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Abstract: This paper presents the model for the identification of reference points on the lifetime
curve of engineering systems. This curve commonly represents the increase and decline of failure
in relation to time. A direct correlation between failure rate and costs is assumed in this paper,
therefore, statistical and empirical analysis of costs provided reference points. This approach is
used for positioning stages of the engineering system’s lifetime with a minimal number of failures
and costs, regardless of whether these are acceptable or not. The following three stages are usually
identified: the beginning, the stationary part and the end of life. The boundaries between them are
recognized on the basis of minimum total lifetime costs and on economic lifetime costs. Model is
tested on the dozers, machines frequently used in the mining industry for the earthmoving operations,
and which are characterized by high operating and maintenance costs.

Keywords: lifetime curve; failures; costs; dozer

1. Introduction

Successful management of an engineering system’s lifetime has the task of reducing
costs and maximizing profit while achieving required production rates and preserving
the status of equipment and machines. Equipment is passed through several stages of
its lifetime during the operation, which can be defined according to different criteria in
function to the purpose of the equipment. In function of time, equipment is inevitably
getting old, with an increasing number of failures and decreasing availability. Reduced
availability is generating additional operational and maintenance costs, reducing the profit
further [1]. The relation between increasing costs and time, i.e., the age of equipment, is
evident [2].

It is important for the owner of the equipment to identify the reference points between
the lifetime stages of the engineering system or the machine. The property of these stages
is the level of cost, which can be minimal, acceptable, or unacceptable [3]. The major task
here is to determine the maximal profit and to establish an acceptable level of cost for the
owner, i.e., to identify the specific period of the machine’s lifetime [4]. The International
Electrotechnical Commission (IEC) presented the Dependability management: Application
guide—Life cycle costing (IEC 60300-3-3:2017 and 2018) standard [5]. The purpose of
this standard is to provide basic guidelines for the assessment of dependability and costs,
including cost determination in relation to the quality of service [5] of the engineering
system. The systemic approach is necessary to define the ownership and operational
costs, which include acquisition, maintenance, operation, overhaul, etc. This approach
also requires a certain balancing level between the costs and the residual value of the
machine [2]. This balance is achieved by assessing the dependability trend against costs
induced by the analyzed system at any given time of its life [1].

In general, there are several lifetime stages of an engineering system or equipment [1].
A technical lifetime is a period during which the equipment meets the designed criteria
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and guaranteed production rates [4,6]. An economic lifetime is a period defined by the
depreciation of investment, i.e., the comparison of net present value, future expenses and
income [6]. An economic lifetime is usually shorter than a technical lifetime, and it also
requires investment in the refurbishment of the equipment [4,6]. A licensed lifetime is
defined by the approval for operation or changes in legislation related to this approval.
Technological lifetime is related to the obsolescence of incorporated technology, and it can
be extended by modernization, reconstruction, or revitalization through investment [4,6].

Regarding the analysis of the machine’s lifetime stages, the economic lifetime is the
most relevant since it includes the costs. The basic classification of costs related to the
machines divides these into direct and indirect costs [4]. Indirect costs are generated due
to the machine’s failure. The unreliable machine generates stoppages in the production
process, where the failure of one machine frequently causes a standstill in the operation of
other machines. No production is achieved during the failure of the machine, hence the
indirect costs. Direct costs are easy to measure. These are created by the acquisition of the
machine (buying), the operation of the machine and necessary maintenance. Operational
costs are diversified. These are related to numerous parameters of economical and technical
nature. Size and the structure of the costs are also related to equipment ownership. The
following three models of equipment ownership are common [2,6]:

o  In the first model, the company operates its equipment or part of it and takes care of it.
The advantage of this model is that a company can manage and optimize the costs
in relation to time, unify the fleet, implement its own maintenance policy and reduce
operational costs that are generated only during the operation of the machine;

e In the second model, equipment is rented from a subcontractor specialized for the
task at hand. In this case, the costs are fixed regardless of the age of the machine.
The company does not have to organize the maintenance. The disadvantage of this
model is that costs are incurred regardless of whether the machine is operating or not.
Namely, in addition to the costs of active work, the costs of passive engagement are
also generated since the machine cannot be engaged with another company during
the time defined by the contract;

o  The third model is a combination of the previous two models, where the company owns
the equipment while the specialized subcontractor is engaged in the maintenance.

For the purpose of quality asset management, it is relevant to monitor the costs
incurred by the equipment, as well as to define the criteria and boundaries between the
ownership types, i.e., the way the equipment is used. The company must provide clear
answers to the questions of what the largest profit is, what the realistic profit is, and
whether the ownership costs are smaller, equal, or larger than the costs of renting the
same equipment. This is the basis for making the conclusion about buying or renting
the equipment.

The analysis performed in this paper is focused on the following previously mentioned
terms: costs and lifetime. The case study is based on auxiliary mining machines, operating
in the lignite open pits—dozers. Dozers are the most numerous and frequently used pieces
of auxiliary mechanization, with the largest number of tasks [7]. Dozers operating on
the large lignite open pits have the task of completing in-time and quality work related
to auxiliary operations [2]. This approach provides the optimal operating conditions for
capital mining equipment, while simultaneously securing better safety for both the workers
and the equipment [8]. Direct costs are accepted as an economic indicator for successful
operation since the dozers are not generating direct profit for the owner. The analysis
included two different manufacturers of the dozers, which are operating in somewhat
equal conditions and at the same time intervals. The goal of this research is to establish the
costs incurred by these machines in the function of time. The final output is to identify the
two reference points also in function of time (years of age) to obtain the three stages of the
machine’s lifetime.

Such analysis with the purpose of machine lifetime management is important due to
the difficult operating conditions. As a starter, the acquisition of mining mechanization
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is a large investment. The operation of these machines is demanding, with high risk
involved. Machines are operating at varying operational and climate conditions, with a
lot of uncertainty involved in relation to maintenance and intense demands to repair them
as soon as possible, etc. Some previous research indicates that one hour of an unplanned
stoppage at a continuous lignite mining system incurs costs on the order of several tens of
thousands of Euros [7,9,10].

Earthmoving machines, such as dozers, have their own specifics as follows: they are
produced in large series, they usually work during the whole year, and they have quality
maintenance while they are new and in the warranty period [2,6]. This is appropriately
reflected in the lifetime costs and the failure rate, which are described in this article.

This paper provides the model for monitoring the costs that enables the capability to
identify the moment when the owner’s profit starts to decline and the moment until it is
acceptable for the owner to use their own machines instead of rented ones. In this way, the
boundary within the lifetime of the machine is established.

2. Materials and Methods
2.1. Lifetime Stages of the Machines

Lifetime stages and the associated costs are conditioned by failure rate. The relation-
ship between failure rate and operation time is shown in Figure 1. There are three distinct
stages, which could somewhat differ depending on the type of the machine and the means
of its production [1].
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Figure 1. The failure rate in accordance with operation time; (A)—machines manufactured in
individual production; (B)—machines manufactured in serial production.

Machine type A (Figure 1A): These machines are manufactured in individual produc-
tion [1]. The machine is put in operation with numerous weaknesses i.e., insufficiently
developed functions and details. At the beginning of the operation, these mistakes are
manifested as so-called infant mortality. Failure rate and belonging costs are high with a
declining trend (stage I). According to the feedback from the operator and the maintenance,
weaknesses are repaired and the machine transits into the stationary regime of operation
(stage II). During this stage failure rate is reduced and constant while the costs are low with
a slightly increasing trend. Toward the end of the machine’s lifetime (stage III) it transits
into the stage of increased failure rate and significant rise in costs. This interpretation of
the failure rate is commonly called the bath-tub curve.

Machine type B (Figure 1B): These machines are manufactured in serial production.
A high failure rate (infant mortality) appears only during the prototype development of
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the machine. Machines manufactured for the sale do not have initial and sudden failures.
Failures are very rare during the first stage of the lifetime as well as belonging costs. The
remaining stages are identical to machine type A.

Machines type A are huge mining and energetics plants, stationary transport systems
and similar. Machines type B are more common machines such as vehicles, power trans-
mission boxes, devices and apparatus. For both types of machines overview of failure rate
and cost in different stages of a lifetime is presented in Table 1. The subject of analysis
in the paper is machines from the group type B, which are more widely distributed in
the industry.

Table 1. Overview of failure rate and costs phenomenon in lifetime stages of different machine types.

Type of Machine Stage Failure Rate Costs
A o . Decreasing failure rate Additional costs
I stage—Beginning of life
B Increasing failure rate Minimal costs
A&B I stage—Normal life The low constant failure rate ~ Slight increase in costs
III stage—End of life Increasing failure rate Strong cost increase

As described above, it is difficult to identify the moment of transition from one stage
into the other. It is evident that trends in failure and the level of costs are changing at
the transition points. The purpose of the cost analysis model is to define the reference
points as delimitators of the machine’s lifetime stages in relation to costs as a function
of time. The first reference point or transition point from stage I into stage II of the
lifetime is the economic lifetime with maximal profit (as called in this paper), which is the
moment when the machine no longer achieves the maximum possible increase in income.
The second reference point or transition point from stage II into stage III of the lifetime
represents the economic life of the technical system, which is established as the moment
when costs incurred by the operation of the machine surpass the renting costs of the suitable
machine [6].

2.2. Machine’s Operational Costs

In article [11] internal costs of engineering systems are divided into the following five
categories: value depreciation, operating cost, fixed cost, repairs and maintenance, and
other costs. This approach is typical for vehicles. Article [7] suggests that technological
process costs are defined by production losses generated from failures, and by operational
and maintenance costs. Some manufacturers developed their methodology for assessing the
quality of service and the machine’s remaining capabilities. The cost calculation algorithm
is one of the integral components of these methodologies. Commonly used approaches
in the mining industry are developed by two manufacturers, Caterpillar and Komatsu.
Caterpillar developed a methodology for its product line, and it is an algorithm for the
calculation of ownership costs and operational costs [12]. The methodology by Komatsu
is more focused on the replacement intervals [13]. Both methodologies are essentially
using the same cost structure. The usual approach in practice is to adjust mentioned
models/methodologies to the specific operating conditions to create a more specific cost
determination method. As mentioned earlier, the case study in this paper is based on the
analysis of dozers operating on lignite open pits [2,6-8,12-14]. Dozer’s costs are comprised
of ownership costs, operational costs and labor costs. Individually, these costs can be
represented as follows [1,2,8]:

Ownership costs: equipment depreciation and insurance;
Operational costs: energy, lubricants, wearing parts, maintenance and other spe-
cific costs;

e  Labor costs: operators and maintenance staff.
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2.2.1. Total and Specific Costs

Costs can be presented as cumulative costs and as a specific value. Specific costs are
obtained with their expression by working or operating hours of the machine. Unit for
specific cost is cost value per working hour [EUR/wh]. This approach provides the values
which can be compared for different machines.

Input data for calculation of dozer’s ownership costs are purchase price, depreciation
period, the current age of the machine in years and total/cumulative number of operating
hours. The accepted value for the depreciation period (B) is 10 years, which is a typical
period for dozers operating on lignite open pits. Depreciation for each operating hour is
calculated by dividing the purchase price by the total number of operating hours of the
machine in the analyzed period. For machines operating N years, where N < B = 10 years,
Equation (1) is used with annual depreciation coefficient of 2 =1/B =1/10 = 0.1. Purchase
price K is in this way reduced to the value K; [EUR] [2,6].

K,=[1—(B—N)-a]-K )

The second part of ownership costs are insurance costs, which are calculated according
to the Equation (2) as follows [15]:

K-(N+1)+S-(N+1)
2.

] — z ~ 100 @)

where [ is specific insurance costs [EUR/wh]; S—the residual value of the machine at the
time of replacement (resale value) [EUR]; C—average annual utilization of machine [wh/y];
i—insurance coefficient.

Operational costs are including the consumption of energy (fuel), lubricants, wear
parts and maintenance. There are two approaches to calculating these costs. The first one is
used when cumulative costs are known for a certain period of operation as well as incurred
working hours. Specific costs are calculated by dividing the costs by working hours. The
second approach is used when the specific consumption of materials and supplies is known.
In this case, operational costs are calculated by multiplying the number of consumed
materials and supplies with their unit price [15]. The first approach will be used in the case
study in this paper.

Input data for calculating labor costs for operating the machine are the overall number
of workers, gross salary of workers, number of machines, number of operating teams,
coefficient of the reserve, etc. Input data for calculating labor costs for maintenance in
a specific period are the number of interventions, total operation time of the machines,
number of services, the overall number of workers, gross salaries, etc.

2.2.2. Determination of Costs Function

The costs are changing in time with the age of the machine. Therefore, costs can be
expressed as a time-dependent function [16].

Assume the machine acquired at moment ¢ = 0 at purchase price K. Value of the
machine is reduced and ¢(t) represents the write-off coefficient of the machine’s value. The
value of the machine after time ¢ is K- ¢(t) [16].

Function ¢(t) at the moment ¢ = 0 must be ¢(0) = 1 since the machine is brand new and
it has the value K. The value of the machine is reduced in time, hence the ¢(t) must be a
monotonically decreasing function, tending to zero as time passes.

Function f(t) represents cumulative maintenance costs and in moment ¢ = 0 must
be f(0) = 0. In time the costs are getting larger hence the f(f) must be a monotonically
increasing function. Costs in some time interval (t1, tp) can be obtained as f(t;)—t(t2).

Overall operational costs of the machine are the purchase price of machine K, mainte-
nance costs f(f) reduced by the value of the machine at the moment ¢ as follows:

F(t) = K+ f(t) = K- o(t), 0r ®)
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F(t) =K-[1—o()] + f(t) 4)

F(t) is a monotonically increasing function in time ¢. Since ¢(t) is a monotonically
decreasing function always smaller than 1, then 1 — ¢(t) is a monotonically increasing
function with 1 — ¢(0) = 0. Value f(0) = 0 results in F(0) = 0.

When t — co then ¢ (00) — Oi.e., 1 — (00) — 1 therefore the total operational costs are
determined by the purchase price of the machine (Figure 2) [6,16].

F ()
S
K] K| (1)
S
1 |
Ko(1) |
(1) |
0 - 0 . >
{ te !

Figure 2. The operational costs of engineering system.

Operational costs did not have the extreme since they are described with monotonically
increasing function. Due to definition of functions f(t), ¢(t) and F(t) the function of average
costs F(t) is convex and defined as follows (Figure 2):

F=t KL= (0] + 1 £() ©)
Average costs F(t) will be decreasing function up until the time tc after that the costs
will start to increase. The moment ¢t = f is a time when the average costs in the period
[0, tc] are minimal (Figure 2).
The interval period of operation [0, {c] with the minimal average cost is obtained with
the first derivative of the function F(t) as follows:

O L kg O+ 1) -t —K- 1= g(0] ~ F(0)} =0 ©)

The previous equation could have the solution for t = tc, i.e., the average costs shall be
minimal if the following conditions are met:

d?F(t)
dt?

>0 (7)

This model for the definition of costs function does not include a discount factor since
it is based on a partial machine’s write-off.

3. Results—Case Study

The case study incorporates an analysis of costs incurred by dozer operations and
the determination of reference points of a lifetime. Dozers are a B-type of machines and
they are operating on lignite open pits. The analysis included the following two different
dozers: the Caterpillar D8R (type 1) and the Liebherr PR-752/754 (type 2). Dozers are of
the same class and are operating in almost similar conditions. The analysis encompassed
15 individual Caterpillar machines and 3 Liebherr machines.
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3.1. Data Collection

Information on costs is obtained from internal documentation of EPS [2]. Values of
specific costs for ownership costs (OWC), operational costs (OPC), human resource costs-
labor costs (HRC) and total costs (TC) are given in Table 2. Costs are presented as average
annual specific values [EUR/wh]. Data are given for the initial 10 years of operation.

Table 2. Specific costs of analyzed machines.

Machine Type 1—CAT Type 2—LIE
Year OWC, OPC, HRC, TC, OWC, OPC, HRC, TC,
[EUR/wh] [EUR/wh] [EUR/wh] [EUR/wh] [EUR/wh] [EUR/wh] [EUR/wh] [EUR/wh]
1 26.74 57.79 18.02 54.49
2 26.49 59.54 23.02 59.49
3 28.60 61.65 27.18 63.65
4 37.05 68.10 26.96 63.43
5 34.64 67.69 26.47 62.94
6 14.62 32.99 1843 66.04 18.04 32.00 1843 68.47
7 37.78 70.83 36.91 73.38
8 26.89 66.42 36.39 72.86
9 22.44 67.47 35.30 71.77
10 38.85 78.37 41.40 77.87

The relationship diagram of specific values of total costs and the age of the machine is
shown in Figure 3 (solid line). It can be seen that there is an approximately linear trend
of cost increase in relation to the age of machines. The linear approximation of costs was
performed with the least square method, which also indicated the trend of increase in time.
The equation of line Y = f(X) and Pearson’s correlation coefficient (R?) are also given in
Figure 3 (dashed line). The approximation for machine type 1 has a correlation value of R?
in the interval [0.71-0.90], which is, according to [17], a “high” correlation, while for the
machine type 2, the value of R? is in the interval [0.91-1], which is a “very high” correlation.
The slope of regression line 1 is smaller compared to line 2 (1.6432 < 2.2898), meaning that
the cost increase is slower for machine 1. An occasional drop in operational costs was
caused by service investments in machines. The goodness of the linear regression model is
verified by using the Kolmogorov-Smirnov goodness of fit test (KS-test) [18]. According
to KS-test, the maximum deviation between the data and the linear regression model for
machine type 1 is at point 9, while for machine type 2 is at point 7 (marked in Figure 3).
Deviations are 0.067 and 0.064, respectively, and are lower than an «-value of 0.41 for a
confidence level of 0.95.

3.2. Reference Points of Economic Lifetime (tg)

The criterion for the economic lifetime is that costs induced by the machine are smaller
than the cost of renting one at a market price of 70 EUR/wh [2,6]. Equaling the approxi-
mated cost’s function (Figure 3) and the stated price for renting the machine provides the
solution for the equation as a moment ¢ in years that represents the profitability limit, i.e.,
the reference point of economic lifetime.

For the Y =70 [EUR/wh] and X = tg, we obtain the following:

e Machine type1l: 70=1.64 -t +57.35 — tg; =7.70 years;
e  Machine type2: 70=2.29 - tpy + 54.24 — tgp = 6.88 years.
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Figure 3. Dependability of specific costs [EUR/wh] of a lifetime (Y-axis) and years (X-axis).

3.3. Reference Points of Minimal Costs Lifetime (tc)

Reference point f¢ represents the limit of machine operation at minimal average
costs. A polynomial function of cumulative maintenance (total) costs f(t) (obtained using
MATHEMATICA software [19]), the function of total costs of the machine’s operation F(t),
and the function of average costs F(t) are defined according to the data provided in Table 2.

e  Machine type 1:
f(t) = —0.00253 - t7 + 0.08847 - t° — 1.17575 - t° 4 7.48052 - t* — 24.60580 - > 4 50.48850 - t* — 17.59891 - t + 0.08008

F(t) = K+ f(t) — K- @(t) = 459.95 — 460 - (1 — 0.28460 - t95) — 17.59891 - t 4 50.48850 - > — 24.60580 - +> 4 7.48052 - t*—
—1.17575 - £> 4 0.08847 - t° — 0.00253 - t7
where: K = 460,000 EUR, ¢(t) = 1 — 0.28460 - t%5 [12,14].

F(t)y=1-K-[1—g(t)] + +- f(t) = —17.59891 4 208008 4 1309 | 5048850 - + — 24.46040 - > + 7.48052 - £~
—1.17575 - t* +0.08847 - > — 0.00253 - t°

Solution for the function’s first derivative, provides the moment tc with minimal
average costs.

O = L {[-K-¢' (1) + F()] -t —K-[1— ()] — f(£)} =0

50.48850 — Q08008 _ 6348500 _ 4921160 - £ + 22.44160 - 12 — 4.70300 - * 4 0.44237 - t* — 0.01520 - £5 = 0

— tcp = 3.5204 years

The increasing function of cumulative maintenance (total) costs f(t), the function of
total costs of the machine’s operation F(t) and the decreasing function representing the
value of the machine at any given time of K-¢(t) are shown in Figure 4. The function of
average costs F(t) for machine type 1 is shown in Figure 5. Differential analysis of the
function F(t) resulted in the moment ¢t = 3.52 years. The first derivative dF /dt and the
second derivative dF /dt* are shown in Figure 6. The point where function dF /dt changes
sign and function F(f) has a minimum can be easily identified in the figure.
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Figure 4. The function of cumulative maintenance costs f(t) and function of total costs of operating

machine type 1.
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Figure 5. The function of average costs for the machine type 1.
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Figure 6. The first and second derivative of a function of average costs for the machine type 1.
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e  Machine type 2:

The calculation for machine type 2 has been performed on the same principles. A
review of calculated values is given respectively below. Moreover, defined functions are

presented graphically in the same manner.

£(t) = —0.00297 - t 4 0.09001 - £° — 0.98401 - ° + 4.67785 - t* — 10.46040 - t° + 24.94660 - > — 9.05238 - t + 0.02643

F(t) = K+ f(t) — K- @(t) = 420.026 — 420 - (1 — 0.28460 - 1) —9.05238 - t + 24.94660 - > — 10.46040 - 13 + 4.67785 - t*—
—0.98401 - > + 0.09001 - £ — 0.00297 - 7
where: K = 420,000 EUR, ¢(t) = 1 — 0.28460 - t%5 [2,6].
F(t)=1-K-[1—@(t)] + } - f(t) = —9.05238 + 20268 1 L5 4 9494660 - t — 10.46040 - £ + 4.67785 - £3—

—0.98401 - +* + 0.09001 - > — 0.00297 - ¢

PO = L (K- ¢/ (1) + f/(B)] -t —K-[L— ()] — f(£)} =0

24.94660 — 20268 _ 976600 _ 2092080 - £ + 14.03360 - 12 — 3.93604 - > 4 0.45005 - t* — 0.01782 - 15 = 0

— tcp = 2.5484 years

Described functions are presented in Figures 7-9.

1200
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2| 800 ]
5 600 // =t 1)
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Figure 7. The function of cumulative maintenance costs f(t) and function of total costs of operating

machine type 2.
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Figure 8. The function of average costs for the machine type 2.
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Figure 9. The first and second derivative of a function of average costs for the machine type 2.

4. Discussion

Reference points of the dozer’s lifetime are defined by calculations, and an overview
of the results is presented in Table 3. Transition moments from stage I into II and from
stage II into III of the lifetime, for both dozers, are given in the table. As it can be seen,
machine type 2 reaches both reference points earlier, with a more significant difference at
the transition from stage I into stage II. Moreover, machine type 2 incurs larger costs and
deteriorates faster.

Table 3. Calculated results of costs analysis.

Minimal Costs Lifetime Economic Lifetime
Machine
tc, Years EUR/wh tg, Years EUR/wh
Type 1 3.52 63.6 7.70 70
Type 2 2.55 60.1 6.88 70

5. Conclusions

The lifetime of the engineering system comprises the following three time stages: the
start of the operation when the machine is new, normal stationary life that represents the
longest period of a lifetime, and the end of the lifetime when the machine suffers from
intensive failures and deterioration. Each period has a typical failure rate and induced
costs. It is difficult to accurately establish the boundary between these periods. However, it
is important for the owner to define the moment of a significant increase in failure rate and
associated costs. The possibility of replacing the old machine with a new one should be
considered at these moments.

According to empirical data, it is possible to use statistical analysis to establish the
failure rate as a function of costs. This calculation is of a high level of confidence during
the initial years of operation. As the machine deteriorates, this calculation becomes more
difficult due to disturbance values and causes uniformity disorder in the model. Machines
manufactured in serial production were analyzed in this paper. It is suggested that the
transition from the first into the second stage of the machine’s lifetime should be identified
as a minimal cost lifetime. This point represents the moment until which machines generate
profit without the cost of unplanned stoppages—failures. The period beyond this point has
a slight increase in the machine’s operational costs, up until the economic lifetime point. At
this point, the machine transits from the second into the third stage of the lifetime during
which the costs of failures are becoming so large that the owner can create more profit by
renting a similar machine from the specialized subcontractor.

A case study for this model is presented for the dozers operating in lignite open pits.
It has been shown that reference points are not the same for two types of machines from
different manufacturers. The first reference point occurs approximately after 3 & 0.5 years
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of operation, while the second occurs after 7.2 &+ 0.5 years of operation. This analytical
approach can be a useful tool for decision-making on the acquisition of similar equipment.

The model from the case study is not universal due to the linear approximation of
costs that is characteristic of machines that are constantly working and that are regularly
maintained. The model is fully adaptable. It is necessary to adjust the cost function to some
other mathematically defined trend line.
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