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Abstract: The time for cooling down and dismantling happens very fast so that spare parts have
to be already available prior to the shutdown to avoid excessive downtime due to spare parts
unavailability. This condition is common for most engines including machines in manufacturing
plants, airplanes engines, ship engines, automobile engines, or heavy equipment in mining.
However, this condition does not apply for gas turbines. For gas turbines, cooling down and
dismantling are taking a few days and even more than 1 week. This distinctive characteristic has not
been studied before. So, an integration model of spare parts inventory and preventive maintenance
is proposed. The time factor of engine cooling down and dismantling will be taken into account by
this proposed model. Spare parts will arrive after cooling down and dismantling period is finished
using just-in-time method. The basic and proposed model are based on the case study from a power
generation company in Indonesia. Discrete-event simulations (DES) are carried out using the
company's historical data. The results of the DES simulation and data processing with formulas and
commercial data are optimized by linear programming methods and response surface methodology
(RSM). By incorporating the stochastic characteristic generated by the variations in the duration of
cooling down & dismantling, the duration of assembling, and the duration of parts delivery, the
application of the proposed model can reduce the duration of spare part inventory in the warehouse
which will result to lower storage cost so that it can lead to an increase in the company's profit.

Keywords: integration, model, spare, parts, maintenance, discrete-event, simulation, cooling

down, dismantling

1. Introduction

The development of economics is one of the main
objectives of modern society and to achieve it an
enormous amount of manufactured goods has been
produced and consumed?, including spare parts for
industrialization. Spare parts consume 2.5% of the
machinery purchase price annually? and spare parts
inventories are essential for maintenance and making sure
the industrial plants to be operational®. So, spare parts
inventory is very important for facility operations.

It is quite obvious that maintenance and spare parts
inventory are interrelated and have to be analyzed
simultaneously®. Eventhough maintenance managers are
familiar with the significance of spare parts inventory
management, still, high inventory and high storage cost
are still two of the biggest issues in many companies®.
Time to order, order quantity, and lead time should be
planned carefully to minimize storage costs and
simultaneously to avoid stock-out®. The cooling down

and dismantling time of the engine has never been
considered before. Maintenance activities are viewed in a
very general manner and are not split into steps or phases.
Maintenance activity is planned to use spare parts
immediately so that the parts must be already available in
an exact amount prior to or exactly at the start of the
maintenance activity, thus causing a certain level of
inventory has to be maintained at a certain period of time.
And this situation also applies in the paper that proposes
the just-in-time method.

The time for cooling down and dismantling happens
very fast so that spare parts have to be already available
prior to the shutdown to avoid excessive downtime due to
spare parts unavailability. This condition is common for
most engines including machines in manufacturing plants,
airplanes engines, ship engines, automobile engines, or
heavy equipment in mining. For gas turbines, cooling
down and dismantling are taking a few days and even
more than 1 week. This distinctive characteristic has not
been studied before.
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2. Literature Review

Maintenance and spare parts inventory joint model is
becoming more and more popular lately”. Joining the two
will create a far more holistic approach towards a more
intensive study resulting in an accurate calculation. Every
analysis and decision-making in maintenance which is not
calculating spare parts inventory will not result an optimal
outcome”. Many papers on the field of spare parts
inventory and maintenance use spare parts stocking as its
inventory strategy, i.e. i.e. Ilgin & Tunali, 2007, W. Wang,
2012, Alrabghi, Tiwari, & Alabdulkarim, 2013, Bjarnason,
Taghipour, & Banjevic, 2014, Samal & Pratihar, 2015,
Kader, Sofiene, Nidhal, & Walid, 2015, Jiang et al., 2015,
Y. Wang et al,, 2016, Benmansour, Allaoui, Allaoui,
Allaoui, & Goncalves, 2016, Olde Keizer, Teunter, &
Veldman, 2017, Nguyen, Do, & Grall, 2017, La Fata &
Passannanti, 2017, Bousdekis, Papageorgiou, Magoutas,
Apostolou, & Mentzas, 2017, Prihandoyo, Zagloel, &
Ardi, 2018, Zahedi-Hosseini, Scarf, & Syntetos,
20184817219-16)  QOnly 1 paper by Zahedi-Hosseini &
Scarf, 20187 which proposes the just-in-time method
rather than holding stock. Various types of maintenance
are used in these papers, i.e. preventive, corrective, and
condition-based maintenance. Also, various kinds of
methods are being used, starting from simple optimization
to non-linear, mixed-integer, and stochastic optimization
model??. All fifteen papers are using optimization as the
main method of approach. And lastly, none of these papers
consider the possibility to utilize the end period of cooling
down and dismantling process as the point of spare parts
arrival.

3. Problem Formulation

The maintenance strategy used in the basic model is
preventive maintenance (PM) with the block replacement
policy as the strategy of parts replacement. The
probability of sudden engine failure that causes the engine
to stop operating is not considered. Initial spare parts are
provided in the storage facility since the engine starts
operating and spare parts are always available to
guarantee shutdowns and overhauls duration as short as
possible to reduce downtime. Spare parts lead time is
longer than the duration of the engine operating between
preventive maintenance. We are using the Mitsubishi
M701D Gas Turbine operation manual, maintenance
manual, and spare parts contract for baseline data for the
model. Cooling down and dismantling duration,
assembling duration, spare parts lead time, PM costs, and
spare parts cost data are using historical data of Grati
Combined Cycle Power Plant of PT Indonesia Power in
East Java, Indonesia. The data are from gas turbine
number # 1.1, # 1.2, and # 1.3 since March 2011 to
October 2016 as tabulated in Table 1. Revenue data is
obtained from power purchase agreement between PT
Indonesia Power and PT PLN (Persero) as the single
electricity buyer in Indonesia.

Table 1. Historical data on duration and cost of spare parts and
PM of Grati Combined Cycle Power Plant Gas Turbine

Engine PM Cooling Assy. | Spare PM Spare

Number Dur. Down & Dur. Parts Cost Parts
(day) Dismantl. (day) Lead (in Cost (in
Dur. Time Million Million

(day) (day) IDR) IDR)
Baseline 30 10 20 540 - -
GT#1.2 43 11 32 560 - -
GT #1.1 39 15 24 483 22,898 33,700
GT#1.3 41 13 28 529 20,235 94,701
GT#1.2 38 17 21 577 21,517 58,829
GT #1.1 33 14 19 506 19,556 69,605
GT#1.3 33 13 20 553 18,942 40,822
GT#1.2 40 14 26 543 13,578 59,308

Based on the electricity purchase agreement between
PT Indonesia Power and PT PLN (Persero) as electricity
single buyer in Indonesia, the value of cost and revenue of
the electricity purchase are as follows:

Table 2. Data on the value of costs and revenue of the Grati
Combined Cycle Power Plant Gas Turbine

Parameter Value Unit Multiplication
Factors
Spare Parts Cost 59,332 | Mil. IDR/PM | x PM Frequency
Investment Cost 375 | Mil. IDR/day | x (Total Day of
Operation + Total
Day of PM
Duration)
Storage Cost 41 | Mil. IDR/day | x Total Day of

Inventory Duration

PM Cost 655 | Mil. IDR/day | x Total Day of PM
Duration

Daily Operation 29 | Mil. IDR/day | x (Total Day of

& Maintenance Operation + Total

Cost Day of PM
Duration)

Gas (fuel) Cost 1,793 | Mil. IDR/day | x Total Day of
Operation

Lubricant & 3 | Mil. IDR/day | x (Total Day of

Chemical Cost Operation + Total
Day of PM
Duration)

Revenue 3,180 | Mil. IDR/day | x Total Day of
Operation

Data from Table 1 and Table 2 above will be used in all
calculation after simulation. Yet, in the just-in-time
implementation, there is other characteristic that are no
less important that the lead time of material is always done
on time with low variance?®. The data that will be used for
the second scenario is the material lead time in Olckers
(1998) research with adjustments using data shifting to fit
the simulation model.

4. Conceptual Model

As illustrated in Fig. 1, the basic model will be built
based on data from Table 1. Spare parts for the 1st PM are
already available in the storage facility from day 1 and
spare parts for the 2nd PM are ordered on day 1. Spare
parts for 2nd PM are shipped faster than the baseline data
for simplification, and the next orders will follow the
baseline data which take 540 days from ordering to arrival.
PMs are always carried out for 30 days after 360 days of
operation. It is assumed that every PM follows the scope
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of major overhaul, while in reality there are 2 more types
of PM for gas turbines, i.e. combustor inspection and
turbine inspection which don’t require any spare parts
replacement. Spare parts are always available in the
storage facility during the engine is in operation.

1st PM 2nd PM 3rd PM
Spare Spare Spare
Parts Parts Parts
Arrival Arrival Arnval
| - e —
\ /
'\I
s Sarbe 1st PM Spare E?"ans 2!‘:(1 FM Snare_Farls \ I:ird EM
60 120 180 240 300 3 420 480 540 600 66D 720 0 840 900
1st PM|| [1st PM Z2nd PM nd PM
Start inist Start || [Finish
Engne Off | |.
End of Cooling Down End of Cooling Down
& Dismantling Period & Dismantling Period

Fig. 1: The basic model of integration between PM and parts,
modification from models by W. Wang, 20123

In consideration to the engine cooling down and
dismantling time factor, an integration model of spare
parts and preventive maintenance is proposed. Using this
integration model, the potential savings from minimizing
storage cost will be uncovered, while on the contrary, the
probability of production loss due to spare parts delay will
also emerge. Operation duration, PM duration, and spare
parts lead time follows the same manner as the basic
model. The proposed model is illustrated in Fig. 2.

1st PM 2nd PM
Spare Spare
Parts Parts

Arrival Arrival

AT

1 60 120 180 240 300 3. 420 480 540 B00 66O 720

0 B4D 900
1 PM
|1

End of U(;\UEI[I(_J Down
& Dismantling Period

1st PM|| [1st PM 2nd PM
Start|| [Finsh Start

End of Cooling Down
& Dismantling Period

Fig 2: The proposed model of spare parts inventory and
preventive maintenance integration

In the proposed model, spare parts arrive at the end of
the cooling down and dismantling activities so that unlike
the base model, spare parts are not available as long as the
gas turbine operates. It is expected that spare parts arrive
at the end of the cooling down & dismantling activities in
just-in-time and are immediately ready to be installed.

5. System Description

The system consists of components namely engine,
spare parts, and PM activities. PM activities are divided
into sub-components, namely cooling down &
dismantling and assembling. The condition of the engine

is operating or stopping. The condition of spare parts are:
not yet ordered, have been ordered, are in shipping, have
arrived, are in stock in the warehouse, or are used.
Conditions for PM are not ongoing or ongoing. All parts
have the same probability of failure and use a block
replacement policy where all parts must be completely
replaced at PM, regardless of any damage conditions
experienced by each spare part. The number of parts
ordered is deterministic and the same continues for each
order. Ordering parts is done at the same interval for each
order and the duration of shipping parts is probabilistic.
For each order, spare parts cost also includes the ordering
cost and shipping costs to the warehouse. Storage costs are
applied daily. PM can only be done if spare parts have
arrived or are available in the warehouse. If spare parts are
not available, the PM will not be implemented and the new
PM can be implemented if spare parts are available.
Cooling down & dismantling duration and assembling
duration are probabilistic. It is assumed PM is always
successful and decreases the probability of random failure
as low as possible so that there is no random failure. The
interval between PM is fixed. For each PM event, PM cost
are calculated per day.

The machine is always needed to operate throughout t
period and there is no condition to stop operation or an
order to stop operating other than the implementation of
PM. Revenue consisting of payments for costs and profits
is obtained for each day of operation. On the day the
machine is not operating no income is obtained. The
difference between the basic model and the proposed
model is that for the proposed model spare parts arrives at
the end of the cooling down & dismantling activities. So
unlike the base model, spare parts are not available as long
as the gas turbine operates. The DES model version of the
base model and the proposed model are shown in Fig. 3.

6. System Description

The DES simulation algorithm is as follows:
Determine the simulation time.

2. Start the simulation.

3. Determine the value of: spare part order intervals,
spare parts lead time, PM interval, service time cooling
down & dismantling duration, and assembling
duration.

4. The machine operates as long as the PM has not started,
ordering spare parts is carried out, delivery of spare
parts is carried out, and spare parts are stored in the
warehouse.

5. Decision:

a. ‘If spare parts > 0 and the PM interval have been
fulfilled’, then move to Step 6.

b. °If spare parts = 0 and the interval between PM
have been fulfilled’ or ‘spare parts > 0 and the
interval between PM has not been fulfilled’ or
‘spare parts = 0 and the interval between PM has
not been fulfilled’, then remain in Step 4.

—_—

-81 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 07, Issue 01, pp79-85, March, 2020

6. The machine stops operating and PM is carried out
until the duration of cooling down & dismantling and
assembling is complete.

. If the duration of cooling down & dismantling and
assembling is complete, PM is finished and move to
Step 3.

8. Simulation time is reached.

. Simulation is complete.

3
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Fig. 3: The DES model version of the base model (a) and the
proposed model (b)

7. Methodology

Discrete-event simulation (DES) is an excellent
technique for studying and analyzing large-scale systems
because they have dynamic and stochastic properties®?.
By performing a DES simulation, the events that occur in
the real world are modeled well by events in the DES
simulation. Each event that appears indicates a change in
conditions in the system, which is also a representation of
real-world conditions. Therefore, the basic model and the
proposed model will be converted into the DES model and
then simulated. These models will are based on a case
study of a power generation company in Indonesia. The
DES model will be built based on their historical data.

Maintenance duration history data and duration of parts
delivery will be analyzed using the fitting-distribution
method to determine the type of data distribution.

The DES model will be verified by an error verification
method and random data generated by a random number
generator will be verified with the original data using
analysis of variance (ANOVA) method and root mean
square error (RMSE) method. Then, the DES model will
be validated using event validation, entity validation,
degenerate test, and extreme value test. The simulation
will be carried out in 2 scenarios, namely the first scenario
in which the lead time duration of the spare parts is
simulated without applying variance reduction and the
second scenario where lead time duration of the spare
parts by applying variance reduction to represent total
implementation of just-in-time. The DES simulation data
will then be processed with commercial formulas and
commercial data to obtain an economic understanding of
the system. Combining simulation result and economic
point of view was already done previously in various
research fields, including in the field of material
engineering in physical and economical perspective®.

The results of the DES simulation and data processing
with formulas and commercial data will be optimized
using linear programming method and response surface
methodology (RSM). Optimization of the DES simulation
results was carried out in order to fully understand the
potential of the proposed model with global optima
perspective, something which simulation lacks of. The
basic and proposed models will be created and simulated
using Simevents® and all calculations and optimizations
will be carried out using Matlab® by MathWorks, Inc.

8. Results

8.1 Basic Model Simulation Results

The simulation results for the basic DES model show
that over a period of 8000 days, there are 22 times of spare
parts ordering, 21 times spare parts delivery, 20 times the
duration of spare parts inventory that has been completed
in and out of the warehouse, and 20 times of PM events.
The duration of shipping parts ranges from 427 and 605
days, the duration of spare parts inventory in the
warehouse ranges from 296 and 474 days, the duration of
the cooling down & dismantling process ranges from 9
and 20 days, the duration of the assembling process ranges
from 12 and 42 days, the duration of PMs ranges between
27 and 57 days, there was no event of a PM pullback due
to delays in the arrival of spare parts, and the number of
days of gas turbine production ranging between 7228 and
7277 days. The number of days of PM duration ranges
from 723 and 772 days, and the number of days of
inventory duration ranges from 7092 and 7640 days. Thus,
producing commercially simulated data output into a total
cost ranging between 18,210 billion IDR and 18,276
billion IDR, total revenues ranges from IDR 22,987
Billion and IDR 23,144 Billion, so the total profit for 8000
simulation days ranges between IDR 4,778 Billion and
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IDR 4,875 Billion.

8.2 Proposed Model Simulation by Scenario 1 Results

The simulation results of the DES model proposed by
scenario 1 show that over a period of 8000 days, there are
21 times of spare parts ordering, 20 times spare parts
delivery, 20 times the duration of spare parts inventory
that has been completed in and out of the warehouse, and
20 times of PM events. The duration of shipping parts
ranges from 427 and 605 days, the duration of spare parts
inventory in the warchouse ranges from 0 and 116 days,
the duration of the cooling down & dismantling process
ranges from 9 and 75 days, the duration of the assembling
process ranges between 12 and 42 days, the duration of
PMs ranges between 27 and 99 days, the PM pullback
occurred due to delays in the arrival of spare parts ranging
between 1 and 66 days, and the number of days of gas
turbine production ranges from 7041 and 7241 days. The
number of days of PM duration ranges between 759 and
959 days, and the number of days of inventory duration
ranges between 118 and 534 days. Thus, producing
commercially simulated output data into a total cost of
between IDR 17,705 Billion and IDR 17,949 Billion, total
revenues ranges from IDR 22,392 Billion and IDR 23,030
Billion, so the total profit for 8000 simulation days ranges
from IDR 4,687 Billion and 5,081 Billion IDR.

8.3 Proposed Model Simulation by Scenario 2 Results

The simulation results of the DES model proposed by
scenario 2 show that over a period of 8000 days, there are
21 times of spare parts ordering, 20 times spare parts
delivery, 20 times the duration of spare parts inventory
that has been completed in and out of the warehouse, and
20 times of PM events. The duration of shipping parts
ranges from 530 and 539 days, the duration of spare parts
inventory in the warehouse ranges from 0 and 14 days, the
duration of the cooling down & dismantling process
ranges from 9 and 20 days, the duration of the assembling
process ranges from 12 and 42 days, tne duration of PMs
ranges between 27 and 57 days, there was no event of a
PM pullback due to delays in the arrival of spare parts, and
the number of days of gas turbine production ranging
between 7228 and 7277 days. The number of days of PM
duration ranges from 723 and 772 days, and the number
of days of inventory duration ranges between 138 and 172
days. Thus, producing commercially simulated output
data into a total cost ranging between IDR 17,918 billion
and IDR 17,974 billion, total revenues ranged from IDR
22,987 billion and IDR 23,144 billion, resulting in a total
profit of 8,000 simulation days ranging between IDR
5,069 billion and IDR 5,170 billion.

8.4 Optimization Results from the Proposed
Simulation Model Scenario 1 Results with Linear
Programming Methods

The stated goal is to seek maximum profit and the
optimization results succeed in obtaining a Number of
Days Inventory Duration of 0 days so as to be able to
achieve the highest profit value compared to the scenario
1 simulation result, which is 5,427 billion IDR compared
to the highest profit the 7th simulation result of 5.081
billion IDR.

8.5 Optimization Results from the Simulation Model
Proposed Scenario 2 Results with Response
Surface Methodology (RSM) Method

The stated goal is to seek maximum profit and the RSM
optimization produces the following output:

Local minimum found that satisfies the constraints.

Optimization completed because the objective function is non-decreasing in
feasible directions, to within the default value of the optimality tolerance,

and constraints are satisfied to within the default value of the constraint tolerance.

%=

138,2330 722.6718

fval =

-5.1789e+83

(@

total proft

invontory duration

(b)
Fig 4: RSM optimization output: (a) Global optima point in
x,y, and z coordinates and (b) Graph of global optima point

The stated goal is to find the maximum profit point and
the optimization results succeed in obtaining the highest
profit value point compared to the simulation result of
scenario 2, which is 5.171 billion IDR at the point of
(138,233, 722,671) compared to the highest profit of the
fifth simulation result is obtained, namely 5.170 billion
IDR at the point of (160,761, 722,671).

9. Conclusion

It can be concluded that:

1. The basic model simulation results in a high duration
of spare parts inventory which results in high storage
costs. The simulation results on the model proposed
scenario 1 resulted in a much lower duration of spare
parts inventory than the base model but there was a
large variance in the duration of delivery of parts
which often caused the duration of cooling down &
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dismantling to be extend so that the assembling could
not be done before the spare parts arrived increasing
duration of PM. Simulation of the model proposed
scenario 2 produces a lower inventory duration than
scenario 1 and also with a low variance so that it does
not cause the duration of cooling down & dismantling
delayed and assembling to be carried out immediately.

2. The results of linear programming optimization
performed on the simulation results on the model
proposed scenario 1 shows the potential to obtain the
duration of spare parts inventory which reaches 0 days
if the duration of parts delivery, cooling down &
dismantling, and assembling is always on time
according to the contract and recommendations on
maintenance guidelines. And, the results of RSM
optimization performed on the simulation results on
the model proposed in scenario 2 show that based on
the simulation results it is predicted that there is still a
potential for a decrease in the number of days of spare
parts duration and the number of days of PM to
achieve higher total profits.

3. Spare parts and preventive maintenance integration
models have been obtained by considering engine
cooling down and dismantling factors whose arrival
time of parts is set after completion of engine cooling
down and dismantling to reduce the duration of spare
parts inventory from a maximum of 474 days to a
maximum of 14 day.

4. From the case study of PT Indonesia Power - PLTGU
Grati, East Java, we obtained a decrease in the duration
of spare parts inventory, which increased the
company's total profit from the initial maximum to
reach 4.875 billion IDR to 5.171 billion IDR.

5. In addition to benefiting from the implementation of
the proposed model, namely decreasing the cost of
storing spare parts and increasing the company's total
profits, it also obtain other benefits, namely by

decreasing storage costs, the company's cash increases.

Some amount of cash from a number of lowered
storage costs can improve the company's cash level so
that it is more liquid to be able to use other needs, for
example other operational needs, investments, debt
payments, dividend payments, or stored for future
corporate growth opportunities.

10. Future Research

In this study, although the duration of shipping parts,
cooling down and dismantling, and the duration of
assembling are probabilistic, the order time and interval
between PMs are deterministic and fixed. In fact, the time
to place an order and the interval between PMs is always
different and varied.

For future research, the ordering time and intervals
between PMs can be made probabilistic to give closer
research results to the actual conditions.
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2)

3)

4)

5)

6)

7)

8)

9)
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