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PRINCIPLES OF TRANSPORT MEANS MAINTENANCE OPTIMIZATION:
EQUIPMENT COST CALCULATION

Purpose. Justification of principles and methodology for effective calculation of the equipment costs and optimization of trans-
port means maintenance.

Methodology. The results of the presented scientific research were obtained using general and special methods of cognition:
abstract and logical analysis, systematization and combination, method of theoretical generalization, method of dialectical cogni-
tion, deduction and induction, and statistical analysis. This paper analyzes the relationship between the probability of failure pre-
vention by the maintenance system and the associated costs. The research investigates how the variation in the technical condition
change rate influences the length of the operation cycle and the rate of its decline. The study’s outcomes are analyzed, including the
formation of points of minimum unit costs, the effect of spare parts’ cost, and the practical importance of the conclusions drawn.

Findings. This paper outlines the economic methodology for determining the specific expenses of maintaining means of trans-
port. The methodology considers the distribution of expenses for spare parts, labor, and other components. Using this methodol-
ogy, it is possible to estimate the total costs of maintenance and make informed decisions about the efficient use of resources. It has
been determined that the cost of spare parts impacts the efficiency of the maintenance system. Therefore, it is imperative to balance
the cost for spare parts and safety, while considering the probability of failure. The method outlined in this work is versatile, which
allows its adaptation and application to the specialized road transport.

Originality. The paper further develops the methodological approach to calculating equipment costs for transport mainte-
nance, which is used to improve service efficiency and reduce expenses. The approach enables a comprehensive evaluation of the
outcomes of enhancing failure prevention probability through the maintenance system. It also aids in managing unused parts’ re-
sources, particularly during short operating cycles.

Practical value. The study’s findings can optimize the maintenance system, increase operational efficiency, and enhance the
safety and reliability of means of transport, while reducing the costs associated with spare parts, labor, and other maintenance
components. This approach aids in conserving resources, reducing operating costs, and is crucial for the financial stability and

profitability of management companies.
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Introduction. This article aims to address the problem of
balancing scientific accuracy and reasonable cost when main-
taining the machinery of cargo ships, necessitating a meticu-
lous attention to detail and precise calculations. The problem is
caused by the absence of sufficiently developed scientific meth-
ods to determine the cost of equipment and optimal strategies
for integrated maintenance, resulting in an ineffective process.

During the initial phase of studying the scientific problem,
sea and river means of transport were used as a basis. The
method presented in this paper is versatile enough to be adapt-
ed and applied to specialized road transport.

The significance of this problem stems from the fact that
an improperly calculated equipment cost may result in either
underestimation or overpayment for its acquisition and up-
keep. The absence of a systematic approach to rationalize the
equipment cost can also contribute to inadequate mainte-
nance effectiveness, unforeseeable breakdowns, and an in-
crease in the overall cost of maintaining the ship’s machinery.

Thus, solving this issue requires the development of scien-
tific approaches and methodologies to accurately determine
maintenance equipment costs and develop optimal strategies
for the comprehensive maintenance of shipboard machinery.
These science-based methods can help maximize mainte-
nance efficiency, reduce costs, and ensure reliable and safe
ship operations.

Various equipment for monitoring shipboard machinery
has been developed after 2020, using a new element base.
These tools have significantly improved capabilities compared
to those used from 2000 to 2010. In particular, they utilize
methods of real-time data analysis, artificial intelligence, and
digital twins.
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Modern real-time data analysis methods enable the col-
lection, processing, and analysis of shipboard machinery in-
formation instantly and provide a quick response to changes in
their technical condition. This improves maintenance effi-
ciency and prevents malfunction incidents.

The implementation of state-of-the-art monitoring equip-
ment to oversee shipboard machinery through the most recent
technologies promotes the effectiveness of maintenance and
guarantees the safety and reliability of cargo ships.

Literature review. A review of the most recent research and
publications in the field of equipment costs and comprehen-
sive maintenance of shipboard machinery reveals the follow-
ing key findings:

Several studies aim to identify the best maintenance strate-
gies to increase efficiency and decrease costs [1, 2]. Research-
ers focus on developing models to predict the condition of
machinery, using vibration analysis methods and other diag-
nostic technologies to detect faults and prevent failures |3, 4].

Some publications highlight the significance of using eco-
nomic analysis and optimization techniques for estimating
equipment costs [5, 6]. Approaches that consider the costs of
equipment production, supply, and maintenance, and deter-
mine the optimal maintenance level, taking into account risks
and productivity losses, have been investigated |7, §].

According to existing literature, there is a need to integrate
information technology and management systems into the
process of maintaining shipboard machinery [9]. Sensor-
based monitoring and diagnostic systems, web portals, and
cloud technologies can be utilized to efficiently collect, ana-
lyze, and process data for knowledge-based decisions on
equipment maintenance and repair [10].

Several studies have focused on analyzing the impact of
environmental factors, such as weather conditions, aggressive
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environments and equipment wear, on the technical condition
and maintenance costs of machinery [11, 12]. The developed
models and methodologies assist in evaluating risks and mak-
ing appropriate decisions regarding the planning of equipment
maintenance and replacement [13, 14].

Integrating maintenance with condition prediction is an ef-
fective strategy for reducing maintenance and repair expenses
and minimizing ship machinery accidents on cargo ships [15].
Research on complex condition-based maintenance suggests a
potential reduction in maintenance costs by 25 % [16, 17].
However, these assessments, which are cited in various sources,
lack theoretical justifications and are mostly expert opinions.

The conclusions from these studies and publications show
a wide range of research on the expenses of ship equipment
and its intricate maintenance. Further research in this area will
aid in developing scientific approaches and practical recom-
mendations for the optimal management of ship systems
maintenance.

Unsolved aspects of the problem. Further research should
address the issues related to enhancing the scientific validity of
the method used to calculate the costs of the equipment used
for maintenance of the ship’s machinery, in order to contrib-
ute to the improvement of maintenance efficiency and cost
reduction. This topic and the purpose of the study are moti-
vated by the insufficient development and the lack of scientific
and methodological significance of these aspects.

Purpose. This article aims to justify the principles and
methods of effective calculation of equipment costs and opti-
mization of maintenance of means of transport.

Methods. The possibility of performing a comparative
analysis on the usage of different maintenance methods for
shipboard machinery of cargo ships, considering certain as-
sumptions, is considered. The proposed methodology is based
on a linear model of technical condition change. Four reasons
can be identified that support its use:

1. There is a possibility of missing or having indirect, par-
tial information about the technical condition changes be-
tween maintenance periods.

2. The dependence of the change in the technical condi-
tion is completed at the time of the maintenance and the next
cycle of the process implementation starts anew.

3. The linear model enables the solution of the problem in
a general dimensionless form, which minimizes the require-
ments for initial information about the results of the performed
maintenance. Moreover, this model can be applied to any kind
of on-board machinery.

4. The results are not significantly impacted using a non-
linear model as long as the probability of failure prevention by
the maintenance system is the same for the comparison base.

Hence, the intervals and number of inspection operations
are only affected using a nonlinear maintenance model com-
pared to a linear model. If the costs of inspection are not con-
sidered, the impact is not significant.

To obtain comparable results, dependencies between the
obtained values and the probability of failure prevention by the
maintenance system (P,,) are necessary, as previously stated.
Once a suitable point with satisfactory results has been select-
ed, it is possible to determine the frequency of scheduled
maintenance or condition monitoring, which is necessary for
practical use of the obtained results.

The formulas for determining life-cycle costs indicate that
the costs for an asset over its entire lifecycle are directly affected
by the consequences of failures, the severity of such failures,
and the likelihood of being able to prevent such failures. The
greater the consequences of failures and the lower the probabil-
ity of being able to prevent such failures, the higher are the
costs that can be expected to accrue during the asset’s lifecycle.

The cost function (w) can be applied to analyze unit costs
as long as the structure of scheduled and unscheduled mainte-
nance costs does not comprise elements that rely on the dura-
tion of the operating cycle. Nonetheless, it is crucial to observe

that the situation is not universally applicable and might vary
based on the specific case of the maintenance of cargo ships’
machinery.

Note that the probability of failure of respective parts
(P;,.) and the probability of failure prevention by the mainte-
nance system (P,,) are distinct and not equal. Nevertheless,
these probabilities are interrelated, and depend not only on the
reliability of the parts, but also on other characteristics. Con-
sequently, losses resulting from the incomplete utilization of
the resource are spread over successive maintenance cycles,
even though these losses will only occur at the time of the last
maintenance cycle.

When calculating the specific costs of the asset’s mainte-
nance and cost functions that depend on the maintenance cy-
cle’s duration, it is advisable to use the multiplier (R,,,), which
represents the residual life before failure in case this type of
maintenance is not performed. The value of (R,,,) is determined
by the minimum resource of any parts that need replacement
during maintenance or the resource required for preventive
maintenance tasks such as cleaning and inspection for detec-
tion. Therefore, the remaining life of a part that is to be replaced
during this maintenance can be expressed as follows

R R

res < 11

ires — i

If parts are replaced after several maintenance operations,
which typically involve the most expensive parts, then the for-
mula would be as follows

Rti =1+ Rres : Pipre(ni)'

To calculate the ratio of the remaining service life of the
replaced part to the remaining service life prior to mainte-
nance or failure, apply the following formula

The analysis of the operation cycle duration reveals a cor-
relation between the probability of failure prevention and the
reduction in the cycle duration. This reduction is more signifi-
cant for probability values above 0.9. It is worth mentioning
that the decline in the cycle duration depends on the variabil-
ity of the technical condition change rate. This implies that
objects with low variability in the possible rate of technical
condition change have a certain probability of preventing fail-
ures. Therefore, there is an optimal frequency for scheduled
maintenance, beyond which a further increase in frequency
can result in a drastic increase in the cost of restoring the tech-
nical condition.

Optimal parameters of the maintenance system that ensure
the lowest unit costs can be determined when modeling and
optimizing the maintenance processes of cargo ship machin-
ery. Optimization of the system is influenced by the probability
of failure prevention through the maintenance system and de-
pends on the consequences of failures, which uses the coeffi-
cient (K). Another significant factor is the nature of technical
condition change rate distribution, along with its coefficient of
variation (V). These parameters influence the equipment’s
technical condition change rate and the variation of this pro-
cess | 18]. Taking these factors into account aids in determining
the optimal maintenance strategy, reducing costs, and increas-
ing the efficiency of ship machinery operations.

The possible variation in the rate of technical condition’s
change (V) leads to a shift of the optimal point towards lower
probabilities of failure prevention. Moreover, this optimum
has less significance. In contrast, a decrease in the coefficient
of variation shifts the optimal point to higher probabilities of
preventing failure. Simultaneously, significant cost reductions
occur during this shift of the optimal point compared to sub-
optimal values.

Controlling the variation in the rate of change in technical
condition is important when designing maintenance strategies
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for ship equipment. Utilizing optimal coefficient of variation
values can lead to better cost reduction and increased reliabil-
ity of shipboard equipment operation.

Regarding spare parts costs, it is vital to mention that there
are no optimal unit cost points. When the maintenance sys-
tem’s probability of failure prevention increases, more unused
life remains for part replacement, especially in short life cycles.
Specific cost values rely on parameters characterizing the
maintenance system through failure prevention probability
and the object of operation’s properties, such as coefficient of
variation for technical condition rate of change (V) and the
distribution law.

It is necessary to analyze and set the parameters of the
maintenance system carefully to calculate the unit costs of
spare parts. To achieve optimal results, it is essential to balance
the probability of preventing failures, unused resources, and
the efficiency of using spare parts.

To calculate the dependencies for the specific costs of
spare parts in cargo ship machinery maintenance, an appro-
priate normalization factor is required. This factor should con-
sider the ratio of spare parts costs to other cost components,
such as labor and other factors. Additionally, the costs of the
maintenance itself should also be taken into consideration.

Calculations like these enable obtaining the dependence of
total specific costs, which covers both the cost of spare parts
and the cost of other maintenance elements [19]. This method
permits a more thorough evaluation of the total costs related to
maintenance, and it facilitates informed decision-making re-
garding resource efficiency.

The analysis of the calculation results indicates that during
the maintenance of shipboard machinery on cargo ships,
identifying the points of minimum specific costs may or may
not be feasible. Fig. 1 provides an example of the dependencies
for a lognormal distribution with a coefficient of variation (V)
of the rate of change in the technical condition set at 0.5. The
coefficient (K) considers the rise in the cost of performing
forced maintenance, whereas (K};) represents the cost of re-
placement parts as a ratio of the maintenance cost.

The examination of these calculation results indicates that
the determination of minimum specific costs is a complex pro-
cess, which depends on the parameters of the maintenance
system and the characteristics of the object of operation. Upon
examining the lognormal distribution of the rate of technical
condition change with a coefficient of variation (V'=0.5), it is
evident that the minimum specific costs undergo a shift.
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Fig. 1. Dependencies of the probability of preventing failures by
the system of scheduled maintenance in the context of the
lognormal distribution law of the rate of change in the tech-
nical condition and at a fixed value of the coefficient of
variation (V=0.5)

The results suggest the necessity of a thorough analysis of
the maintenance system’s parameters and their effect on spe-
cific costs.

It is undeniably true that the higher the cost of spare parts
to be replaced in advance during regular maintenance, the less
likely failure prevention by the maintenance system should be.
From a safety perspective, this situation cannot be justified. To
resolve this contradictory situation, performing maintenance
with condition prediction becomes the only reasonable solu-
tion. This conclusion is drawn from analyzing the mainte-
nance process of ships’ machinery on cargo ships. It is high-
lighted that the maintenance system’s efficiency is affected by
several factors, including the cost of spare parts. Balancing the
cost of spare parts and safety is crucial, while also considering
the probability of failure. In these scenarios, utilizing condi-
tion prediction plays a significant role in attaining an optimal
solution.

Results. The shift from scheduled maintenance to compre-
hensive predictive maintenance requires an investment in the
purchase of equipment, the development of procedures for de-
termining technical condition, and the transition to electronic
document management. Clearly, these measures are costly,
and in some instances, the expenses can be substantial. In such
circumstances, the shipping company’s superintendent needs
to decide whether to invest in equipment for condition moni-
toring or on labor and spare parts. The decision can be based
on intuition (which is often the case) or a more objective cal-
culation.

In the following section, an approach for evaluating the
results of the transition to comprehensive preventive mainte-
nance will be presented. This approach is based on analyzing
the actual captured data describing the patterns of changes in
technical conditions.

The problem is defined as follows. The ship’s machinery
has the following known:

1. Parameters characterizing the technical condition of the
machinery.

2. Average time between failures.

3. Average rate of change in technical condition based on
operational data.

4. Coefficient of variation for the rate of change in the
technical condition.

5. Labor intensity of scheduled maintenance (H,,).

6. Labor intensity of unscheduled maintenance (H,,;)-

7. Labor intensity of one control operation (H.,).

8. The average hourly wage of crew members at the Com-
pany (q).

9. The cost of the equipment required to implement com-
prehensive predictive maintenance (Q).

10. The ratio of the cost of replaced parts during mainte-
nance to the cost of maintenance itself (z).

This task is based on the conditional assumption that the
rise in unscheduled maintenance costs is only due to an in-
crease in labor intensity.

The process of transitioning to a comprehensive predictive
maintenance plan for the machinery of cargo ships is consid-
ered new and lacks formalization. This method has the poten-
tial to increase the maintenance interval between 50 to 65 %,
thus extending the operational cycle. It should be noted that
regulatory documents do not currently provide a clear proce-
dure for transitioning to comprehensive predictive mainte-
nance [20]. This limitation results from a restriction on main-
tenance with a delay of more than 50 % from the previous
regulated period. Despite this limitation, scheduled mainte-
nance with longer intervals achieved by monitoring between
scheduled maintenance will still be valid. Nevertheless, some
aspects of maintenance can be completed by forecasting the
machinery’s condition [21].

Let H indicate the labor required for scheduled mainte-
nance and control (for n control operations) during the opera-
tion cycle, given a known probability of preventing failure (P,,)
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H= Hscthre + (1 - Ppre)Husch + I’le.

The probability of preventing failure can be determined by
plotting curves from models of the maintenance process. The
initial data related to the technical condition change process is
used to plot these curves. Identical methods can be used to
determine cycle costs.

Maintenance labor cost implications of failures can be ap-
proximated by utilizing the extent of the upsurge in labor in-
tensity due to the failure

Assuming that the rise in unscheduled maintenance ex-
penses results solely from an increase in labor intensity, the
coefficient K; remains constant for both labor intensity and
cost ratio. Based on this assumption, we can derive the follow-
ing relationship

S§= qHusch(Ppre(l - KII) + I(zl)

This equation can be used to analyze the costs related to
the maintenance of shipboard machinery on cargo ships. In
cases where parts are replaced before their designated service
life ends, either through preventive maintenance or other
strategies, an irreversible part of their value is lost

S, =C+8y=C2-M)=C(l + My,).

The maintenance cost of shipboard machinery on cargo
ships can be represented as the sum of two functions. The pre-
viously mentioned first function, S, is independent of the du-
ration of the service cycle. The second function represents the
expenses incurred by replacement parts, the fees of which de-
pend on the extent of usage. In practice, this cost is the sum of
the costs of the entire range of spare parts.

Regarding the aforementioned factors, consider the fol-
lowing expression to analyze the cost per operating cycle

C(l+ My, )J
qH sch

Considering that the operating cycle duration is
Tsch = (ATsch)Ppre + Tavg(1 - Ppre)’

with AT, — intervals of scheduled maintenance; 7, — aver-
age operating time before failure, during the implementation
of scheduled maintenance with the accepted parameters, the
duration of scheduled and unscheduled maintenance is ig-
nored.

To define unit costs as the combination of labor costs w,(7)
and spare parts purchase costs w,,(?), it is essential to

pre

W:qHsch(P (-K;)+K;

Ppre(l - Kil)+ Kil M
W(t) =W, (1) +w,, (1) = o,
Ty
with T,c — duration of the operation cycle.

To compare the effectiveness of comprehensive predictive
maintenance with scheduled maintenance, it is necessary to
formulate the task in one of two ways:

1. Both maintenance methods are equally effective in pre-
venting failures; however, the comprehensive predictive main-
tenance of cargo ships machinery can increase the duration of
the operation cycle.

2. When the service life is equal under both maintenance
methods, cost reduction of unscheduled shipboard machinery
maintenance is achieved.

When comparing maintenance methods with the same
preventive properties (P,,) , the maintenance cost, excluding

the cost of spare parts, can be assessed using the (7j;+) multi-

plier. The dependency of (Tj-) on the probability of failure
prevention (P,,) can be visualized in Figs 2—4. For this sce-

3,5
1 |V=6720,000006 - 29 782,153877x° + 54 757,948778x" - |
me | 53 460,852279° + 29 233,158273x - 8 488,949502x +
3 1024,148627 -
R? = 0,999998
2,5
2 —
1,5 /
1
0,6 0,7 0,8 09 Py 1

Fig. 2. The parameter Ty, determines the unit costs of mainte-
nance for the scheduled maintenance method

nario, we use a Weibull distribution with a coefficient of varia-
tion of 0.4 for the rate of technical condition change (V).
Maintenance by schedule is illustrated in Fig. 2. Fig. 3 displays
maintenance according to condition, for different values of the

Fig. 3. The parameter Ty determines the unit costs of mainte-
nance for the condition-based maintenance method (V,=0.4)

Fig. 4. The parameter T, determines the unit costs of mainte-
nance for the comprehensive predictive maintenance meth-
od (V,=0.4)
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unsatisfactory condition parameter (a) set at 0.7, 0.8 and 0.9.

Fig. 4 presents the (TA;‘C) curves for complex preventive main-
tenance, with different numbers of control operations between
maintenance (2, 4, 8) for the unsatisfactory condition param-
eter (a=0.9).

Comparing the scheduled and comprehensive predictive
maintenance methods of cargo ship machinery, the difference
between the value w(?) of the scheduled maintenance method
and the cost of comprehensive predictive maintenance w(z)*
could inform whether it is economically feasible to acquire
new control equipment at a specific price.

When the annual operating hours of the ship’s equipment
are known (c), the annual effect is

E=w(t) -w®)") - c-q- Hy

If the equipment costs (Q) and is purchased for (Y), then
the justification for its purchase must be a condition
E> Q
Y
If the equipment is designed for universal use, meaning it
can be used for several (N) shipboard machinery, the condi-
tion is more flexible in the initial approximation

N
Q
IZ:]:E[>Y.

The appearance of the summation symbol in the formula
is a result of various initial data used for shipboard machinery,
such as the rate of change in technical conditions, the com-
plexity of maintenance, and the consequences of failures.

To provide an illustration, a potential solution to this prob-
lem will be presented using a typical dry cargo ship with mul-
tiple machinery components as an example. Pumps, electric
motors, and fans have been identified as potential targets for
condition monitoring between maintenance routines. One
possible method for monitoring these targets is through the
use of a bearing vibration spectrum analyzer. This equipment
enables the determination of the technical state of the rolling
bearings. The condition of these bearings significantly affects
the service life of the pump sealing rings and the electric motor
rotor shaft. Replacing these components in a timely manner
helps to maintain the technical state of the connected parts.

Moreover, the spectrum analyzer can monitor the technical
condition of such shipboard machinery elements in particular:

1. Bearings. The spectrum analyzer can monitor the con-
dition of bearings in different mechanisms like motors, gener-
ators, pumps, and fans. It can identify indications of bearing
failure, such as vibration or noise, which may signal a mal-
function.

2. Rotors. A spectrum analyzer can assist in monitoring
rotor condition in electrical machines, such as electric motors
and generators. It can identify rotor unbalance, bearing wear
and stator defects.

3. Turbochargers. The technical condition of turbocharg-
ers can be monitored using a spectrum analyzer. Abnormali-
ties in the turbocharger, such as vibration, noise, or changes in
frequency response, can be detected.

4. Hydropneumatics systems. The spectrum analyzer can
be used to monitor the hydropneumatics systems of shipboard
machinery, such as hydraulic control systems or pneumatic
systems. It allows one to detect problems such as leaks, wear or
malfunctioning valves that may affect the system operation.

5. Electrical networks. A spectrum analyzer can detect
faults which could damage the electrical equipment on a ship.
By detecting faults such as harmonics, overvoltage, or abnor-
mal current flow, a spectrum analyzer can prevent damage to
electrical equipment.

For simplification, it was assumed that the average coeffi-
cient of variation of the rate of change in the technical condi-
tion is V, = 0.3. With a linear model of technical condition

change, the characteristics of the system of scheduled mainte-
nance and complex maintenance with technical condition
prediction were determined. Fig. 5 displays the primary rela-
tionships between the probability of failure prevention (P,,)
and the maintenance interval. In the calculations, the ratio of
the parameter characterizing the unsatisfactory condition in
relation to the emergency condition was used (a = 0.9). As-
suming equal labor intensity (H,., = 15 man-hours) for sched-
uled pump maintenance, the hourly wage of a crew member is
(g =109). The average cost of a set of bearings for the pump,
fan, and electric motor, depending on size, is (C = 209).
Therefore, the cost coefficient can be expressed as Z= C/qH,,,
which equals 0.13 in this case (20/(10 - 15)). During the calcu-
lations, it was assumed that the cost of monitoring would be
0.01 - H,,. Assuming P, =0.95 as an acceptable probability of
preventing failure, it is necessary to perform maintenance with
a frequency of AT, = 0.6 relative to the time (7) to ensure such
reliability (refer to Fig. 5).

The ratio of real time (7) to mean time between failures
(T,,) is defined as the relative time (7). In this case, a high
probability was chosen to meet the strict reliability require-
ments, although an alternate probability could have been se-
lected. If the solutions are followed, this becomes irrelevant.
The crucial point is that the probability of failure prevention
remains constant for both methods.

The graphs can be used to determine the intervals for mon-
itoring the technical condition (Az.). To ensure (P,, = 0.95)
with scheduled maintenance intervals equal to (Az,;,=0.9), the
relative frequency of control should be (Af, = 0.225) relative
units, as shown in the graph. Furthermore, when considering
the cost of replacement parts, the unit cost of maintenance will
be (w(?)* = 1.5) relative units, whereas with scheduled mainte-
nance, the cost was w(f) = 2 (Fig. 6).

Because of that during the transition to comprehensive
predictive maintenance, the frequency of maintenance should
be increased from 50 to 65 %, calculations were performed on
the model for scheduled maintenance with an increased inter-
val between it and the intermediate check. Two variants of cal-
culations were performed with the intervals (Af,, = 0.8) and
(Aty, = 0.9). By varying the control frequency, it is possible to
ensure the same probability of failure prevention (£,,, = 0.95)
and the adequacy of the comparison conditions. The results of
the calculations are shown in Fig. 7.

Reducing the scheduled maintenance interval to (At =
=(.8) will lower the cost of maintenance of the equipment to
(w(r) = 1.82), but at the same time the probability of preventing
failures will decrease to (P, = 0.72).

p —Ppre —Pit

1
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2

0,1

0

0,3 0,45 0,6 0,75 0,9 Atsch

Fig. 5. The relationship between scheduled maintenance frequen-
cy and the timeliness and probability of failure prevention
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Fig. 6. The relationship between the unit costs of scheduled
maintenance and its frequency
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Fig. 7. Modeling results for scheduled maintenance (At =0.9)
with intermediate control:
(Py.) — probability of scheduled maintenance; (P,,,) — probability
of failure prevention; (P,) — probability of timely maintenance;
w,,(f) — unit costs for replaceable spare parts; w(f) — unit costs for
maintenance

Considering the context, it is recommended to explore an
alternative for enhancing the maintenance system. To achieve
the required level of failure prevention, an additional control
will be introduced between maintenance by maintaining an
equal periodicity (A, = 0.8). Fig. 8 shows the results of these
calculations on the same model. To achieve the same result
(P,.=0.95), the control should be administered roughly every
(Aty, = 0.39), as evident from the graphs. Nevertheless, the ex-
penses are likely to be approximately the following (w(f)* = 1.65).

The calculation result is marginally inferior to the case with
maintenance frequency (Af,, = 0.9) but superior to not perform-
ing any control. As displayed in Fig. 8, maintenance timeliness
results in (P, = 0.168) compared poorly to the case with (At,,, =
=0.9), where the result is (P, = 0.35). This constitutes almost a
twofold deterioration. Considering the ratio of spare parts to la-
bor costs was estimated to be much lower than one (0.13), the
result of expensive replacement parts would have resulted in sig-
nificantly more detrimental outcomes. In this instance, mainte-
nance only accounted for the replacement of relatively inexpen-
sive bearings, which have a long unused lifespan, leading to a
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Fig. 8. Modeling results for scheduled maintenance (At =0.8)
with additional intermediate control:
(Py.,) — probability of scheduled maintenance; (P,,,) — probability
of failure prevention; (P;) — probability of timely maintenance;
w,,(f) — unit costs for replaceable spare parts; w(t) — unit costs for
maintenance

more cost-effective option compared to the cost of labor. Efforts
to increase the number of technical condition checks would not
be effective as unit costs will not be lower than the initial option.

To obtain the annual operating effect when given specific
costs in relative time calculations, the following formula can
be used

E:(W(t)—W(t)*)-c.q.%'

avg

In this scenario, the yearly operating time is about half of
the average operating time before failure, calculated as ¢ =
=0.5- T,,. Inthis case, the value is $/year

E=(2-1.5)-0.5-10-15=37.50.

Considering a payback period of 5 years for technical con-
dition monitoring equipment, it is advisable to purchase
equipment costing less than 37.50 - 5 - 30 = 5625, if at least
30 objects such as pumps, electric motors or fans are moni-
tored. Furthermore, for 50 monitored objects, purchasing
equipment up to the price of 37.50 - 5- 50 = 9374 $ is economi-
cally feasible.

This work yielded the following results:

1. The methodology for the comparative analysis of the
application of various methods of maintenance of onboard
machinery of cargo ships using a linear model of technical
condition change has been developed. This methodology al-
lows solving the problem in a general dimensionless form and
can be applied to any ship machinery.

2. Using a nonlinear maintenance model, as opposed to a
linear one, affects only the frequency and quantity of control
operations performed, without taking the costs of control into
consideration.

3. The relationship between the probability of failure pre-
vention by the maintenance system and the value of specific
costs is analyzed. It is found that as the probability of failure
prevention increases, the duration of the operating cycle de-
creases, and the rate of decrease depends on the degree of dis-
persion of the rate of change in the technical condition.

4. A methodology has been developed to determine the
unit cost of maintenance, considering the distribution of costs
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for parts, labor, and other components. By using this method-
ology, we can estimate the total costs associated with mainte-
nance and make knowledge-based decisions can be made re-
garding the efficient use of resources.

5. Research showed that spare parts cost impacts mainte-
nance system efficiency. To achieve an optimal solution, it is
important to balance safety and the cost of spare parts while
considering the probability of failure. Condition prediction
plays a significant role in achieving optimal solutions.

The results obtained can enhance the efficiency of mainte-
nance for shipboard machinery, reduce costs, and increase the
reliability and safety of operations. These results can be practi-
cally applied in planning maintenance and in making knowl-
edge-based management decisions in shipping companies.

Conclusions. The scientific validity of the cost of equip-
ment purchased for maintaining the technical machinery of
cargo ships requires meticulous attention to detail and accu-
rate calculations. It is important to note that in this instance,
the cost of equipment was justified based on average asset costs
and the results obtained are approximate. However, for a more
precise justification, it is possible to calculate the cost for each
individual asset before proceeding to comprehensive predic-
tive maintenance. The calculation methodology remains con-
sistent in such scenarios. The calculated results offer an op-
portunity to analyze the overall effects and make knowledge-
based decisions.

These facts demonstrate the significance of adopting a sci-
entific approach and conducting research to determine the
equipment cost and evaluate the effectiveness of shipboard
machinery’s comprehensive predictive maintenance.

The cost of equipment for ship machinery maintenance is
justified scientifically based on research and actual data. When
determining the cost of equipment for complex maintenance
with a forecast for its technical condition, the following facts
can be considered:

1. Research on previous cases of comprehensive predictive
maintenance demonstrates that this approach enhances main-
tenance efficiency and reduces the costs of unscheduled main-
tenance.

2. Research in ship machinery maintenance has confirmed
that the utilization of a vibration spectrum analyzer can moni-
tor the technical condition of components like bearings, elec-
tric motors, and fans.

3. The estimation of equipment costs depends on the size
and complexity of the maintenance asset. The cost of a set of
bearings for pumps, fans, and electric motors can be estimated
based on their production and delivery costs.

4. Studies on the impact of maintenance frequency on the
probability of failure prevention have shown that increasing
the frequency of maintenance improves prompt identification
of potential problems and reduces the risk of failure.

5. The methodology proposed in this research for deter-
mining the cost and efficiency of equipment for comprehen-
sive predictive maintenance of cargo ship machinery has con-
siderable versatility. It can be adapted and applied to various
types of assets requiring maintenance, including specialized
road transport. This expands the methodology’s potential use
and value, providing an opportunity to apply the knowledge
and experience gained to a broader context.

6. Despite the specificities of shipboard machinery, it is
significant that the fundamental principles and methods em-
ployed in this research can be applied to other assets. There-
fore, this methodology could provide a valuable contribution
not only in the field of ship transportation but also in the realm
of road transport.

Subsequent research can focus on developing specific
modifications of this methodology for other types of vehicles,
including road transport [22], agricultural machinery [23],
and mining machines [24]. This approach will enable a gradu-
al transition from general recommendations to more precise
and accurate models and solutions.

References.
1. Davies, J., Truong-Ba, H., Pardalos, P. M., & Will, G. (2021). Opti-
mal inspections and maintenance planning for anti-corrosion coating
failure on ships using non-homogeneous Poisson Processes. Ocean En-
gineering, 238,109695. https://doi.org/10.1016/j.oceaneng.2021.109695.
2. Wang, H., Oguz, E., Jeong, B., & Zhou, P. (2018). Life cycle cost
and environmental impact analysis of ship hull maintenance strategies
for a short route hybrid ferry. Ocean Engineering, 161, 20-28. https://
doi.org/10.1016/j.oceaneng.2018.04.084.
3. Tan, Y., Tian, H., Jiang, R., Lin, Y., & Zhang, J. (2020). A com-
parative investigation of data-driven approaches based on one-class
classifiers for condition monitoring of marine machinery system.
Ocean Engineering, 201, 107174. https://doi.org/10.1016/j.0cean-
eng.2020.107174.
4. Lazakis, 1., Raptodimos, Y., & Varelas, T. (2018). Predicting ship
machinery system condition through analytical reliability tools and
artificial neural networks. Ocean Engineering, 152, 404-415. https://
doi.org/10.1016/j.oceaneng.2017.11.017.
5. Tian, X., Yan, R., Liu, Y., & Wang, S. (2023). A smart predict-then-
optimize method for targeted and cost-effective maritime transporta-
tion. Transportation Research Part B-methodological, 172, 32-52.
https://doi.org/10.1016/j.trb.2023.03.009.
6. Eruguz, A.S., Tan, T., & Van Houtum, G. (2017). A survey of main-
tenance and service logistics management: Classification and research
agenda from a maritime sector perspective. Computers & Operations
Research, 85, 184-205. https://doi.org/10.1016/j.cor.2017.03.003.
7. Mouschoutzi, M., & Ponis, S.T. (2022). A comprehensive litera-
ture review on spare parts logistics management in the maritime in-
dustry. The Asian Journal of Shipping and Logistics, 38(2), 71-83.
https://doi.org/10.1016/j.ajs1.2021.12.003.
8. Kretschmann, L., Burmeister, H., & Jahn, C. (2017). Analyzing the
economic benefit of unmanned autonomous ships: An exploratory
cost-comparison between an autonomous and a conventional bulk
carrier. Research in Transportation Business and Management, 25, 76-
86. https://doi.org/10.1016/j.rtbm.2017.06.002.
9. Guo, S., Wang, Y., Dai, L., & Hu, H. (2023). All-electric ship opera-
tions and management: Overview and future research directions. eTrans-
portation, 17, 100251. https://doi.org/10.1016/j.etran.2023.100251.
10. Veitch, E., & Alsos, O.A. (2022). A systematic review of human-
Al interaction in autonomous ship systems. Safety Science, 152,
105778. https://doi.org/10.1016/j.ssci.2022.105778.
11. Heyer, A., D’Souza, F., Morales, C. L., Ferrari, G., Mol, J. M.C.,
& De Wit, J. (2013). Ship ballast tanks a review from microbial corro-
sion and electrochemical point of view. Ocean Engineering, 70, 188-
200. https://doi.org/10.1016/j.oceaneng.2013.05.005.
12. Govindan, K., Kannan, D., Jorgensen, T.J.D., & Nielsen, T.
(2022). Supply Chain 4.0 performance measurement: A systematic lit-
erature review, framework development, and empirical evidence.
Transportation Research Part E: Logistics and Transportation Review,
164, 102725. https://doi.org/10.1016/j.tre.2022.102725.
13. Chou, M., Hsu, Y., Hsu, C., & Ding, J. (2022). Reconstruction
mechanism and strategy of global maritime green supply chain against
the backdrop of nuclear pollution. Marine Pollution Bulletin, 185,
114235. https://doi.org/10.1016/j.marpolbul.2022.114235.
14. Esa, M. a. M., & Muhammad, M. (2023). Adoption of prescrip-
tive analytics for naval vessels risk-based maintenance: A conceptual
framework. Ocean Engineering, 278, 114409. https://doi.org/10.1016/j.
oceaneng.2023.114409.
15. Golovan, A., Gritsuk, 1., Popeliuk, V. P., Sherstyuk, O., Honcha-
ruk, 1., ..., & Khudiakov, I. (2019). Features of Mathematical Model-
ing in the Problems of Determining the Power of a Turbocharged En-
gine According to the Characteristics of the Turbocharger. SAE Inter-
national Journal of Engines. https://doi.org/10.4271/03-13-01-0001.
16. Daya, A., & Lazakis, 1. (2023). Developing an advanced reliability
analysis framework for marine systems operations and maintenance.
Ocean Engineering, 272, 113766. https://doi.org/10.1016/j.0ocean-
eng.2023.113766.
17. Karatug, C., Arslanoglu, Y., & Soares, C.G. (2023). Design of a
decision support system to achieve condition-based maintenance in
ship machinery systems. Ocean Engineering, 281, 114611. https://doi.
org/10.1016/j.oceaneng.2023.114611.
18. Mikhalevich, M., Yarita, A., Leontiev, D., Gritsuk, 1., Bogomo-
lov, V., Klimenko, V., & Saravas, V. (2019). Selection of rational pa-
rameters of automated system of robotic transmission clutch control
on the basis of simulation modelling. In SAE fechnical paper series.
https://doi.org/10.4271/2019-01-0029.
19. Volodarets, M., Gritsuk, I., Chygyryk, N., Belousov, E., Golo-
van, A., Volska, O., ..., & Volodarets, O. (2019). Optimization of ve-

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2023, N2 5 83



hicle operating conditions by using simulation modeling software. In
SAE technical paper series. https://doi.org/10.4271/2019-01-0099.

20. Gorobchenko, O., Fomin, O., Gritsuk, I., Saravas, V., Grytsuk, Y.,
Bulgakov, M., Volodarets, M., & Zinchenko, D.O. (2018). Intelligent
Locomotive Decision Support System structure development and operation
quality assessment. https://doi.org/10.1109/ieps.2018.8559487.

21. Golovan, A., Gritsuk, I., Rudenko, S., Saravas, V., Shakhov, A., &
Shumylo, O. (2019). Aspects of Forming the Information V2I Model
of the Transport Vessel. 2019 IEEE International Conference on Mod-
ern Electrical and Energy Systems (MEES), (pp. 390-393). Kremen-
chuk, Ukraine, 2019. https://doi.org/10.1109/MEES.2019.8896595.
22. Naumov, V., Zhamanbayev, B., Agabekova, D., Zhanbirov, Z., &
Taran, I. (2021). Fuzzy-logic approach to estimate the passengers’
preference when choosing a bus line within the public transport sys-
tem. Communications — Scientific Letters of the University of Zilina,
23(3),A150-A157.https://doi.org/10.26552/com.C.2021.3.A150-A157.
23. Taran, 1., & Bondarenko, A. (2017). Conceptual approach to se-
lect parameters of hydrostatic and mechanical transmissions for wheel
tractors designed for agricultural operations. Archives of transport,
41(1), 89-100. https://doi.org/10.5604/01.3001.0009.7389.

24. Taran, I.A., & Klimenko, 1. Yu. (2014). Transfer ratio of double-
split transmissions in case of planetary gear input. Naukovyi Visnyk
Natsionalnoho Hirnychoho Universytetu, (6), 60-66.

IIpynuunmu onTuMizauii TEXHIYHOTO
00CJIyroByBaHHS 3aC00iB TPAHCIOPTY:
BHU3HAYEHHS BapTOCTi 00J1aHAHHSA

A. . Tonosany™, I. B. Ipuyyx?, I. I1. lonuapyx’

1 — Omecbkuii HaIiOHAJILHUIT MOPCHKUI YHIBEpCHUTET,
M. Oneca, Ykpaina

2 — XepcoHChbKa JiepxKaBHA MOpPChKa akajeMmis, M. XepCOH,
VYkpaina

* ABTOp-KOpeCTIOHICHT e-mail: g.onmu@ukr.net

Mera. BcraHoBIeHHST OOIPYHTOBAaHUX MPUHLIUIIIB i Me-
TOIVKY e(EeKTUBHOTO BU3HAUEHHS BApTOCTi 00JalHAHHS Ta
onTUMi3alii TeXHIYHOTO OOCIYroByBaHHSI 3acO0iB TpaH-
CIIOPTY.

Metomuka. Pe3ynbraTul pencTaBieHOTO HaAyKOBOTO NTO-
CJTIXKEHHSI OTpPUMaHi 32 BUKOPUCTAHHSI 3arajlbHUX i Crelli-
aJIbHUX METOMIB Mi3HAHHS: aOCTPaKTHO-JIOTIYHMI aHai3,
cucTteMaTu3auist i KoMOiHyBaHHSI, METOL TEOPETUYHOTO y3a-
TaTbHEHHsI, METOJ MiaJleKTUIHOTO Ti3HAHHSI, NeTyKIlisl Ta
iHIYKIIisl, CTaTUCTUYHMI aHai3. BUKOHYyeThCcsl aHami3 3a-

JIEKHOCTI MiX iMOBipHIiCTIO MOMEpeKeHHs BilIMOB CHUCTe-
MOIO TeXHIYHOTO OOCIIyTOBYBaHHS I MUTOMUMM BUTPaTaMU.
JlocmimKyeTbCcsl BIUIUB PiBHSI PO3KUAY Y LIBMIKOCTI 3MiHU
TEXHIYHOTO CTaHy Ha TPUBAJIICTb LIMKIY €KCIUlyaTalii Ta
IIBUIKICTh 1i 3HMKEeHHs. [IpoBoAMThCS aHai3 OTpUMAaHUX
pe3yJbTaTiB, BKIIOYAarOUn (POpMyBaHHSI TOYOK MiHIMaJIbHUX
MUTOMMX BUTPAT, BILJIMB BAPTOCTI 3alTaCHUX YACTUH, a TAKOX
PpO3IJIs TPAaKTUYHOT 3HAUMMOCTI OTPUMAHUX BUCHOBKIB.

PesyabraT. ¥ po0GoTi BU3HaYeHAa €KOHOMiYHA CYTHiCTb
METOAVKM BU3HAUEHHSI MUTOMUX BUTPAT HA TEXHIYHY €KC-
IJIyaTawio 3aco0y TPaHCMOPTY, YPAaxOBYIOUM PO3MOALT BU-
TpaT Ha 3aracHi YaCTUHMU, OIJIaTy Mpali Ta iHIII CKJIAIO0BI.
st MeTOoIMKA TO3BOJISIE OLIIHUTHU CYKYITHi BUTPATH, TTOB’SI3aHi
3 TEXHIYHUM OOCIYrOBYBaHHSIM, i IPUIHITU OOIPyHTOBaHI
pilieHHs 1WOA0 e(dEeKTUBHOIO BUKOPUCTAHHS pPECYpCiB.
BcTranosneHo, 110 BapTicTh 3armacHUX YacTUH BIUIMBAE Ha
e(eKTUBHICTb CUCTEMU TEXHIYHOTro OOCIYrOBYBaHHS, i MO-
TpiOHO 30ajlaHCyBaTH BUTPATH Ha 3alacHi YaCTUHU i Oe3rie-
KY, YpaxoBylOUu HMOBIipHiCTh BiiMOB. MeTron, yka3aHuUil y
it poOOTi, € YHiBEpCaTbHUM, 1110 T103BOJISIE OTO amanTaliio
11 32CTOCYBaHHS [0 CIELiajli3oBaHOTO PYXOMOTO CKJIaLy aB-
TOMOOIJTBHOTO TPAHCIIOPTY.

HaykoBa HoBu3HA. Y po6OTi HAOYB MOAATBIIIOTO PO3BUTKY
METOAWYHMI MiIXid 0 pO3paxyHKy BapTOCTi OOJalHaHHS,
110 BUKOPUCTOBYETBCS JUISI TEXHIYHOTO OOCIYrOBYBaHHS 3a-
c00iB TPAaHCTIOPTY, 3 METOIO CIPUSHHS MOKPAIIEHHIO eheK-
TUBHOCTI OOCJIyrOBYBaHHS Ta 3HUXXEHHIO BUTpaT. Lle no3Bo-
JISIE KOMILUIEKCHO OLIIHUTU Pe3yJIbTaTu 30UIbIIEHHST MMOBIp-
HOCTi TIOTepe/KeHHSI BiIMOB CUCTEMOIO TEXHIYHOTO 00Cy-
TOBYBaHHSI, yIIPABISATA HEBUKOPUCTAHUM PECYPCOM NeTameil,
0CO0OJIMBO y BUIAIKY KOPOTKOTO €KCIUTyaTalliifHOTO LINKITY.

IIpakTyna 3HauumicTb. [IpeacrtaBieHi pesynabTaTu 10-
CJIIKEHHST MOXYTb OYyTM BUKOPUCTAHI JUIS1 ONTUMI3allil cuc-
TEMU TEXHIYHOTO OOCIYrOBYBaHHSI, MiABUIIEHHSI e(EeKTUB-
HOCTi eKcIulyaTalii, 3a0e3rneyeHHs] Oe3neku W HamiiiHOCTI
TPaHCIOPTHUX 3ac00iB i 3MEHILIEHHSI BUTPAT Ha 3allacHi yac-
TUHM, Mpalllo Ta iHILi CKJIagoBi oocayroByBaHHs. Lle 1o3Bo-
JIsie 30epiraTv pecypcu Ta 3HUXKYBaTU €KCIulyaTaliiiHi BU-
TpaTH, 110 € BaXJIMBUM IS (biHAHCOBOI CTaOUIBHOCTI Ta
MPUOYTKOBOCTI KEPYIOUMX KOMITaHii.

KiniouoBi cioBa: mexuiune obcayeo8ysants, cyoHosi mex-
HIYHI 3aco0u, sumpamu, nonepeoiceHHs 8iomoe, egheKkmuenicmo
excnayamauii
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