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Abstract: Growing competition in the market for energy raw materials needed for power generation
has led to an increasing number of measures being undertaken in the mining sector to reduce the
unit costs of mining production. One of the areas that offer considerable savings in this regard is the
utilisation of the technical resources owned by mines. This article is therefore focussed on analysing
the utilisation effectiveness of these machines, based on the data recorded by industrial automation
systems, as well as on measurements from independent surveying and chemical analysis of the
excavated material’s quality. For this purpose, a methodology was developed to use the data about
the operational parameters of the machines in order to analyse the effectiveness of their utilisation.
It was assumed that the reliability of this assessment would depend mainly on the quality of the
data used to conduct it. It was also assumed that using independent data sources for the analysis
would provide objective and reliable information on the operation of the machines, devoid of any
subjective feelings of the personnel or other factors. The developed methodology, based on a modified
Overall Equipment Effectiveness (OEE) model, was used to analyse four machines that comprise the
automated longwall system. Values were determined for each machine, including their availability,
performance and product quality. This, in turn, made it possible to determine a total effectiveness
indicator, based on a modified Overall Equipment Effectiveness (OEE) model, for the particular
machines and the entire technical systems they form. The obtained results were used to assess the
effectiveness of their utilisation and recommend corrective measures aimed at improving this metric.
Moreover, the analysis results made it possible to assess the utilisation status of the machines in
question. They also served as the basis for determining further lines of research, the purpose of which
is to improve the effectiveness of the mining sector. The obtained results indicated that this process
requires the wide application of IT tools, especially for data archiving and analysis. These tools,
along with the developed model and methodology based on the analysis of large volumes of digital
data, are in accord with the activities related to the implementation of Industry 4.0 idea in mining.
It is the authors’ opinion that the material at hand should find a wide range of practical applications
in supporting the management of technical resources within the mining sector.

Keywords: mining machines; OEE model; Industry 4.0; effectiveness; industrial automation systems

1. Introduction

In the global economy, mining belongs to a group of conservative sectors in terms of implementing
innovative technical solutions, especially of an organisational nature [1–3]. In Poland, the reason for
this situation can be ascribed to mining’s long-term domination of the national economy and the
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problems related to a lack of investment [1,4]. As a result of these factors and others, new technical
and organisational solutions in mining have been implemented much later than in other sectors.

After entering the global free energy market, where competition is very high, the mining industry
must adapt to the existing rules in order to survive. The shift from conventional sources of energy,
especially hard coal, which has been apparent in Europe for several years, has further intensified the
economic and ecological pressure on this sector [5–7]. These factors have motivated the managers of
mining enterprises to take a series of measures, including activities aimed at reducing the unit costs of
production and enhancing the effectiveness of the entire process of mining production.

This has resulted in the identification of areas which offer the possibility of reducing the costs
of mining production without incurring substantial investment costs. One such area is maintenance,
especially in terms of increasing the utilisation effectiveness of the technical resources owned by mining
enterprises. Preliminary analyses and audits have revealed that large savings are possible in this
regard, which may contribute to the low-cost improvement in the entire mining production process’s
effectiveness [8–10]. This particularly concerns mining machines, whose performance and reliability
have a significant influence on the unit costs of production [11–13].

Analyses of the utilisation effectiveness of mining machines in the literature have mainly concerned
the equipment used in opencast mining [12,14–20]. These works have presented results for the
operational effectiveness of loaders, excavators and crushers. The analyses conducted were based
primarily on the Overall Equipment Effectiveness (OEE) model, which was adapted to the operation
of these machines. On the other hand, an article in the literature presented the assessment results
for the operational effectiveness of a longwall shearer from the Parvade hard coal mine (Iran) [21].
In this case, the analysis was also carried out using the Overall Equipment Effectiveness (OEE) model.
Studies [22–25] have also made reference to the effectiveness of mining machines operating in both hard
coal and bauxite mines. The above-mentioned publications essentially referred only to the analysis of
the effectiveness for single mining machines, while the presented results indicated a low degree of
utilisation of the mining machines being analysed.

Analysing the effectiveness of machine utilisation in the mining sector is therefore a difficult issue.
Few publications in the literature have presented effective methods for such an analysis along with
their results. This is mainly due to the extremely difficult and not entirely predictable environmental
conditions in which the exploitation process is carried out. As a result, it is difficult to unequivocally
assess the degree of utilisation of the machines used in mining exploitation.

A significant problem concerning the effectiveness analysis of mining machines is the selection
of the appropriate research methodology. In practice, many models can be used for the quantitative
assessment of the utilisation effectiveness of technical facilities and the functioning of maintenance
services. The widest range of practical applications in various sectors has been demonstrated by
the Overall Equipment Effectiveness (OEE) model and the organisational/technical Key Performance
Indicators (KPI) model, as well as the reliability models [21,24,26–31].

Based on the analysis of these models in terms of their compatibility with the conditions in
which mining operations take place and the specificity of mining machines, as well as the results
of the publications mentioned, the authors decided to use the Overall Equipment Effectiveness
(OEE) model, which is a quantitative tool for assessing the Total Productive Maintenance (TPM)
strategy [9,11,26,32–37], to analyse the mining machines’ operation. Therefore, to assess the effectiveness
of mining production, research was undertaken to determine the actual utilisation degree of the
machines used in mining production.

The tests focused on the machines that comprise the automated longwall system, designed for
direct mining of the rock mass and transportation of the excavated material away from the working
face area. This system constitutes the first link of the entire chain of machines used in mining
production [14,15]. The longwall shearer, the armoured face conveyor, the main haulage conveyor and
the crusher were assumed to have a significant impact on maintaining the continuity of this process,
thereby greatly determining its efficiency and effectiveness.
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A view of the machines in question during operation is presented in Figure 1.
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The major mining equipment (longwall shearer, armoured face conveyor, powered roof supports)
can be seen in Figure 2. At the longwall face, the shearer cuts coal from the face as it travels along the
armoured face conveyor which is used for transporting coal from the face to the maingate. The coal
from the longwall is then crushed by a crusher in the maingate.Energies 2019, 12, x FOR PEER REVIEW 6 of 15 
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Taking into account the adopted assumptions, this article presents the results of the analysis of
the utilisation effectiveness of a set of four machines that comprise the automated longwall system.
The method developed was based on the effectiveness analysis of the machines being analysed in
terms of their availability, performance and product quality. The base measurement used to determine
the variability of all the parameters registered for the analysed machines was their operating time.
Partial indicators were constructed and determined for the specific areas to analyse the machines’
operation. The result of these indicators produced the final overall effectiveness indicator for each of
the machines being analysed as well as for their entire set (system). The developed methodology was
based on the OEE model, which was modified and adapted to the specificity of mining production.
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Irrespective of the method used, a fundamental role in this type of testing is mostly played by the
reliability of the data used for the analysis. The obtained results should constitute the basis for regular
effectiveness assessments of the machines being analysed, as well as for the development of guidelines
on how to improve this effectiveness.

For this reason, the availability analysis presented in this paper for the machine set was carried out
using the data acquired from the industrial automation system. The information about the machines’
operational parameters was gathered by means of Supervisory Control and Data Acquisition (SCADA)
industrial automation systems supervising the course of the exploitation process [33]. The application
of this system ensured that the data were independent of the subjective feelings of the personnel as
well as being automatically registered in a continuous manner. This, in turn, has made it possible to
analyse the operational status of the machines based on actual and reliable data.

The main purpose of the tests, whose results are presented in this paper, was to develop a
methodology to determine the utilisation effectiveness of the entire system and the particular machines
that operate in an underground hard coal mine. It should be emphasised that the methodology in
question represents a new approach to the issue of examining the utilisation effectiveness of mining
machines, in both scientific and utilitarian aspects. This concerns the methodology developed and
applied in this study and which is based on the OEE model, in addition to the acquisition, archiving
and analysis of large volumes of data containing the parameters of the machines being analysed and
information about their performance as well as the quality of the excavated coal material. Furthermore,
an important element of the presented methodology is the development of guidelines on how to apply
the knowledge gained from the analysis conducted.

The results presented in this paper encompass 13 weeks of operation of the machines that were
analysed in one longwall of a hard coal mine. The analysis focused on a total of 65 working days
(195 working shifts). For this period, partial indicators of availability, performance and excavated
material quality were determined for the particular machines and the entire system, as well as overall
effectiveness indicators.

It should also be emphasised that the tests conducted were the first ones that concerned the
effectiveness of machine utilisation in the Polish coal mining industry, for which industrial automation
systems, independent surveying measurements and chemical analyses were used.

The discussion about the obtained results (e.g., the reasons for the low values of the machine
utilisation indicators) still requires further work. Research is also necessary to reliably identify the
main factors behind the unscheduled downtimes in the operation of those machines, registered in very
high numbers by the industrial automation systems.

The introduction of a methodology for determining the operational effectiveness of machines in
underground mining should eventually support the management of the mining production process.
This should result in an improvement of the effectiveness of this process, thereby rationalising
production costs in the areas of maintaining the means of production and the entire process of
mining exploitation.

2. Materials and Methods

The degree of machine utilisation in mining is influenced by a number of factors, including
technical, organisational and mining/geological. These factors can come together in underground mine
headings, resulting in a series of disruptions to the mining production process. In order to improve this
situation, it is necessary to diagnose the current status and subsequently specify any relevant measures
for improvement. The main assumptions behind the developed methodology were to adopt the OEE
model as the basis for analysing the effectiveness of the machines under study and to focus on the data
acquired from the industrial automation system and other independent sources of information about
the effects of the machines’ operation.

Within mining production, where the OEE methodology has not yet been applied, the analyses
were concentrated in two areas. One encompassed the activities necessary to adapt the standards of
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the OEE methodology to the mining sector, taking into account its specificity. The other involved the
development of tools for the practical application of IT to the adopted methodology.

As previously mentioned, a vital role in the analysis was the use of the most reliable input data
possible. Therefore, industrial automation systems were used that guaranteed a practically continuous
access to reliable data of sufficient quality. The analysis was based on discrete time periods of the
diagnostic parameters of the machines, registered at a frequency of 1 Hz. Independent sources of
information were also used to assess the performance of the machines and the quality of the excavated
coal material.

The efficiency of the exploitation process, on the other hand, was analysed using independent
surveying measurements which verified the dispatcher’s records. The quality of the excavated
coal material was also determined on the basis of independent test results concerning its chemical
composition. Using the most independent data possible was the basis of the developed methodology.

The registered periods and the acquired data served to determine the partial effectiveness
indicators that encompassed the availability (A), performance (P) and product quality (Q) for the
particular machines. According to the model adopted, the product of these indicators determines the
overall effectiveness indicator (for the OEE) for a given machine [17,34,35,38]:

TOEE = Availability× Per f ormance×Quality× 100% (1)

The availability of the particular machines was determined using the time periods of the currents
consumed by the motors of these machines. A machine was assumed not to be operating when the
values of these currents were equal to “zero” or reached the values of the currents when idle. In the
case of the longwall shearer, its advance speed and position in the longwall heading was also taken into
account. This is because in practice, even though a longwall shearer does not directly mine the rock
mass, it supports the loading process of the excavated coal material onto the armoured face conveyor.
This time is then counted as the working time (runtime) of the shearer. Generally, the availability of
the particular machines was determined from the following equation:

Availability =
Normative working time−Downtime Losses

Normative working time
× 100% (2)

The performance rate of mining machines depends on the amount of rock mass excavated.
The methodology in question assumed that the performance indicator was defined as the ratio of the
actual mass of the rock mass excavated (actual performance) to the mass assumed in the technical
and economic plan (standard performance). Due to the fact that no direct measurements were being
recorded for the mass of excavated coal material from a given longwall, the analysis was based on the
data from the dispatcher’s records for each of the working shifts. However, these data underwent
additional verification based on surveying measurements (taken every 10 working days). In the case of
discrepancies, proportionate corrections were made to the dispatcher’s data for the particular working
shifts. The performance rate was determined using the following equation:

Per f ormance =
real per f ormance

normative per f ormance
× 100% (3)

Another constituent indicator of the adopted methodology was the quality of the excavated coal
material. In the case of mining exploitation, the determination of this indicator requires an additional
quality analysis of the excavated coal material. This paper worked on the assumption that the quality
of the excavated coal material would be determined by the waste rock content in the material as well
as the grade of coal obtained. The actual values of these parameters were referred to those adopted in
the exploitation plan. Due to the fact that the measurements of the excavated coal material’s chemical
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composition were taken once a week, the analysis was based on fixed values for a given week of the
machines’ operation. The quality indicator was determined based on the following equation:

Quality =
real quality

normative quality
× 100% (4)

The developed methodology took into consideration the specificity of mining production, in terms
of determining the performance and quality indicators. This determination was subject to the realities
of this process. This was because the quantity and quality of the excavated coal material are the
most important results of the exploitation process as they determine the economic effectiveness of
the entire mining exploitation process. It was therefore reasonable to assume that the final indicator
(TOEE) defined the utilisation degree of the standard time required to obtain high-value excavated coal
material, preferably in the amount corresponding to the adopted plan.

Equations (1)–(4) shown above are general in nature.
In the case of mining exploitation, besides the three production shifts, there is an additional

maintenance shift. All diagnostic and maintenance work is performed during this shift. Because no
exploitation is carried out during this shift, it was not included in the effectiveness analysis. Such work
should not be carried out during working shifts.

A diagram of the exploitation area, along with the location of the machines under analysis, is
presented in Figure 2.

The analyses, the results of which are presented in this paper, were conducted on one longwall of
a hard coal mine. The basic parameters of the analysed longwall are summarised in Table 1. Table 2,
on the other hand, shows a summary of the technical parameters of the analysed machines.

Table 1. The basic mining parameters of the analysed longwall.

Seam Thickness From 2.85 m to 6.45 m

Height of the longwall to 4.0 m
Transverse seam incline about 6◦

Depth of the seam exploitation 665 m
Length of the longwall 208 m

Roof control roof caving

Table 2. The technical parameters of the analysed machines.

Mining Machines Parameter Value of Parameter in Longwall
Conditions

Longwall shearer

Maximum power installed

• on cutting drums
• on haulage drive
• on hydraulic system

2 × 350 kW
2 × 60 kW
30 kW

Haulage speed (operating) 0–25.6 m/min

Cutting drum web 0.8 m

Armoured face conveyor
Maximum drive power 3 × 400 kW

Maximum capacity 1200 t/h

Conveyor′s length 206 m

Beam stage loader
Maximum drive power 1 × 300 kW

Maximum capacity 1200 t/h

Length 60 m

Crusher
Maximum power 2 × 132 kW

Maximum capacity 1200 t/h
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In order to determine the availability of the analysed machines, the analyses were based on the
registration results of their operational parameters. In the case of the longwall shearer, where the
number of registered parameters was very high, the analysis was carried out using the time periods
for its advance speed, the currents consumed by the motors in its cutting drums and the position of the
shearer in the longwall. In the case of the remaining machines, the analyses were based on the time
periods of the currents consumed by the motors in those machines.

Figure 3 presents a diagram of the shearer’s data transmission system. Shearer data are transmitted
from the JNA Unit 1 to the Data Module Unit. The data module converts the data received from the
shearer’s JNA Unit 1 into the Modbus protocol. The data is then transmitted to the third-party modem
(MASTER). The third-party modem transmits the data from the shearer to the third-party equipment
located in the gate end.
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The large volume of registered data required the development of IT tools that could archive and
analyse such data. Relevant databases were therefore created for the particular groups and the degree
of their aggregation, which were subsequently implemented into the data warehouse [17,23].

Figure 4 presents a view of the system part used for registering operation parameters in
the database.
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3. Results and Discussion

As has already been pointed out, the analyses encompassed four machines that comprise the
automated longwall system. Each of the machines had its diagnostic parameters specified; this was
essential to determine their utilisation from the perspective of the methodology applied. The parameters
for each machine included the time periods of the currents used by their motors. In the case of the
longwall shearer, the periods of its forward speed and its position on the longwall were also used.
The time periods for the forward speed of the longwall shearer as well as its position on the longwall
for one working shift are presented in Figure 5.Energies 2019, 12, x FOR PEER REVIEW 8 of 15 
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Figure 5. Time periods for the forward speed of the longwall shearer as well as its position on the
longwall for one working shift.

Five characteristic points were marked on the course of the shearer’s position on the longwall
(relative to the section number of the powered face support) (Figure 5). The longwall being analysed
was mined on a unilateral basis, which is illustrated by the marked points. Section AB denotes the
movement of the longwall shearer during sumping (the beginning of excavation). Section BC denotes
the rock mass excavation phase, Section CD refers to the manoeuvring time of the longwall shearer at
the end of the longwall, while Section DE denotes the reverse travel of the shearer.

The shearer’s manoeuvring time (while starting the cutting process) was treated as normal
working time. Over this time, the rock mass is mined on a normal basis, which constitutes an essential
part of the entire mining cycle. Analysing the time courses at hand, one may conclude that most of
the unscheduled (short) downtimes occur during the process of rock mass excavation (Section BC),
possibly due to the problems occurring during this process. On the other hand, the stoppages during
the reverse movement of the shearer (Section DE) are difficult to explain.

Figure 6 shows a small number of the registered time periods for the operational parameters of
the longwall shearer. These parameters include the advance speed of the longwall shearer, its position
on the longwall and the currents consumed by the motors of its cutting drums. The figure indicates
selected and noticeable stoppages in the functioning of the longwall shearer, which were used to
analyse its availability. This is the excavation phase of the shearer (Section BC).
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Figure 6. A small number of the registered time periods for the operational parameters of the
longwall shearer.

The downtimes marked in Figure 6 are referential examples of stoppage times. Their purpose is to
show sample periods of unscheduled downtimes. Besides the longest downtimes marked within this
section, many shorter stoppages also occur in the shearer’s operation. All were taken into consideration
during the determination of availability.

In the case of the remaining machines of the system, their availability was determined using the
time periods of the currents consumed by their motors. Examples of such periods for the armoured
face conveyor, the main haulage conveyor and the crusher are presented in Figure 7.
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The time courses registered make it possible to unambiguously determine the periods of
unscheduled downtimes for the machines under analysis. As mentioned before, the data were
registered at a frequency of 1 Hz. Such a registration frequency was assumed to be sufficient for the
analyses in question. The time in which the machines did not consume electric current was assumed to
be their downtime. The time courses determined (Figure 7) demonstrate that these downtimes most
commonly affect all the machines, thereby reducing the value of the OEE indicator.

The parameters registered by the industrial automation system were used to determine the
availability of the machines being analysed. Those data included the advance speed of the shearer
and its position in the longwall. It must be emphasised that the availability indicator had the greatest
impact on the value of the overall effectiveness indicator.

The performance rate was determined on the basis of the shift-related registration of the amount
of excavation material, which was additionally verified using a surveying system. By comparing these
values to those included in the technical and economic plan, it was then possible to determine this
indicator for all the machines of the system.

The quality indicator, on the other hand, was determined by taking into account the measurement
results of the chemical composition of the excavated coal material and its grade. This mainly concerned
the waste rock content in the excavated coal material and its grain size. By comparing those results to
the assumed values, it was possible to determine this indicator for all the machines of the system.

The indicators of performance and excavated coal material quality that were adopted were the
same for all the machines for a given working shift. The average, maximum and minimum percentage
values of the overall effectiveness indicator (TOEE) for both the particular machines and the entire
system for the test period of 13 weeks (195 working shifts) are summarised in Table 3. The values
presented refer to single working shifts.

Table 3. Comparison of the value of the total effectiveness indicators (TOEE) for the tested machines.

The Tested Machines Average Value
(%)

Variability
Indicator (%)

Maximum
Value (%)

Minimum
Value (%)

Longwall shearer 52.52 ± 6.21 11.84 67.87 34.51
Armoured face Conveyor 57.61 ± 6.74 11.70 80.37 44.57

Beam stage loader 61.79 ± 6.85 11.09 70.33 49.72
Crusher 57.04 ± 7.08 12.42 78.58 37.38

Set of machines 57.24 ± 7.48 13.07 80.37 34.51

The results indicate that the lowest value of the effectiveness indicator over the analysis period
was obtained for the shearer, whereas the highest was obtained for the beam stage loader. At the same
time, the analysis of the component indicators showed that the value of this indicator was mostly
affected by the availability of the machines under analysis. According to the methodology developed,
the values of the quality and performance indicators for the particular work shifts were the same for
all the machines. As a result, it is the availability that, in this case, exercises a determining influence on
the values of the overall effectiveness indicators obtained for the particular machines.

The changes in the values of the overall effectiveness indicator for the longwall shearer (TOEE(LS))
and the entire set of machines (as average values from all the machines analysed for the particular
working shifts) are presented in Figure 8.

Analysing the time courses obtained (Figure 8), one may notice a high variability in the values of
the shearer’s effectiveness indicator (TOEE(LS)) for the particular work shifts. It can also be seen that,
in the majority of cases, the indicator reaches values lower than the average value for all the machines
under analysis.
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Figure 9 presents the average values of the overall effectiveness for the machines being analysed
in the particular weeks (13) of their operation (15 working shifts per week). The analysis focused on a
total of 65 working days (total of 195 working shifts).
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Figure 9. Average values of the overall effectiveness for the machines being analysed in the particular
weeks of their operation (15 working shifts per week).

By analysing the obtained results, the authors concluded that the values of the effectiveness
indicators determined for the particular machines varied greatly from one machine to another.
There were also considerable differences in the values of these indicators, depending on the working
shift for which they were determined.
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The parameter that had a decisive influence on the effectiveness of the analysed machines was
their availability. The influence of this was particularly noticeable in the case of the longwall shearer
(Figure 9). The particular working shifts were characterised by large differences in the shearer’s
availability, which translated into the shearer’s highly diversified effectiveness (Table 3). Within the
time period under analysis, the highest values of the effectiveness indicator were registered for the
main haulage conveyor. Its average value for the period in question exceeded 60%, which should be
regarded as a good result.

High values of the indicator were also registered for the crusher, which in a number of cases was
only used for oversized lumps of excavated coal material. In the specified period, as indicated by the
results, it was exploited almost continuously. This suggests that the conditions in question required
continuous operation of the crusher, while the effectiveness indicator obtained for the crusher was
significantly higher in comparison, for example, with the shearer.

4. Conclusions

Growing competition in the market for energy raw materials has forced mining enterprises to
reduce costs and optimise the production process in order to survive. One such measure is to improve
the utilisation effectiveness of the machines owned by these enterprises. To achieve this goal, an
objective assessment of the degree of utilisation for these machines must be performed. The developed
methodology presented in this paper, which was based on the OEE model and diagnostic data on
machine operation, has paved the way for achieving the chosen objectives.

This article presents the results of applying a new approach to the analysis of machine utilisation
effectiveness in mining production. The testing methodology developed and applied in this study
is based on the well-known OEE model, which constitutes a quantitative tool for assessing the TPM
strategy. This model was modified in order to adapt it to the specifics of mining production. It should
be borne in mind that this production was carried out in extremely difficult and not entirely predictable
environmental conditions. This differed fundamentally from the case of closed enterprises where the
conditions are usually well known and can be very precisely modified, depending on the requirements
of the production process. In underground mining, such possibilities are either non-existent or
extremely limited. The effects of mining production also differ from the products produced in other
sectors, because the excavated coal material is a mass product. In the planning process of mining
production, its properties can be estimated on a provisional basis only, based on mining and geological
reconnaissance. It is only during direct exploitation that its quality can be assessed.

However, it seems that the approach presented in this paper has made it possible, in a quite clear
and transparent manner, to assess the utilisation status of machines in mining production. The adopted
model takes into account all the most important areas of this process, namely, the availability,
performance and product quality for the machines.

The fundamental problem in determining the effectiveness of mining machines is the development
of an appropriate methodology which can take into account the specificity of mining exploitation.
In this regard, it is also necessary to take into consideration the most independent data possible.
Applying the idea of constructing the OEE model made it possible to determine one indicator whose
value may be reliable in the assessment of machine utilisation. It may also represent a measure to
assess the changes implemented in the production process.

There is no doubt that the results obtained during the tests did not meet expectations. The average
value of the overall effectiveness indicator for the specified period amounted to merely 52.52% for the
longwall shearer as the most important machine of the system, which is a low value. In the case of the
other machines, the values were slightly higher, yet also unacceptable, especially given the fact that no
incidents were registered in the mine over the period of the analysis which could have caused more
significant disruptions during the exploitation process.
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The obtained results also surprised the mining crew and the mine’s management teams. This was
because the existing dispatcher records did not fully reflect the actual utilisation status of the machines.
As a result, the assessment of this status was extremely subjective and cursory.

The application of industrial automation systems has allowed for a very objective and reliable
assessment of the utilisation rate of these machines. While developing the testing method, the authors
tried to make the greatest possible use of the determined parameters, independent of the subjective
feelings of the personnel. Therefore, the efficiency of production and the results of chemical analyses
conducted by external bodies to assess the quality of the excavated coal material were verified using
the registration results of the machines’ diagnostic parameters and surveying measurements. Such an
approach to the issue of the analysis of machine effectiveness made it possible, at that stage, to assess
the machines in a very objective manner.

The application of the modified OEE model in mining represents a new approach to examining the
effectiveness of mining machines. The results obtained prove the great potential for its application to
the assessment and improvement of this effectiveness. The conclusions presented clearly demonstrate
the advantages of using the proposed methodology for assessing the machine utilisation degree in
mining. The utilisation of these machines was assessed so comprehensively for the first time ever,
taking into consideration the three most important parameters of machine operation (i.e., availability,
performance and quality).

For this paper, the manner of determining the OEE indicators was significantly modified.
Although the equations used were relatively simple, the paper presented new possibilities for
their application. The modification of the method for determining effectiveness demonstrated that,
despite the simplicity of the equations used, the results are very interesting and may increase the
effectiveness of machine utilisation.

From the perspective of the entire mining sector, this represents a significant and brand-new
method for assessing the effectiveness of machine utilisation. It shows the great universality of the
OEE model, which however may not be easily implemented in all sectors. In the case of mining, it had
to be modified (both in the analytical aspects and in terms of the practical interpretation of results) and
adapted to its specificity. In this area, it should be regarded as an important scientific contribution to
the broadly conceived analysis of process effectiveness.

The method of data analysis and the manner of assessing the results obtained should also be
regarded as a new approach to the assessment and, at a later stage, to the improvement in the
effectiveness of machine utilisation. Such an approach has not yet been used and, in our opinion, it can
be successfully applied to the broad mining sector.

Few people realise how ineffective the process of mining exploitation is in terms of the application
of modern machines. The results obtained unambiguously and objectively identify this problem. So far,
this problem has not been addressed to the extent presented in this article.

Only a portion of the extensive material acquired during the analysis was used in this publication.
This is also true of the description and scope of the use of the IT tools which were developed to
perform the analysis. The article concentrated rather on how to solve the issue of assessing machine
effectiveness in such a specific sector as mining. It is the authors’ opinion that the new approach to this
issue presented here is appropriate to its scale and also reflects its essence. At the same time, from the
obtained results and the opinions of the mining community, it has been shown that this methodology
can be successfully used in the mining sector.

The methodology developed and the results obtained point to the validity of the assumptions and
the necessity of conducting further research to assess their wider practical application. An essential
role in this process was also played by the IT tools used to analyse these data and the IT platform,
proposed as a management-support system, employed to exchange information and opinions about
improving the effectiveness of the machines being operated.

However, the discussion about the obtained results (e.g., the reasons for the low values of the
machine utilisation indicators) still requires further work. Research is also necessary to reliably identify
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the causes of the unscheduled downtimes in the operation of those machines, registered in high
numbers by the automated systems.

The authors consider that the methodology developed and the IT tools used will find
practical applications, which will improve the effectiveness and profitability of the entire process of
mining production.
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16. Inżynieria Górnicza. Available online: https://inzynieriagornicza.pl/material%5B25441%5D (accessed on
30 April 2019).

17. Elevli, S.; Elevli, B. Performance Measurement of Mining Equipments by Utilizing OEE. Acta Montan. Slovaca
2010, 15, 95–101.
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