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Abstract. This paper proposes a methodology to drive from a strategic point of
view the implementation of a predictive maintenance policy within an industrial plant.
The methodology integrates the evaluation of system performances, used to identify
the critical components, with simulation and cost analysis. The goal is to evaluate
predictive maintenance implementation scenarios based on alternative condition mon-
itoring (CM) solutions, under the lenses of Total Cost of Ownership (TCO). This
allows guiding the decision on where in the industrial system to install diagnostic
solutions for monitoring of asset health, by keeping a systemic and life cycle-oriented
perspective. Technical systemic performances are evaluated through Monte Carlo
simulation based on the Reliability Block Diagram (RBD) model of the system. To
validate the methodology, an application case study focused on a production line of a
relevant Italian company in the food sector is presented.

Keywords: Predictive maintenance, Total Cost of Ownership, Condition moni-
toring, decision-making.

1 Introduction & State of the Art

This work presents a methodology aimed at supporting the implementation of pre-
dictive maintenance in industrial applications by providing a strategic guideline. The
final aim of the methodology is to support industrial engineers in defining where in
the industrial system to install technologies for collecting monitoring data and which
type of solution to select. The concept of predictive maintenance, is widely analysed
in the scientific literature and it is more and more recognized as a potential area for
getting benefits for manufacturing companies thanks to the possibilities provided by
the new technologies. However, in the literature some limitations for the development
of industrial applications in the real world are highlighted, and they include:

- lack of frameworks that can be used to guide decisions from a strategic point of
view [1-4]. In fact, many authors introduce specific application cases of predictive
maintenance implementation without providing general procedures that can be taken
as a reference and generalized;



- lack of simulation approach [5,6]. In fact, there is a lack of methodologies in the
literature that exploit the possibility of implementing and analysing scenarios a priori
through simulation, overcoming the problem of absence of historical data;

- lack of integration between economic evaluation and technical performance anal-
ysis for predictive maintenance implementation [6-9]. In fact, many authors have
proposed an economic assessment only as simple review and feedback of performed
maintenance activities to correct maintenance tasks without considering relationship
between predictive maintenance and impact of Total Cost of Ownership (TCO).

Moreover, companies nowadays are facing a vast offer of solutions for predictive
maintenance by technology providers and are expressing needs for having formal
guidelines to understand where to address their investments.

The proposed methodology has the purpose of overcoming these criticalities with
the aim to combine technical performance analysis with economic evaluation, repre-
senting a structured approach that supports the implementation of predictive mainte-
nance activities in industrial applications. In the following Section 2 the main steps of
the proposed methodology are described and in Section 3 an application case within
the food sector is described.

2 Methodology description

The complete iterative procedure is reported in figure 1, and is described in this
section, step by step.

Step 1 - Context definition. The first step of the methodology consists in the clear
identification of the context in which predictive maintenance activities should be in-
troduced, defining the asset system (production plant) to be analysed and modelled. In
this step it is important to clearly identify the type of production process involved; the
reference objectives of the company and any industrial specific constraints (produc-
tion capacity, budget, quality of products, performance indicators, layout configura-
tion). All the elements defined in this step are key points for the guidelines definition
in the elaboration of predictive maintenance approach in the industrial reality.

Step 2 - Cost Breakdown Structure (CBS) and Targets definition. The second step
is aimed to build the cost model structure for the TCO of the reference asset system.
In particular, the Cost Breakdown Structure (CBS) has to be defined at this step, in-
cluding the relevant cost items along asset life-cycle [10,11]. Moreover, criteria and
required parameters to estimate each item must be identified. The defined TCO model
will be used to evaluate alternative scenarios for predictive maintenance implementa-
tion. Selection of adequate target levels in terms of net present value of TCO or pay-
back time are also defined at this step.

Step 3 - System modelling. This step consists in system modelling which has two
aims. On one side, a Failure Mode and Effect and Criticalities Analysis (FMECA)
must be implemented in order to identify the asset system components (machines and



functional sub-groups) and provide information on asset failure modes/causes and
effects. This activity enables getting information on asset components degradation
and its detectability. On the other side, the use of Reliability Block Diagram (RBD) is
addressed in order to model the entire system including the impact of each component
failure at system level [12].
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Fig. 1. Proposed iterative methodology.

Step 4 - Data collection. This step is dedicated to data collection. In particular, two
types of input data should be considered, i.e. technical and economic data. Regarding
the needed technical data to perform the performance analysis, for each component of
the system, the probability density functions of TBF (time between failures) and TTR
(time to repair) should be identified. Strategies to collect the data to define these dis-
tributions can refer to historical data register and fitting, in case collected data are
available and reliable in terms of data quality, use of experts’ opinion or pre-defined
distributions/benchmark data from similar assets in case of no quality data of in case
of no available data due to assets at their beginning of life stage (greenfield projects).
Regarding the economic data, they are the ones needed to quantify the cost items in
the CBS and to estimate the TCO of the asset. If they are not available, experts’ opin-
ion and benchmark data from similar asset/system could be used.

Step 5 - Simulation. Innovative step is the introduction of simulation to evaluate and
compare several scenarios derived from different condition monitoring (CM) systems,
exploiting Monte-Carlo technique, based on the RBD model of the plant. For each



scenario, a set of independent histories that collect events on plant life as failures is
obtained to generate samples from probability distributions, representing the expected
future evolution of system status from initial to final time event [13]. The final result
is a statistical estimate value of the performance of the complete system, expressed
through a performance indicator such as Operational Availability, and of any of its
sub-systems, under the specific simulated scenario conditions. This step is run for the
case base scenario, enabling identified critical components within the system, and for
any alternative scenarios defined in the following step, through and iterative proce-
dure, enabling evaluating alternative CM solutions.

Step 6 - Diagnostic methods: type and quality. Based on criticality analysis of sys-
tem components carried out in step 5, this step allows defining several scenarios (de-
rived from different CM techniques on critical equipment) with the aim to select the
best solution among proposed alternatives. This innovative step is directly connected
to step 5 through a logical connector “New Scenario?”, in order to regulate the gener-
ation of diagnostic methods scenarios, that bring modifications on system with respect
to the AS-IS context already analysed in the previous step.

In particular, it enables to consider alternative types and installation locations of
tools to monitor asset health and different expected level of quality of capability of
the diagnosis and prognosis process. Moreover, it enables considering the economic
impact of the solution. These elements are input for running again step 5 (simulation)
for each alternative scenario and evaluating the impact of condition monitoring meas-
urement systems on the system performance during its lifecycle.

Step 7 - TCO calculation. This step allows to evaluate each single scenario, pre-
defined in the previous step, through TCO evaluation [14]. In this step, the CBS cost
items are estimated (dependent/independent on the system technical performances)
and cost flows discounted, quantifying the net present value for each scenario.

Step 8 - Final reports analysis. This step is based on the analysis of the results ob-
tained from the estimation of the TCO in each scenario. In order to get to the final
choice of the best alternative solution, an adequate documentation that summarizes
main features of each conducted analysis should be provided through reports, dia-
grams and graphs based on both technical performance parameters and economic
evaluation. The solution that ensures minimum TCO has to be selected while, if more
than one solution satisfies this criterion and different scenarios have equal or similar
TCO value, alternatives should be compared using other criteria, that have to be de-
fined initially and that have a relevant meaning in performed analysis

Step 9 - Predictive maintenance implementation. This step refers to the planning
and the implementation of the predictive maintenance activities based on the CM
systems as chosen in the previous steps. Company should integrate CM systems with
scheduling and planning of entire maintenance strategy. This step is relevant and not
trivial because a correct integration between company strategy and defined mainte-
nance activities, on critical machines in the production system, facilitates the exploita-
tion of predictive approach, reducing costs and increasing efficiency of production.



Step 10 - Feedback and corrective actions. Last step identifies feedback and review
on performed maintenance activities and corrective actions through two main sub-
phases. The first one is based on audit result and comparison with pre-defined objec-
tives to provide information about technical and economic impact of predictive
maintenance activities on the system performances. The second one is based on im-
provements implementation, if needed, which allow correction of maintenance activi-
ties, based on achieved results. If company decides to make changes because it is
necessary to correct maintenance tasks or to introduce new CM techniques, it is iden-
tified by “YES” path in the proposed methodology. Thus, it is necessary to come back
and define a new scenario, that represent changes required by company. This step
completes the entire proposed procedure and it represents the key to obtain a dynamic
methodology oriented to continuous improvement.

3 Application case

The proposed methodology is implemented in a numerical application carried out
in collaboration with a relevant Italian food company with the aim to validate it. The
case study is focused on an industrial plant, recently installed. The company ex-
pressed the need for a methodology that can be used to guide the definition of the
maintenance policies for managing the plant and in particular, to focus the invest-
ments in predictive maintenance solutions. Through the methodology, the implemen-
tation of the first five steps, was done by the use of a Reliability Engineering software
(R-MES ©) which supports Reliability Block Diagram modelling and Monte Carlo
Simulation. The application is implemented only as a numerical experimentation thus,
steps 9 and 10 are not included because they consist of practical activities only based
on company cost-effective decisions and implement actions.

Based on the criticality analysis developed in phase 5, two scenarios were selected
in step 6 to be compared and evaluated. The scenarios address the installation of dif-
ferent diagnostic systems for monitoring wear on different critical components within
the system. Moreover, each scenario is analysed considering two levels of diagnostic

capability quality:
a. Best case: it is based on the assumption of perfect functioning of installed
CM system and relative achieved benefits on system availability:
(TBFassets = TBFassest AS—IS scenario and TTRassets = 0)

b. Worst case: it is based on the assumption that condition monitoring systems
are not perfect in detecting failures and also, delays could affect restoration
activities:

(TBFassets < TBFassest AS—IS scenario and TTRassets = 50% TTRAS—IS scenario)

Table 1 summarizes cost items as calculated in step 6 after running simulation
(step 5) for each alternative scenario. It can be noticed that investment costs of scenar-
io 2 are higher than investment cost of scenario 1 due to higher cost of adopted sen-
sors. The time losses for installation of CM systems are identical while, the disposal



costs in scenarios 2 are higher due to higher number of sensors installed. Energy con-
sumption costs, associated to installed systems, in scenarios 2 are higher due to higher
number of sensors, while production losses costs are reduced in scenario 2 due to
higher overall system availability with respect to scenario 1. An important parameter
considered is the availability of the production process since the introduction of sen-
sors allows to reduce inefficiency associated to production losses.

Table 1. Summary of economic cost items for proposed scenarios.

Cost item Economic value Description
Uni'éitr; tum Scenario 1la Scenario 1b Scenario 2a Scenario 2b
Investment 28000€  28000€  32500€  32500€ fe‘;qs‘;';'zgg of
cost (yeart=0)  (yeart=0) (yeart=0) (yeart=0) software
Cost due to Production
plant down- 28080 € 28080 € 28080 € 28080 € losses for CM
time for in- (yeart=0)  (yeart=0) (yeart=0) (yeart=0) systems
stallation Y
Disposal cost 400€ 400€ S00€ S00€ c?ii(r::i\gzré&r
P (vear t=20) (yeart=20) (yeart=20) (yeart=20) . . .. ques
Yearly costs
Energy con- Energy con-
sum gy 1200 €/year 1200 €/year 1500 €/year 1500 €/year sumption by
P. CM system
Production ~ -64228.32  -21864.96  -79260.48  -25964.64 f:r";:gfl;’gffj
losses costs €/year €/year €/year €/year Y

increase

The availability comparison between base case (A = 81.57%) and different pro-
posed scenarios, as well as total annual equivalent cost (CTAE) and the payback time
(discounting rate of 5%, as used by the company for investments evaluation) are as-
sessed in table 2.

Table 2. Summary of availability and TCO calculation for proposed scenarios.

Scenario 1a  Scenario 1b  Scenario 2a Scenario 2b
Availability* 83.45% 82.21%, 83.89% 82.33%
A Availability +1.88 +0.64 +2,32 (2.77 +0.76 (0.92
(2.25%) (1.5%) %) %)
Payback Time <1 year <2 years <1 year < 2 years
CTAE -58851.39 € -16488.03 € -73246.48 € -19950.64 €

* Availability is estimated through Monte Carlo simulation running 10.000 iterations




All scenarios provide an increment of system availability thus, all proposed solu-
tions are cost-effective respect case base, even if each of them has a different impact
on overall system availability. Payback time is less than 1 year in best condition while
investment costs are recovered in 2 years in worst operating condition. Best solution
is scenario 2 that provides a higher increment of technical system availability despite
a higher investment due to higher investment cost. Moreover, scenario 2 shows the
lowest TCO value representing best investment during entire plant lifecycle since it
provides a high reduction of production losses costs.

4 Discussion and conclusions

This work concerns the definition of an innovative methodology that provides sup-
port for investment and management decisions for predictive maintenance implemen-
tation in industrial plants. In detail, key strength points are:

- the definition of practical methodology to implement predictive maintenance ac-
tivities through a significant integration between technical performance evaluation
(RAM analysis) and economic assessment (TCO evaluation);

- the combination between RBD model with discrete events simulation based on
Monte Carlo technique, through exploitation of R-MES software, for estimation of
technical system performances along its lifecycle under different CM scenarios;

- the introduction of an innovative step for the generation of the alternative CM
scenarios for evaluating the impact of different types of monitoring systems and
quality of diagnostic capabilities, through simulation and TCO estimation;

- finally, the validation of proposed methodology within an important Italian food
company.

The methodology was actually positively valued by the managers of the company
which recognize, as its main potentialities the easiness of application, satisfying com-
pany requirements; the overcoming of the criticality associated to absence of histori-
cal data, through the introduction of the simulation phase and the possibility of ex-
ploiting several data collection strategy; and, the integration of TCO estimation as
principal tool for the evaluation of generated scenarios, providing the possibility of
considering whole plant life-cycle. After the application case implementation, the
company decided to develop a pilot project to evaluate the investment in the solution
provided by the proposed decision-making methodology.

Overall, the defined methodology represents a good decision-making support to
identify critical components, on which predictive maintenance activities should be
implemented. In fact, it allows to manage a better utilisation of resources because it
avoids the installation of CM systems on machines and components, that in reality,
are not the most critical ones.
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