 0%
2032 External inspection 240 $ 0$ 2032 External inspection 240 $ 0$
2035 External inspection 240 $ 0% 2035 External inspection 240 $ 0$
2038 Internal inspection 360 $ 10.000 $ 2038 Internal inspection 480 $ 0%
2041 External inspection 240 $ 0$ 2041 External inspection 240 $ 0$
2044 External inspection 240 $ 0$ 2044 External inspection 240 $ 0$
2047 Internal inspection 360 $ 10.000 $ 2047 Internal inspection 480 $ 0%
2050 External inspection 240 $ 0% 2050 External inspection 240 $ 0%
2053 External inspection 240 $ 0$ 2053 External inspection 240 $ 0$
2056 Internal inspection 360 $ 10.000 $ 2056 Internal inspection 480 $ 0$
Total 43,360 $ Total 3,840 $

operational expenditure in a real case for a petrochemical processing
industrial facility. The goal has been to design, build, and validate a
decision support system based on the guidelines of the RBI procedure to
assist decision-makers in evaluating the complex situation of predictive
maintenance in a processing plant and selecting the best suitable
maintenance strategy for employee and environmental safety. This al-
lows choosing the best practices to reduce the probability of accidents
that could affect workers and the environment and the cost that the
company can afford in managing accidents.

Thus, this paper presents a DSS framework that addresses several
critical aspects of a decision-support system solution when dealing with
maintenance and safety issues.

This research has demonstrated the possibility of incorporating
complex real-life maintenance policies (time- and risk-based in-
spections) into a decision support system artefact functioning.

12

The relevance of this research is also supported by the use of data of
regular inspections and the appropriate proof testing policy for the
examined pieces of equipment of a real oil and gas plant.

The results of this research are several. The construction of a
decision-support system has made it possible to empirically verify that
the adoption of risk-based inspection techniques is actually advanta-
geous for the company that implements them compared to time-based
ones, not only for resources optimisation and possible cost reduction
but also to ensure better levels of safety for both people and the
environment.

Furthermore, it was possible to verify that the benefits of this
approach are incremental over time also considering the implementa-
tion process as well as automatable, allowing high digitisation of the
process through sensors positioned on the most sensitive components
that are able to give real-time information to the system on the status of
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Fig. 7. Evolution of cumulative total costs vs time for TBI strategy with intrusive inspection (blue line) and for RBI strategy 2 with intrusive inspection (black line).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Evolution of cumulative total costs vs time for TBI strategy with non-intrusive inspection (blue line) and for RBI strategy 1 with non-intrusive inspection
(black line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the equipment. Even the cost associated with risk-based policies appears
to be competitive over time compared to time-based ones, given that
there is an increasing amount of time in which the costs of adopting and
implementing risk-based systems are amortised. Furthermore, it should
also be considered that the adoption of risk-based approaches makes it
possible to reduce plant shutdowns as well as destructive checks con-
nected to maintenance processes, which appears to be an indirect effect
of undoubted significance. In fact, if the non-destructive tests have a
higher cost than the destructive ones, these costs are covered and
overcome by savings relating to the missed periods of plant downtime.

Based on the case presented in the paper, it can be concluded that the
management can use the results to facilitate the formulation of
comprehensive and simple policies oriented to risk management, which
is intended to ensure the safety of people and the environment, as well as
the preservation of business processes and facilities. Furthermore, both
downstream users can use the obtained decision-support system to up-
date baseline data or monitor processes, as well as upstream decision
makers to fix the company’s goal and select the best solution to treat
risky situations.

The primary limitation of this study is that the analysis is specific to
this particular case, so future investigations are required to generalise
the results. Furthermore, it is specific for a storage facility, so using it for
extraction or production plants is impossible. However, the built

decision-support system is adaptable and can be easily implemented in
other scenarios.

Besides, the estimated calculations in the future are theoretical.
When any RBI strategy is applied in the future, it will be necessary to
reassess the risk after every inspection (evergreening), in order to update
the information with real data collected from the inspection, such as the
current thickness, the corrosion rates, the condition of the insulation,
and the condition of the coating. To overcome the limitations of the
current software, digitalising it further through the adoption of sensors
along shells and tube heat exchangers can help in having RBI calcula-
tions that are closer to reality than the theoretical current. As a result,
one direction for future research in this area could be to incorporate
additional and more multifaceted situations to make the artefact more
generally applicable. Another line of future research would be to use
artificial intelligence technologies to transform the decision support
system into an intelligent DSS capable of automating some functions and
providing decision-makers with higher-quality knowledge. Further-
more, the current study has the potential to be extended to other cases.
The possibility of applying the proposed DSS to various types of
equipment is not dismissed. Therefore, future research could focus on
equipment that operates on demand or rarely, such as emergency
equipment.
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