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Abstract: The article presents research on the possibilities of utilising the Lean Management method
to increase the profitability of coal mining operations through cost rationalisation and production
optimisation. The Lean Management method has its roots in the automotive industry, but its
significant benefits can allow it to be transferred to other industries. Based on the analysis of global
literature describing examples of its application in general mining, as well as the authors” own
observations related to Polish hard coal mining, it was determined that the Lean Management
method is not being utilised in this field. This article outlines the course and results of an original
expert-mathematical study to assess the usefulness of specific Lean Management tools and techniques
in hard coal mining. The study drew on knowledge obtained from selected, competent experts
who demonstrated high levels of agreement in their assessments. Five core production areas were
identified, and twelve widely used Lean Management tools and techniques were selected. The
obtained assessments of the usefulness of Lean tools could serve as valuable guidance for mining

management in the selection of methods for improving mining production in coal mines.

Keywords: mining industry; lean management; lean manufacturing; coal mining; expert mathematical
study; expert concordance; profitability of production

1. Introduction

The EU climate policy pursued in recent years, particularly in the aspect of the Euro-
pean Green Deal, is unequivocally negative towards hard coal as an energy resource. A
number of directives, strategies and regulations introduced aim to completely decarbonise
the energy sector in the European Union by 2050. In the document entitled Energy Policy
of Poland 2040 (PEP2040), published in 2021 [1], the share of coal in electricity generation
in Poland in 2030 is projected to be between 37% and 56%, and in 2040 between 11% and
28% (depending on the price of CO, emission allowances).

On the other hand, Poland still has significant hard coal deposits. At the end of
2020, the total hard coal balance resources in Poland amounted to 64.4 billion tonnes, of
which 28.4 billion tonnes were developed resources. Most of the resources are thermal
coal deposits [2]. The above facts allow one to conclude, therefore, that Poland’s energy
sector is and will continue to be in the coming decades, largely based on hard coal. The
Russian military aggression against Ukraine in February 2022, in addition to a number of
other factors, has also had a significant impact on the hard coal sector and the European
energy sector as a whole. The situation is dynamic and difficult to predict, but strong
signals about the need for independence from Russian energy resources, coming from
almost the entire European Union, indicate that energy security objectives may slow down
the EU’s decarbonisation plans. Confirmation of such a possibility can be found, inter
alia, in the Assumptions to the Update of the Energy Policy of Poland until 2040 [3],
prepared by the Ministry of Climate and Environment and adopted by the Polish Council
of Ministers on 29 March 2022. The document indicates, inter alia, that Poland’s updated
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energy policy must also take into account energy sovereignty, the use of domestic hard coal
deposits may be periodically increased in situations where the energy security of the state is
threatened, and the rate of reduction in the extraction and use of Polish coal may decrease
slightly compared to previous scenarios [3]. PEP2040 indicates that in the long term, due to
increasing environmental requirements and decreasing demand of the economy for fossil
fuels, including hard coal, the role of these products in the economy will gradually decrease.
During the transition period, the key task of mining companies is to continuously take
measures to increase the efficiency of their operations as well as the competitiveness of
their products [1].

As the first objective to increase the profitability of hard coal mining, the above-
mentioned document mentions the rationalisation and optimisation of current operating
costs and the sales system as well as the creation of stabilising mechanisms for periods of
downturn [1]. One such solution could be the implementation of the Lean Management
methodology. Unfortunately, there are few good examples of its application in Polish coal
mines and above all, there is a lack of research on the usefulness of individual Lean tools in
mining conditions.

The following article introduces the Lean Management method, which is currently
one of the most popular process improvement methods in industry, presents concepts and
examples of practical application of the method in the mining industry, describes the course
and presents the results of a mathematical and expert study on the usefulness of Lean
Management tools and techniques in the operating conditions of Polish coal mines.

2. Materials and Methods
2.1. Lean Management Method and Its Tools

Lean Management is a universal concept, especially in terms of the numerous success-
ful implementations of this method in both the manufacturing and service sectors [4], and
is one of the best-known and most widely used methods for the operational management
of companies. It is also referred to as Lean Manufacturing, Lean Production and Lean for
short [5]. Lean Management is defined in several ways in the literature: as a philosophy
(e.g., [6,7]), a system (e.g., [8,9]), a concept (e.g., [5,10]), a methodology (e.g., [11,12]) or
finally a method (e.g., [13-15]). The choice of the appropriate term should always be
determined by the scope of the deliberations.

The Lean Management method has its roots and foundations in the TPS—the Toyota
Production System (after the name of the automotive corporation in which this system
developed over decades) [5]. On the other hand, the concept of Lean in the context of
production management was first used in 1988 by J. Krafcik in his article, “Triumph of
the Lean Production System” [8], with references precisely to the system used in Toyota
factories. The idea of Lean Manufacturing was popularised by J. P. Womack, D. T. Jones
and D. Roos. In 1990, they published the famous paper, “The Machine That Changed
the World” [16], in which they pointed to the Toyota Production System as the first lean
manufacturing system. The fathers of the Toyota Production System are considered to
be Toyota president E. Toyoda and T. Ohno, director of one of Toyota’s factories (and
later vice-president) [17]. Toyota’s ambition was to create an original Japanese production
technique, adapted to the country and its culture and taking into account the new business
environment. The Japanese did not force themselves to build everything from scratch but
drew on American models [18]. Toyota was inspired by some of the solutions used in
Ford’s production system, but taken as a whole, the two systems were radically different.
The key differences between the two are indicated in Table 1.
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Table 1. Comparison of Ford and Toyota production systems [19].

Ford System Toyota System

Producing large quantities of the same
product—mass production

Production of small batches of differentiated products

Strip production—the direction to forward (earlier process Just in Time and Kanban—the direction “backwards” (the later
determines the subsequent process) process determines the earlier process)
Automation Automation integrated with the human factor
Large production batches Small production batches and rapid product changes

Overproduction and defective products

Large stocks, warehouses

Elimination of stocks—dynamic warehouses
called supermarkets
Avoidance of overproduction and elimination of
defective products

Planning Response

Professor J. K. Liker, in his book The Toyota Way [20], outlined 14 principles that
Toyota followed in implementing its production system. These principles are used for the
implementation and application of Lean Management.

Liker also proposed the concept of the “Toyota House’ as a graphic representation of
the Lean philosophy which is shown in Figure 1. The roof of the Toyota House represents
the predominant goal of the organisation. It is based on two pillars: Just in Time, or
precisely on time, and Jidoka, i.e., embedding quality into the production process. The
foundations of the House of Toyota, and at the same time the entire Toyota Production
System philosophy, are levelled production and process standardisation. Between the
foundation and the roof, two forces at work lead to continuous improvement: a top-
down one, i.e., motivating employees and a culture of teamwork, and a bottom-up one,
i.e., eliminating waste.

Best Quality — Lowest Cost — Shortest Lead Time — Best Safety — High Morale
Through shortening the production flow by eliminating waste

Just-In-Time
,Right part, right amount,

People & Teamwork Jidoka

right time” (In-station quality)
,Stop to fix problems”
Reduce .
. Continuous Improvement
inventory to Make problems
surface visible
problems Waste Reduction

Leveled Production (heijunka)

Stable and Standarized Process

Figure 1. The Toyota House Model [21].

The success of TPS as a new approach to process management resulted in Toyota’s
rapid expansion in the global market and excellent financial performance, which attracted
the attention of academics and practitioners alike—owners and managers of various com-
panies around the world. As a result, the idea of lean manufacturing was quickly pop-
ularised [22]. Lean Management, based on the Toyota experience, places a very strong
emphasis on eliminating waste in processes. In Lean, anything that does not add value
from the customer’s point of view is considered waste. One of the key assumptions of this
method is to thoroughly analyse the processes (e.g., using value stream mapping—VSM)
and to assign each activity to a group of value-added activities from the customer’s point
of view or to non-value-added activities [23]. Anything that does not add value in the eyes
of the customer is, in the Lean method, waste (Japanese: muda). One of the founders of



Energies 2023, 16, 7240

4 of 27

Lean—T. Ohno—distinguished seven key process losses, commonly known as the ‘7 muda
wastes’ or ‘7 wastes of Lean’ [24]: overproduction, waiting, transport, overprocessing,
inventory, unnecessary movement and quality defects. The Lean Management method
uses a number of tools and techniques to help the organisation reduce waste and add value
for the customer, including [25]:

55—A tool to better organise the workplace (and the whole factory) and to help
maintain order. 5S is an acronym from the words: Selection; Systematics; Clean-
ing; Standardisation; Self-discipline (Japanese: Seiri, Seito, Seiso, Seiketsu, Shitsuke),
(translated as “sort’, ‘set in order’, ‘shine’, ‘standardise” and ‘sustain’);

5Why—The practice of asking the question “why?” several times at the origin of a
problem in order to determine the root cause;

Andon—Light (or sound) signalling on production lines for rapid notification of problems;
Continuous flow—The continuous production and transfer (without downtime or
storage) of individual pieces or small batches in a process. Production of only those
items for which there is a current demand at the next workstation;

Continuous Improvement—Continuous efforts to improve products, services or pro-
cesses. It most often uses the PDCA and Kaizen approaches;

Ishikawa diagram—A diagram that illustrates cause and effect relationships and
separates causes from effects. Otherwise known as a fish diagram, a fault tree diagram,
a cause-and-effect diagram,

Spaghetti diagram—A technique for visualising the mobility path of workers, products,
semi-finished products or materials. Most often, the drawing of movement paths is
superimposed on the layout (diagram) of the plant;

Flow Production—A way of organising mass production to minimise flow time
through the process. Involves the standardisation of raw materials and parts, op-
eration times and appropriate process layout and scheduling. It is otherwise referred
to as flow production;

Gemba—The place where the actual work is done, where value is added to the product
or where the service is provided;

Genchi Genbutsu—The principle of verifying an existing problem or event at the
actual site of its origin, related to investigating the problem at its source;
Heijunka—A technique of properly planning and balancing production to avoid
downtime and stockpiling to level production;

Hoshin Kanri—A strategic management principle aimed at integrating, unifying and
organising the key elements of a company’s strategy;

Jidoka—Organisation of production systems to autonomously detect and eliminate
errors and deviations from accepted standards. Most often associated with the separa-
tion of the machine from the operator and its autonomisation;

Just in Time (JIT)—A production system for producing what is needed, at the right
time and in the right quantity, to minimise wastage in the process;
Kaikaku—Radical, revolutionary process improvement, often requiring investment. It
is the opposite of, but also a synergistic complement to Kaizen;

Kaizen—The continuous, gradual improvement of processes and organisations through
the use of the small-steps method. Also linked to the employee idea system;
Kanban—A Pull system production control tool using cards, representing an internal
order for a component;

One Piece Flow (OPF)—A process organisation that allows components (semi-finished
products) to be processed and transferred through the process one piece at a time.
It involves a transport and production batch equal to 1, otherwise understood as a
one-piece flow;

Overall Equipment Effectiveness (OEE)—An indicator of the total use of machinery. It
is the product of machinery availability, actual productivity and production quality;
Plan, Do, Check, Act (PDCA)—An algorithm for conducting improvement activities
in the spirit of Continuous Improvement: Plan; Do; Check; Apply;
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e Poka-yoke—An approach to preventing inadvertent errors. It is understood as any
tool that prevents an error/quality defect from occurring in a process, independent of
the operator. It is usually uncomplicated, cheap and quick to prepare;

e  Pull system—A production system in which the start of a job at a station is initiated by
a demand at the next station in the process. Orders are generated in the process from
the last step (from the end) backwards. It is referred to as a suction system;

e Single Minute Exchange of Die (SMED)—A technique for minimising machine
changeover times;

e  Supermarket—An inter-operational warehouse that supports self-controlled produc-
tion. It allows retrieval and replenishment of stock only for a certain number of
components, thus preventing overproduction. It is an important component of the
suction system;

e  Total Productive Maintenance (TPM)—A maintenance management technique aimed
at ensuring maximum availability of equipment. It strives to achieve zero breakdowns,
zero shortages and zero accidents at work;

e  Visual Management (VM)—A set of techniques and ways to visualise problems, events,
information and objectives. An improvement in communication and process management.

2.2. Concepts for Using Lean Management in Mining

The global mining industry is increasingly looking for proven organisational solutions
to reduce mining and mineral processing costs. These solutions are often imported from
other industries. Lean management is an example of a method that is receiving increasing
recognition in this sector [4].

The Lean method has emerged and developed over decades mainly in the automotive
production environment. Despite numerous examples of applications in various other
processes and industries, it is the automotive production halls that should be considered its
‘natural environment’. Lean requires full, consistent and methodical implementation and
adaptation of tools and techniques to local conditions [26]. As the production conditions
in mines differ significantly from those of an automotive company, the implementation of
the method in the conditions of a mining company must, therefore, differ from that of an
automotive company.

A comparison of conditions in the mining industry with those in the automotive
industry in the context of the possibility of implementing Lean was presented in the works
of K. Dunstan [27] and J. Helman [28]. The authors conducted their analysis mainly from
an ore mining perspective, and the results of their analysis are presented in Tables 2 and 3.

The authors of both papers agreed on a number of important differences between the
two industries, including the volatile, unstable working conditions in mining versus the
stable, safe conditions of the production halls and the built-in need for a push system in the
mining sector.

Table 2. Comparison of the specifics of the raw materials and minerals industry and Automotive [27].

Raw Materials and Minerals Industry Automotive Sector

A smelter or refinery cannot be stopped hence
the Push system is built into the process

The assembly line can be stopped, so it is
possible to create a suction system
Discrete production (in units), often in cycles of

Continuous production, 24 h a day less than 1 day

Generates considerable dust
Demanding working environment
Variable working environment
Remote locations
Impact of the weather
High variability of material availability
Geographically dispersed teams
The molten metal has a short shelf life before
it solidifies

Low dust
Stable, secure working conditions
Stable working environment
Large centres
In-house conditions
Material availability under control
Relatively small factories
Components suitable for long-term storage
and warehousing
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Table 3. Comparison of the specificities of the mining industry and the automotive industry [28].

Mining Industry Automotive Industry
The work of customers cannot be stopped thus, The assembly line can be stopped, so
a push system is in operation at the mine transformation to a suction system is possible
Continuous production Production in cycles
Unstable/variable working conditions Stable working conditions
Variable working environment Permanent working environment

Geological hazards may halt production No threat to production

High variability of material availability Material availability under control

Large spread of workplaces (up to
several kilometres)
Other industrial companies are customers of Sales of products mainly to
the mines individual customers

Working in a relatively small factory

The possibility of replacing the push system with a Pull system (Pull system) in mining
was discussed in more detail by J. Helman in another publication [29], demonstrating that
there is no substantive justification for attempting to apply a Pull system to strictly mining
processes. Nevertheless, elements of the Pull system can be implemented in areas of a mine
where there is a flow of different types of materials [29]. At this point, it is also worth citing
the work of M. Sukiennik and P. Bak [30], which considers the possibility of implementing
Lean in the broader power industry. The paper lists important elements that differentiate
this industry from most industrial sectors [30]:

Process continuity, which is required in the power industry but not in typical companies;

Stability of the working environment—in the power industry, this is basically nonexistent;

Diversification of suppliers—virtually impossible in the power industry;

The need for specialised staff in the power industry is present in many areas of

operation, which makes staff turnover difficult and contributes to problems in a

situation of demographic decline;

e Inthe power industry, companies are closely linked to other entities, which is not the
case in typical industries;

e The need to maintain a certain level of production that determines the actions of

power companies.

The article referenced above highlights the cultural aspect of Lean implementation
outlines the elements that can contribute to implementation failure, and proposes three
main steps for implementing Lean in the power industry [30]:

Initial implementation;
Proper implementation;
Developing a culture of continuous improvement.

J. Korski, in his work [31], points to Lean Management as the peak current system
approach to production process management aimed at customer satisfaction and economic
efficiency. The article also comprehensively describes the possibilities and conditions for
applying this approach to mining companies.

In the work of V. Mikhalchenko and Y. Rubanik extensively discussed the five prin-
ciples of Lean Management in the context of Russian coal mining, concluding that the
implementation of Lean principles is possible, but will require a fundamental change in the
basic principles of design and management of industrial coal mining systems. A qualitative
increase in the efficiency of resource use through the implementation of a new approach to
shaping production systems on Lean principles will contribute to a significant increase in
the competitiveness of mining enterprises in modern economic conditions [32].

For the sake of balance, it is worth citing a more sceptical paper by S. Haugen, who,
based on her mining experience, discusses in detail the 14 principles of the Toyota Produc-
tion System in the context of metal mining. The paper emphasises that the implementation
of continuous flow and the reduction of inventory buffers brings problems to light, moti-
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vating improvement, but before buffers are eliminated, it is important to ensure that we are
able to deal with new problems that arise because of this [33].

S. Haugen points out that a stable, predictable and repeatable production process is a
prerequisite for Lean principles or tools to work properly, and mining processes are not
such. Furthermore, Lean contributes to lower production costs by increasing flexibility
and speed (and not just eliminating waste). If this effect is not desirable for a mining
company (e.g., due to continuous high market demand and low value of capital frozen in
work-in-progress), Lean may not be a good solution [33].

Several other works, in addition to presenting a general approach to the application
of Lean in mining, propose a more detailed analysis—at the level of specific tools. In an
article discussing the possibilities of implementing Lean in underground ore mining [34],
A. R. Wijaya, R. Kumar and U. Kumar gave examples regarding the occurrence of eight
Lean losses in the mining industry and analysed the feasibility of implementing selected
Lean principles and tools. The results are presented in Tables 4 and 5.

Table 4. Incidence of eight losses in mining [34].

Loss Occurrence in Mining

Waiting for dust to be removed after blasting operations, downtime of
transport equipment.
Overproduction is not a problem for the mining industry, as the market is
Overproduction stable, and it can be said that it can always absorb any amount of
production [sic!].
Repairs in mining often are the result of the very nature of the changing

Waiting

Quality (repairs) working environment, but it is possible to increase the quality, for
example, by standardising procedures.

Unnecessary Loss related to the manner in which work is carried out. It can be caused
movement by a lack of a formal, standardised approach to training new operators.
Redundant Oversized tunnels due to the instability of the rock casing, but also to the
processing operator’s inexperience.

Stockpiling resulting from production downtime (breakdowns). A loss
Storage that is difficult to combat in mining, as stockpiles are often treated as a

positive thing here.

Losses due to suboptimal choice of means of transport, place of
collection, size of equipment.
Under-utilisation of operators’ time, as well as productivity and
capacity losses.

Transport

Untapped potential

Table 5. Feasibility of implementing selected Lean principles and tools in mining [34].

Principle/Tool Application in Mining

Often made considerably more difficult due to the varying conditions

Standardisation of the working environment, but possible to implement in many areas,
such as anchoring quality control.

In practice, due to the remote location of the work site, the operator is

Total Pr i . .
otal Productive encouraged to perform simple maintenance, but often operators lack

Maintenance (TPM) the required knowledge and skills to do this correctly.
. Difficult, due to frequent subcontracting in the industry. Subcontractors
5S and Visual . . . L
do not engage in 55 and VM implementation as this is not part of
Management

the contract.
One of the weakest points in the implementation of the Lean concept in
Just In Time (JIT) mining research into the individual adaptation of JIT to mining
conditions is needed.

The separation (and collaboration) of machine and humans is an
important element of change in mining, seeking to increase automation.
The need for a structured approach to training due to the
high workforce.

Jidoka

Respect for the people
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In addition, J. Helman, in the article cited previously [28], presents an assessment
regarding the adaptability of exemplary Lean Management tools in mining, as shown in
Table 6.

Table 6. Adaptability of Lean Management tools in mining [28].

Tool Adaptability Examples of Implementation Areas

Just In Time Yes Order system and all warehouses.
Machine and operator flow diagrams,

One Piece Flow Not explicitly ..
cross training.
Total P i . .
ota . roductive Yes Vehicles, conveyors and other machinery.
Maintenance
55 Yes Warehouses, tool rooms and other areas where
materials and equipment are stored.
Storage facilities in the Heavy Machinery
Kanban Yes Chamber, engine room, and shaft bottom.
Heijunka Yes All sites use Kanban cards.
Continuous improvement Yes All miners, foremen, etc.

J. C.Yingling, R. B. Detty and J. J. Sottile describe in detail the Lean concept and the
possible benefits of its potential application in US coal mines. The authors point to the
possible application of the following Lean principles and tools in specific areas of the mine,
among others [35]:

TPM;

SMED;

Pull system;
Standardisation/standardised work;
Continuous flow;

JIT;

Kanban;

PDCA,;

Kaizen.

As indicated in the above-cited article [35], many of the elements of the SMED tool
are already applicable to longwall changeover processes. Also described are tools and
principles (e.g., flexibility, production levelling, flow design), which, according to the
authors, may be impossible or difficult to translate directly to mining conditions [35].

In their article, A. Bator and A. Paluchniak [36] proposed the use of one of the main
elements of the Lean method—the 5S tool (extended by the sixth S, which stands for Safety)
to increase work safety in mines. The paper takes a closer look at 55 and points to the
possibility of its application in the Polish coal mining industry in order to avoid many
accidents, especially those of a fatal nature.

In 2016, J. Brodny and K. Stecuta pointed out the validity of applying the TPM concept
to reduce costs in coal mines by increasing the efficiency of machine utilisation. They
described the most important TPM indicator (and at the same time, one of the most
important in the whole Lean method)—the OEE, i.e., the machine utilisation efficiency
index. The paper proposes a method of obtaining the data for calculating the indicator and
presents the results of an analysis regarding 16 work shifts for a longwall complex consisting
of a shearer, a longwall conveyor, a face conveyor and a crusher. According to the authors’
calculations, the effective utilisation of the entire machinery set during the study period
was less than 54%. Even having taken into account the specifics of mining production, this
result was considered far too low compared to other production industries. As the authors
themselves pointed out, it is difficult to assess the results obtained against other mining
companies due to the lack of reliable data to which they could be compared [37].

A similar concept of using the OEE indicator in measuring the efficiency of a longwall
complex was presented in detail by R. Polak [38]. The paper also presents an analysis
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of data from over 850 failures and determines the distributions of two other important
Total Productive Maintenance indicators: MTBF (Mean Time Between Failures) and MTTR
(Mean Time To Repair).

The vast majority of publications present the authors” own view on the feasibility of
implementing Lean in mining, based on their knowledge of the issue and the literature,
but rarely supported by the results of wider research or documented implementation trials.
For this reason, the following section discusses examples of practical applications for the
Lean Management method in the Polish and global mining industry.

2.3. Examples of Lean Management Method Application in the Polish and Global Mining Industry

The literature presents numerous examples of mining companies that have attempted
to implement the Lean method. Alcoa was probably the first raw materials company to use
the Toyota Production System and developed its own version, called the Alcoa Business
System (ABS) [39]. According to the International Quality and Productivity Centre (IQPC),
since the combination of two business improvement strategies, Lean and Six Sigma, began
to permeate the Australian mining industry, there has been strong evidence demonstrating
that overall process improvement has been achieved, resulting in faster and higher levels
of return on investment [40].

A. Klippel, C. Petter and J. Antunes, in a 2008 article [41], reported on two cases
when ore mining process mapping based on the Lean concept was applied. The examples
cited involved the use of value stream mapping to classify activities as value-adding or
non-value-adding (needed and unnecessary from the customer’s point of view). Specific
actions were taken to eliminate non-value-adding activities and minimise waste, resulting
in significant benefits in increased productivity, reduced costs and improved workplace
safety [41].

The Rio Tinto Group began implementing Lean in aluminium ore mining in 2004 as
a complement to its Six Sigma improvement programme. Subsequently, the project was
expanded to include copper ore mining as well as coal and iron ore operations, mainly
in Australia. Building on Rio Tinto’s understanding of Lean (‘the continuous removal of
waste’), K. Dunstan, B. Lavin and R. Sanford proposed that Lean in practice consists of [27]:

Involving cell leaders;

Asking employees to respect the agreed standards for their work;

Enabling employees to write their own standards and improve them;

Visual presentation of key production performance data (visual management);
Enabling shopfloor staff to make data-driven operational decisions;
Organising operational and maintenance staff into production teams;
Applying the business improvement toolkit.

The Rio Tinto Group named its Lean Six Sigma programme ‘IPT’ (from Improving
Performance Together) and applied it to all its business units [42].

Rio Tinto Alcan used Six Sigma and Lean Manufacturing tools to streamline processes
and increase productivity. In 2008 alone, savings from the use of Lean Management and
Six Sigma at Rio Tinto Alcan amounted to more than $28 million [43].

BHP Billiton ran a similar programme called Business Excellence. Several of the
group’s oil sands operations in Canada have begun to apply Lean and Six Sigma principles
and methods to reduce defects and wastage in the production operations of the bitumen
materials creation process [39].

Quadra FNX Mining (now KGHM International) had its own programme, called
‘Rising the Bar’. The programme was based on the appropriate application of Lean Six
Sigma tools, starting with value stream mapping for the entire process, which establishes
a benchmark for performance using standard definitions and KPIs (Key Performance
Indicators) [39].

The Diavik diamond mine also focused resources on the Lean Six Sigma business
improvement system. The method at Diavik aimed to improve the efficiency of operations
by removing duplicate or redundant activities and automating processes as much as
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possible. The focus was on rethinking processes in depth and defining how they can be
done in a way that is better, faster and cheaper [44]. All departments at the Diavik diamond
mine were required to find ways to reduce costs. The automation of underground processes
and the Lean Six Sigma initiative are examples of sustainable operations at Diavik. A
success story was that ideas to reduce cost intensity were generated by employees and
subcontractors at all levels of the organisation. Total savings for the first six months of 2013
amounted to $6 million [44].

The above-mentioned implementations at Rio Tinto, BHP Billiton and Diavik are
examples of using a combination of Lean Management and Six Sigma methods. Lean tends
to focus on day-to-day small improvements, while Six Sigma focuses on large-scale, often
months-long optimisation projects that bring leaps in productivity, quality improvements
and cost reductions. Six Sigma, despite placing the utmost importance on hard statistical
and analytical tools, often reaches for Lean Management tools in implementation projects.
Lean itself, on the other hand, fares somewhat less well with highly automated processes.
The combination of both concepts often creates a synergy effect [45].

A paper by Castillo et al., published in 2015, presented the results of a study on the
impact of Lean Management implementation on labour outcomes in three copper mines in
Chile. The study used a survey questionnaire administered to area managers. The survey
form asked about changes in the following areas [46]:

e  Design effectiveness (disruption, physical work progress, programme reliability, pro-
ductivity, efficiency);

e  Organisational effectiveness (teamwork, participation, communication, commitment
and learning).

The study indicated a statistically significant improvement in both design and organi-
sational efficiency in all three mines studied.

In the underground coal mining industry, a good example of the application of Lean
was found in the German mines of RAG AG, which are no longer in operation due to
depleted resources. Measures to eliminate waste and standardise processes began there
in 2000, under the slogan ‘Zero accidents and 100 per cent added value’. Lean processing
guidelines for this programme are [47]:

Creating value from the customers’ point of view;
Look at the entire value stream;

Pull principle for processes;

Synchronised flow;

Seek perfection.

RAG adapted many existing Lean tools to the mining context and developed its
own specific tools for mining processes. Two examples of this transfer were the SMED
tools and the PDCA cycle. RAG called these the ‘Boxenstopp” and the APUC cycle, or
Analysis, Planning, Implementation, Controlling (German: Analyse, Planung, Umsetzung,
Controlling) [47].

In 2000, RAG started a pilot implementation of Lean in the business processes of one of
its mines. The necessary Lean tools (e.g., 5S, Visual Management, Boxenstopp/SMED, Pull
system) were successively implemented into the daily practice of the employees. Following
the initial successes of the implementation of Lean and its tools, implementations were also
launched at the group’s other mines. Subsequently, the implementation was extended to
support processes such as machine maintenance and logistics, as well as administration
and management processes [48].

RAG has also defined its Lean principles to be applied in process development by
employees and management [48]:

Create customer value, which means stable, efficient processes without waste;

Look at the whole value stream, not just its elements;

Pull principle, the customer or the next stage of the process initiates the work in the
position before;
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e Implement a continuous improvement process.

In RAG production, the most frequently used tools were visual management (VM),
SMED and the Pull system. An important aspect was the interaction between production
and the other departments. The idea of the seven Lean losses was presented and discussed
at many meetings, workshops and training courses. This enabled employees to look at
processes from a broader perspective, which helped to identify losses and propose solutions
to problems. The search for the seven losses in the processes became part of daily work
and part of continuous improvement [48].

While analysing the above examples, it can be seen that mining companies tailor their
Lean Management implementation programme to their needs, often using an individual
name for their programme [49].

In the article “Study on Coal Lean Mining Theory and Practice”, Z. Liu cited the exam-
ple of one brigade (in an underground coal mine in China, using the pillar system) where,
using the Lean approach, it was possible to reduce the operational time of performing
activities by 77 min (16.5%) [50].

In their article, E. M. Ade and V. S. Deshpande described the basic definitions and
principles of Lean Management and gave an example of the implementation of an overhead
rail to transport miners to the face in one coal mine in India as an example of Lean
Thinking [51].

An example of a similar improvement in the spirit of Lean from Poland was given
by A. Bator et al. [52], as well as P. Bogacz and M. Migza [49]. In the Mystowice-Wesola
mine, a belt conveyor used only for transporting people was implemented, which made
it possible to significantly increase the availability of workers at the actual work site [53]
following [52]. A similar, albeit on a larger scale (a longwall with the longest panel length
in the world) implementation took place at LW ‘Bogdanka’ [54]. Another example given
by the above-cited authors is the significant increase in the utilisation of machinery and
equipment at the Silesia mine, mainly through the implementation of a 24/7 working
system, but also through the introduction of planned maintenance and increased flexibility
of the workforce—each brigade is universal in terms of qualifications and must be able
to, both, mine and perform basic rebuilding [55] after [52]. The aforementioned article
points out that the factors that most affect the efficiency of mines are the cycle time of
the operations being carried out, the productivity of the machines and the use of human
resources, and that all these factors can be optimised by applying Lean methodologies.
For this to be successful, as a first step, mine management should develop a training
programme to develop awareness of Lean Manufacturing among mine employees [52].

The need for Lean training, but mainly among managers of coal mines, was also
indicated by D. Sztajerska and M. Bogdariski. According to the authors, without equip-
ping managers (at various levels of the organisation) with knowledge of modern process
management concepts, mainly Lean Management and Lean Manufacturing, it will not be
possible to improve processes in a mine [56].

The cited article by these authors also describes implemented improvements in the
maintenance process of one of the Polish Mining Group S.A mines. One of the implemented
solutions was a standard failure card, which is shown in Figure 2. The authors indicate that
on the basis of the implemented failure cards, it is planned to perform root cause analysis
using, among others, the Ishikawa Diagram and the 5Why tool [56].

The best-documented examples, including the adaptation and implementation of Lean
elements in Polish underground mining, refer to the implementation at KGHM Polska
Miedz S.A. as part of the project Adaptation and Implementation of Lean Methodology in
Copper Mines.

The following areas of the above project have been designated [57]:
“Lean Mining” area;

The area Kaizen—Employee Ideas;

The “TPM” area;

The area “Process Approach”;
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e  The area “Modelling and simulation”.

KARTA AWARII
Miejsce awarii Data awarii Czas awarii Dozor Elektryk Nadsztygar

Longwall 106 01.02.2020 4.55-5.30 IK BM SK

Opis awarii (krétka i prawdziwa informacja)

At 4.55 am an electrician was called because the combine was not working. The electrician ordered a mechanic with whom they checked if there was a water flow

Przyczyna awarii (np.: woda w dzeniu, mechaniczne uszkodzenie, fle zabezpi dy, niewladciwe uiytk ie, itp.)

No water flow on the right side

Sposob usuniecia awarii oraz problemy napotkane podczas jej ia (np.: brak rezerwowej czesci, brak iadczenie elektromontera, itp.)

The outflow was checked. Flow sensor defective

Srodki jakie naleiy podjaé w celu unikniecia lub skrécenia czasu trwania awarii.

Crew training. Providing a better Quality medium. Accomplishing maintenance and cleaning of filters

uwag’ dozoru wviszeg - zawierajgce analizs przyczyn i dziatania kowjace

No comments until the failure was removed

Podpis sztygara Podpis nadsztygara

Figure 2. Completed equipment failure card at a coal mine [56].

Methods with potential for being applied in the mining industry in the areas identified
above are Total Productive Maintenance, 5S, standardisation, Kaizen and PDCA [57]. The
implementation of Lean elements at KGHM Polska Miedz S.A. took place in both the
mining and processing parts.

The effects of TPM implementation in O/ZWR KGHM Polska Miedz S.A. include [58]:

e Elimination of the tube-and-chain conveyor for the crusher dust extraction system,
thereby achieving zero breakdowns and saving 6.0 kW per shift;

e  Reduction in downtime by 11%, including the planned downtime by 8% and un-
planned downtime by 45%;

e  Suction piping improvements—threefold increase in failure-free operation.

Further work utilising the concept and specific Lean Management tools at KGHM
Polska Miedz S.A. included value stream mapping of the current and future state for the
shift foreman’s workflow (scope: loading, hauling, anchoring and drilling) [59], reduction
of administrative documentation maintained by a foreman and a pilot programme to
implement the Kaizen concept. An employee idea submission programme was introduced,
and some staff were trained in problem-solving methodologies: FMEA and Ishikawa
Diagram. The pilot programme resulted in 29 Kaizen ideas [59].

The example of KGHM Polska MiedZ proves that the implementation of Lean tools in
underground mining is not only possible but can also bring real benefits. The examples cited
regarding the application of Lean tools in a copper mine do not show any characteristics
that could negate the possibility of application in other underground mines, such as coal
mines [4]. Examples of successful Lean implementations in mining show that it is an
attractive development path [60].

Rational implementation of Lean Management tools in coal mines can result in signifi-
cant savings. For this to be possible, an individual approach of implementers and Lean
experts is required, i.e., not copying ready-made solutions from other industries, but expert
selection (and adaptation) of Lean tools to the conditions of the mine. On the part of mine
management, a greater openness to organisational change and a strong commitment to the
implementation process itself is required [4].

An analysis of the world literature on the possibilities of implementing Lean in the
mining industry, with examples of implementation, can also be found in works [61-63].

As indicated in the above analysis, there are examples in the literature of implementing
Lean Management elements in the Polish coal mining industry, but unfortunately, they are
few and usually concern a limited scope of work. The cited cases of success in implementing
Lean in the global coal mining industry, as well as a good example of implementing
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elements of this method in Polish underground ore mining, suggest that the implementation
of Lean could be very beneficial for Polish coal mines. Unfortunately, there is a lack of
research indicating which Lean Management tools and techniques could be most useful in
this sector.

2.4. Expert Mathematical Study

In order to investigate the suitability of Lean Management tools and techniques in coal
mines and thus to confirm the theses and individual examples of Lean implementations
cited above, the authors of this article used an expert-mathematical method.

The expert-mathematical method, also known as the method of competent judges [64],
remains an effective method for forecasting and scientifically solving complex tasks. Its
essence consists of the use of data obtained as a result of a scientifically justified procedure
of collecting, systematising and analysing information from experts in a given field [65]. It
is a method using, among other things, elements of the Delphi method, group evaluation of
experts, analysis of experts” competence and concordance analysis (concordance of experts’
evaluations by Kendall’s W coefficient).

2.4.1. Lean Management Method and Its Tools

The work began with the design of a research sheet in line with the requirements of the
expert-mathematical method. Its most important function was to collect expert assessments
of the usefulness of Lean tools and techniques in the conditions of Polish coal mines.

In the next stage, five basic production areas of Polish coal mines were determined
(own elaboration based on [66]), for which the usefulness of individual Lean Management
tools and techniques was to be determined:

Accessibility works;

Preparatory works;

Exploitation of the deposit;

Logistics (haulage of excavated material and transport of materials);
Processing of hard coal.

Twelve widely used tools and techniques of the Lean Management method were
then selected:

5S;

TPM—Total Productive Maintenance
Ishikawa diagram;

Spaghetti Diagram;

JIT—Just in time;

Kanban;

VSM—Value Stream Mapping;

Mistake proofing (Poka-yoke);
Employee Suggestion Programme (Kaizen);
OPF—One Piece Flow;

SMED—Single Minute Exchange of Die;
VM—YVisual management.

The spreadsheet prepared by the authors allowed for an assessment of the usefulness
of each of the 12 tools in each of the five areas of mine operation on a scale from 0 (no
usefulness) to 10 (very high usefulness), for a total of 60 questions.

An additional function of the sheet was the possibility for the experts to self-assess
their knowledge regarding each of these five production areas and the Lean Management
method, as well as the sources of their knowledge. This structure of the sheet allowed
for an analysis of the experts” competence in each of the five areas and in terms of the
Lean method.

The sheet was created in the Google Forms tool and consisted of a foreword and two main
parts: an expert self-assessment and an assessment of the usefulness of Lean tools at the mine.
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Table 7 shows the structure of the expert self-assessment sheet for the first of the
following six sections:

Table 7. Study on the usefulness of Lean Management tools in the Polish coal mining industry—part
1—experts’ self-assessment.

. Scale
Question Answers
Please Specify Your Knowledge of the Issue of From 0 to 10 *

Accessibility Works

Please indicate the level of influence of the various
sources of knowledge on your knowledge of the issue High Medium Low
regarding access works:

Theoretical analysis
Practical experience
Knowledge of national and international literature
Knowledge of the state of the issue abroad
Personal intuition

* 0 = No knowledge of the tool, 10 = Very good knowledge of the tool.

Section 1—Lean in Accessibility Works;

Section 2—Lean in Preparatory Works;

Section 3—Lean in the Field Operation;

Section 4—Lean in Logistics (Ore Haulage and Material Transport);

Section 5—Lean in Coal Preparation;

Section 6—Knowledge of Lean Management.

Table 8 shows the structure of the Lean tool suitability assessment sheet at the mine for
the first of the twelve tools (5S, Total Productive Maintenance, Ishikawa Diagram, Spaghetti
Diagram, Just in Time, Kanban, Value Stream Mapping, Mistake proofing—Poka-yoke,
Employee Suggestion Program—Kaizen, OPF—One Piece Flow, Single Minute Exchange
of Die, Visual Management).

Table 8. Study on the usefulness of Lean Management tools in the Polish coal mining industry—part
2—assessment of the usefulness of Lean tools (example for 5S tool).

. Scale
Question Answers
The 5S Tool From0to 10 *

Please evaluate the usefulness of the 55 tool for accessibility works
Please evaluate the usefulness of the 55 tool for preparatory work
Please evaluate the usefulness of the 55 tool for the deposit

exploitation processes

Please evaluate the usefulness of the 55 tool for logistics

Please assess the usefulness of the 55 tool for coal preparation processes

* From ‘Lack of knowledge of the subject’ to ‘Very good knowledge of the subject’.

2.4.2. Selection of Experts

The study adopted a multi-step expert qualification system. The first step was the
selection of an initial group of experts, who were drawn from practitioners in the mining
industry and from a group of academics. For academics, the following qualification criteria
were adopted:

e  Authorship or co-authorship of scientific papers in the field of broadly defined man-
agement in hard coal mining in Poland;
Possession of at least a doctoral degree;
For industrial workers, on the other hand, the following criteria were adopted:
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Working in a Polish coal mine;
Senior management (survey sheets were mainly addressed to mine directors and
technical directors of mine operations).

In step two, a competency analysis of the experts who took part in the study was
carried out based on a self-assessment and an analysis of the experts’ sources of knowledge.
This part asked, among other things, about their knowledge regarding the operation of
selected production areas of coal mines and about Lean Management.

Step three was to analyse the concordance of the experts’ ratings. The most commonly
used measure for this purpose is the concordance coefficient (Kendall’s W coefficient), pro-
posed by Kendall and Smith [67]. For a concordance analysis to be statistically significant,
a certain minimum number of experts is required, depending, among other things, on the
number of questions (factors assessed in the study).

The minimum number of experts is calculated from the relationship defined by
Formula (1) below [68] after [65]:

fpb—1)

NE= 3D DW,

M

where:

Np—minimum number of experts required;

fp (b — 1)—the quantiles of the distribution X? corresponding to the confidence level 8 and
the number of degrees of freedom b — 1;

b—the number of factors assessed,;

y—assumed accuracy in assessing concordance (Kendall's W);

Wo—the minimum limit value of the concordance coefficient (Kendall’s W).

The multi-step approach reduces the number of experts whose knowledge is used in
the study, which, on the one hand, may result in an insufficient number of experts, but on
the other hand, ensures that those who have gone through all three steps of the algorithm
have the necessary knowledge and competence.

2.4.3. Assessment of Experts” Competence

The expert team should be competent and composed of high-calibre specialists with
(moderately) compatible views. In addition to objective indicators of competence, such
as, for example, the number of scientific publications, academic title held, the number of
years worked, or position held. Self-evaluation can be an important element. The practice
has shown that an expert’s self-assessment of his or her relative competence in various
fields can be relatively well correlated with his or her actual proficiency in those fields [69]
after [70].

In the survey sheet prepared according to the method of competent judges, in addition
to the main subject of the experts” assessment, there is also a section on the expert’s self-
assessment (on a scale from 0 to 10) [71] and sources of knowledge. This allows for the
subsequent elimination of expert judgements that, for example, do not feel competent in a
particular part of the subject under study.

Additional verification of the expert’s self-assessment is done by analysing the sources
of knowledge held by the expert and determining the competence degree coefficient. The
expert’s degree of competence coefficient is calculated from the relationship described by
Equation (2) [70,71] et al.:

_kz+ ks

K
k 2

@)

where:

Ky—expert competence coefficient;
K,—coefficient of knowledge of the problem in question on a point scale multiplied by 0.1,
obtained from the self-assessment;
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K;—the argumentation coefficient obtained by adding up the scores from the master table
(shown in Table 9), as indicated by the experts in the analysis of the impact of knowledge
sources on the knowledge of the issue.

Table 9. Benchmark table for the determination of the argumentation coefficient k, [70] i [71].

Degree of Influence of the Source on

Source of Argumentation (Expert Knowledge) the Expert’s Assessment
High Medium Low
Theoretical analysis 0.30 0.20 0.10
Practical experience 0.50 0.40 0.20
Knowledge of national and international literature 0.10 0.10 0.10
Knowledge of the state of the issue abroad 0.05 0.05 0.05
Personal intuition 0.05 0.05 0.05

It is worth noting that practical experience and theoretical analysis are the most
important elements when calculating the argumentation coefficient. The level of knowledge
of the literature, the state of the issue abroad and, finally, the expert’s own intuition has
no influence on the value of the argumentation coefficient. Thus, an expert with a low
influence of practical experience and no theoretical research on the issue will obtain the
lowest possible argumentation coefficient value. Such a result may not be sufficient to
qualify this expert’s knowledge for further research, even they rated their own knowledge
of the issue highly. This methodology favours experts with a high impact of theoretical
analysis and practical experience.

The higher the value of the competence index is taken as a limit value, the more
proficient experts” knowledge will be used in the study, eliminating the knowledge of
less competent persons. As a consequence, however, it is possible to reject people who
are, in fact, high-level experts but have assessed their knowledge too harshly. Another
consequence may be that the number of experts whose knowledge will be used in the study
is too low.

As an example of a limiting competence factor to qualify an expert for a study, some
authors give a value of Ki = 0.5 [70]. Others consider this value as “low” and 0.8 as
“medium” [65]. In light of the above, Ky = 0.7 appears to be a safe limit value, indicating
sufficient competence of the expert taking part in the study.

2.4.4. Assessment of Experts’ Compliance

There are three main sources of disagreement in opinions on a given subject of evalu-
ation. The first is the low competence of the group of evaluators (the competence of the
group as a whole rather than of individual members is more relevant here). The second
reason for disagreement is related to an improperly organised evaluation process. The third
source of disagreement is an ill-defined object of evaluation [72].

The finding of non-conformity in the assessments should result in action being taken to
eliminate the causes of non-conformity or, where the causes are not remediable, refraining
from formulating an overall assessment [72].

In order to assess the concordance of the experts’ assessments, the results of their
assessments should be transformed into the form of rank orderings (preference series).

Spearman’s rank correlation coefficient p or Kendall’s rank correlation coefficient t is
used to measure the ordering consistency between two preference series. When comparing
more than two rank series, Kendall’s W concordance coefficient is the most commonly used
measure for assessing preference congruence [72].

The measurement of concordance is reduced to the construction of the W coefficient,
in which the numerator expresses a value reflecting the degree of actual links between the
preference series (S) and the denominator, an analogous value calculated for the situation
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of full concordance of rank orderings, i.e., the maximum possible Sy [72], which is carried
out using Formula (3):

Zr‘lz R — m(n+1) 2‘
W — S _ ] 11( ] 2 )
Smax Emz(rﬂ — I’l)

®)

where:

S—the degree of actual linkage between preferential series;

Sax—the maximum achievable degree of linkage between preferential series;
Rj—the sum of ranks for the jth object;

n—the number of assessed objects;

m—the number of expert assessors.

If the results of the expert assessments produce series with tied ranks, the averaged
rank method is necessary to use the concordance coefficient in measuring concordance.
The method involves averaging the tied ranks so that they produce a series analogous to
the series in the strong order. This transformation results in an ordering whose sum of the
ranks is equal to (n (n + 1))/2, i.e., equal to the sum of the analogous series with unrelated
ranks [72].

To determine the value of the concordance coefficient for tied ranks, in addition to
averaging the ranks, it is also necessary to make an adjustment in the denominator of the
concordance coefficient (Syx). For this purpose, for ranks with tied ranks, the value of Ti is
calculated according to Formula (4):

1&
Ti=15. (tf —tj) (4)
j=1
where:
k—the number of groups having the same rank (j =1, 2, .. ., k) in the i-th row;
ti—the number of identical tied ranks in a given group.
When all m series have tied ranks, the value of T is determined from the following
Equation (5):

T=)T ©)

o

I
—

where:
T—correction for tied ranks occurring in all ranks.

In the case of full concordance between m series, the tied ranks refer to the same
objects, so the magnitude of T is multiplied by m. Finally, the concordance coefficient for
the case with tied ranks is determined by the following Equation (6):

1
S - 7:1(Rj _ m(n2+ ))2

Smax —mT f—zmz(n?’ —n) —mT

W= (6)

The Kendall’s W concordance coefficient calculated in this way takes a level on a scale
from O to 1. The degrees of concordance for the W coefficient are prioritized as follows [71]:

Sufficient—We <0.20; 0.40>;
Good—We <0.41; 0.60>;
Plus good—We <0.60; 0.80>;
Very good—We <0.81; 0.95>;
Ideal—We <0.96; 1.00>.

The values obtained should be further checked with an appropriate significance test.
Assuming the independence of the experts, we can consider that the occurrence of a
particular rank ordering is as likely as any other. On this basis, the distribution S can be
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identified. For a given m and n, there are n!"™ all possible rank orderings. For low values of
m and n, arrays of the actual probability distribution of obtaining a particular value of a
given S have been developed.

For n > 7, a satisfactory approximation of the true S distribution is the chi-square
distribution is given. For robust rankings, the value of the yx statistic,? is calculated from
the Equation (7):

2 S
Xy =m(n—-1W Tom(n 1) @)

For tied ranks, this value is calculated according to the Formula (8):

S
f—Zmn(n +1)— ﬁT

X =m(n—1)W = (8)

Testing the statistical significance of the concordance coefficient involves the null
hypothesis Hy, that the rank series under study are uncorrelated. The null hypothesis is
rejected if the value of x2, calculated according to the above relationship, is equal to or
higher than the value of x2, as read from the chi-square distribution tables for n — 1 degrees
of freedom (df) and for the assumed significance level a.

The rejection of the null hypothesis means that the concordance coefficient W deter-
mined between the expert assessments is not random and can therefore, be used in further
research work.

3. Results

The expert survey described methodologically in Section 2.4 was conducted between
1 March 2021 and 15 April 2021. The sheets were distributed electronically (by email). Each
email contained introductory content, a brief description of the purpose and scope of the
study, a request to participate in the research survey and a link to the survey form.

The form was anonymous and easy to complete by indicating the answer sets of
single-choice questions.

According to the authors, the anonymity of the experts encouraged independent
thinking and allowed them to express their opinions freely without fear of criticism. The
lack of contact between experts, on the other hand, prevented one expert from influencing
another and prevented the study from being dominated by one person or part of the
respondents [65].

A group meeting with experts was also not considered due to the restrictions in place
at the time due to the prevailing COVID-19 pandemic.

Based on the criteria described in the previous section, a group of 110 experts was
selected and sent an email with a link to the form. Among the representatives of science,
there were 59 experts representing scientific and research institutions and 51 associated
with coal mines operating within the territory of Poland.

A total of 54 responses were received, giving a response rate of 49%. It is worth noting
here that, although there are surveys that achieve results above 70% or even 80% [65], in
many surveys conducted via the Internet, the rate is much lower. It is even indicated that
the average level is 5-7% [65]. The 49% obtained was therefore considered by the authors to
be a sufficient result. All answers were complete (the design of the sheet prevented partial
answers—all questions were compulsory).

3.1. Results of the Assessment of Experts’ Competence

The survey sheet targeted experts who should be characterised by a wide range
of competencies within the coal mining industry, but not every high-calibre expert has
a similar level of knowledge of such disparate production areas as preparatory works,
mining or processing. In addition, for the expert’s assessments to be useful, he or she
should also have relevant knowledge of the Lean Management method. For this reason, the
experts were asked to self-assess separately for each of the five main production areas of
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the coal mines as well as their knowledge of the Lean Management method and to indicate
the sources of their knowledge. The value of the competence coefficients for each expert in
each area was then calculated. A level of 0.7 was adopted as the level of the competence
coefficient, allowing the expert to be considered sufficiently competent. This level of the
coefficient was adopted as the minimum limit value qualifying the experts for the study.

For each of the five designated production areas of the mine, experts with the minimum
required competence factor value in the area and in the Lean Management method were
selected. This made it possible to designate between 14 and 16 experts (depending on
the area) whose assessments were used in the remainder of the study. Out of a total of
54 experts who completed the survey form, only 19 met the requirements in at least one
production area of the mine and in knowledge of the Lean Management method.

The reason for rejecting as many as 32 forms was insufficient knowledge of the Lean
method. In order to competently assess the applicability of Lean Management tools to a
mine’s production area, it is essential to have expert knowledge of the method. This points
to the need to popularise Lean Management among mining experts, especially in view of
the numerous successful applications in other industries.

To check if the number of experts was sufficient, the relationship described by Equation (1)
was used, and the minimum number of experts was calculated for the following parameters:

The number of factors b = 12 (12 Lean tools);
In line with practice [74], the value of ¥ was assumed to be 0.01;
In line with practice [71], a minimum sufficient value for the Kendall concordance
coefficient Wy = 0.2;
o  Confidence level g = 0.95.

For each of the mine production areas, the minimum number of experts calculated
in the above manner is 9, while the number of experts who were qualified as sufficiently
competent is between 14 and 16, depending on the mine area. For each area, the minimum
number of experts has therefore been reached.

3.2. Results of Expert Concordance

In the next step, a check was made on the level of concordance regarding the qualified
experts. In the case under consideration, there are series with related ranks. This is primarily
due to the very purpose of the survey. In order to obtain ranks with a strong order, it would
have been necessary to ask the experts to rank the individual Lean tools in order from
least to the most useful in a given production area of the mine. Such an approach would
not have answered the key questions of whether and how useful Lean tools could be in
particular production areas of mines. After all, in a ranking of strengths, even a tool that
would be indicated as the best among the 12 proposed would not necessarily, according to
the expert, be suitable for implementation. Similarly, in the expert’s opinion, when all tools
are suitable for implementation in a particular area of the mine, a strong ranking would
not convey this information. Further expansion of the survey sheet would be necessary.

In the current form of the spreadsheet, each expert could independently rate the
usefulness of each of the 12 tools in each area on a scale from 0 to 10. The resulting tool
usefulness ratings can be ranked from least useful to most useful, but the results should
be treated as ranks with tied ranks, as more than one tool could receive the same rating
from a given expert—and thus be ranked ex aequo in the same place in the ranking. In the
present case, this even had to happen, as there are 12 evaluated objects (Lean tools), and
the possible scoring has only 11 items (from 0 to 10).

If the results of the experts’ evaluations produce ranks with tied ranks, these should be
transformed into averaged ranks, as detailed in Section 2.4.4. The transformation was done
for each expert in each area. After the transformation of the ranks, the mutual positions
of the individual tools in the ‘ranking” do not change. However, the sum of the averaged
ranks changes and, after the transformation, is equal to the sum of the ranks in the strong
ranking (i.e., in the case studied, the sum of consecutive numbers from 1 to 12, i.e., 78). This
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makes it possible to determine the value of the concordance coefficient, unencumbered by
the error resulting from the unequal sum of ranks.

An additional advantage of such a transformation is that it allows a more accurate
comparison of expert assessments of different stringency. For example, an expert using
only ratings between 0 and 5 in practice may, in fact, rate very similarly to an expert using
ratings between 4 and 10 (as long as the lowest, average and highest ratings are for the
same tools). Of course, in the final analysis of the usefulness of the tools in question, it is
the individual experts” “absolute” numerical assessment of the usefulness of the tool itself
that is most important.

Table 10 shows an example of the averaged ranks (transformed from expert assess-
ments) for assessing the application of Lean tools in accessibility works.

Table 10. Averaged ranks of ratings given by competent experts to Lean tools for accessing works.

E}:"; , 55 TPM E;ﬁir:::l ;);:gglrlft‘t‘i JIT Kanban VSM  Poka-Yoke Kaizen OPF SMED VM
3 80 80 8.0 8.0 2.0 4.0 2.0 12.0 80 80 80 20
5 120 20 9.5 6.5 4.0 6.5 40 95 95 10 40 95
7 100 115 115 55 55 55 9.0 55 55 15 55 15
9 120 100 10.0 45 2.0 45 10.0 7.5 75 10 45 45
14 105 105 105 105 1.0 2.0 6.0 6.0 60 35 80 35
) 75 75 7.5 25 15 25 7.5 115 75 25 75 25
43 115 115 9.0 6.0 6.0 4.0 6.0 3.0 90 15 15 90
47 90 9.0 9.0 9.0 9.0 9.0 5.0 35 15 35 90 15
48 75 100 12.0 10.0 55 35 10.0 35 75 15 55 15
49 85 85 25 40 8.5 85 85 85 85 10 25 85
50 95 95 9.5 5.0 9.5 40 6.0 2.0 95 30 10 95
52 105 105 105 35 6.0 2.0 10.5 6.0 80 10 60 35
53 100 100 12.0 45 8.0 45 6.5 6.5 100 10 20 30
54 95 95 6.5 45 45 3.0 1.0 9.5 120 20 65 95

To facilitate interpretation of the table, a colour scale was used, where the colour of
each cell represents the value of the averaged rank given by the m-th expert to the n-th tool.
The scale has 12 colours (from dark red for the lowest possible averaged rank value of 1,
through shades of red, orange, yellow and green to dark green representing the highest
possible averaged rank value of 12).

To determine the value of the concordance coefficient for the tied ranks, in addition to
averaging the ranks, it is also necessary to make a T correction in the denominator of the
concordance coefficient. In the study carried out, all m series for each of the mine areas
studied have tied ranks. In this case, the T-value was calculated using Formula (5). The
calculations were carried out separately for each study area.

The next step was to calculate the value of Kendall’s W concordance coefficient, using
Formula (6), and the value of the mean rank correlation coefficient p,, Spearman for each
of the mine’s production areas. The results of the above calculations are shown in Table 11.

The value of the calculated concordance coefficient W ranged from 0.41 for the acces-
sibility works to 0.46 for the exploitation of the deposit. Referring to the scale for the W
coefficient described in Section 2.4.4, the results obtained show good concordance between
the expert assessors for each of the mine areas examined.

On the basis of the obtained values of the concordance coefficient W and Spearman’s
rank correlation, it should be considered that the concordance between the experts is
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sufficient to make generalised judgements and decisions based on them. However, these
values should be checked with an appropriate significance test beforehand.

Table 11. Kendall’s W coefficients and Spearman’s p,, values for the qualified groups of experts in

each area.
Number of Number of Factors Kendall Factor Mean Spearman Rank

Mine Production Area Qualified Experts (Tools) Assessed Value Correlation Coefficient Value
m n W pav
Accessibility works 14 12 0.41 0.36
Preparatory works 15 12 0.45 0.41
Exploitation of the deposit 16 12 0.46 0.43
Logistics 15 12 0.43 0.39
Hard coal preparation 14 12 0.43 0.38

For n > 7 (and, in the case under study, n = 12), a satisfactory approximation of the
true S distribution is a chi-square distribution.

Testing the statistical significance of the coefficient of concordance involves posing
the null hypothesis (Hp) that the rank series under study are not related. In the case under
test, the null hypothesis is rejected if the calculated value of x? for the tied ranks is equal
to or higher than the value of x2, as read from the chi-square distribution tables for n — 1
degrees of freedom (df) and for an assumed significance level a = 0.05.

The calculated x values,? and the readings from the tables [? ] of the x valuesy? for
the expert assessments studied are given in Table 12.

Table 12. Calculated x values,? and table read X valuesy?.

Mine Production Area Calculatezd Value Array Valuze Reading
Xr Xu
Accessibility works 62,779 19,675
Preparatory works 73,674 19,675
Exploitation of the deposit 81,439 19,675
Logistics 70,357 19,675
Hard coal preparation 65,899 19,675

On the basis of the above data for each of the mine’s production areas, the null hy-
pothesis stating that the series under study are not related to each other must be rejected.
It can therefore be assumed that the concordance W coefficients determined between the
experts’ assessments are not random—they are therefore statistically significant. The evalu-
ations obtained from the selected, competent experts can therefore be used to formulate
generalised evaluations and decisions.

3.3. Empirical Results of the Expert Study

As shown in Sections 3.1 and 3.2, a sufficient number of competent experts participated
in the survey, and their responses should be considered to be in agreement, allowing them
to be used in further research.

Table 13 shows the averaged results of the assessments of the usefulness of the various
Lean tools in each area of the mine operation.

Based on the analysis of the results in Table 13, it can be seen that in all areas, the
55 tool was considered the most useful by the experts. Among the tools whose averaged
usefulness was rated above 8 were Total Productive Maintenance and Ishikawa Diagram.

Similarly, the lowest-rated tool was consistently One-Piece Flow, with an average
rating of just 3.7 for the usefulness of this tool across the different areas of mining operations.
The next lowest-rated tools were SMED and Kanban, although for these tools, the rating
was more dependent on the area of mining operations.
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Table 13. Averaged results of suitability assessments.

Tool Accessibility Works  Preparatory Works EXPIOSZ;:::; to fthe Logistics P?:;:rgg 211
55 8.0 8.5 8.7 9.1 9.2
TPM 7.9 8.3 8.6 8.7 9.1
Ishikawa diagram 8.0 8.0 8.1 8.1 8.4
Spaghetti diagram 6.4 6.6 6.3 7.1 7.4
JIT 5.9 5.9 6.1 7.1 6.6
Kanban 5.1 5.2 5.4 6.6 5.7
VSM 6.2 6.0 5.9 6.1 6.2
Poka-yoke 5.6 54 6.3 6.1 6.1
Kaizen 6.9 6.6 6.8 7.3 6.8
OPF 3.1 3.5 3.6 4.0 4.4
SMED 4.9 4.4 4.4 4.9 5.6
VM 5.5 5.3 5.8 6 7.1

In addition to the mean scores, basic statistics were determined for all results (an
example of the coal preparation area is shown in Table 14) and presented in the form of
empirical columnar distributions (shown in Table 15).

Table 14. Basic statistics for assessing (on a scale of 0 to 10) the usefulness of applying Lean Manage-
ment tools in hard coal preparation.

The Number of Arithmetic Mean Median Dominant Stretch Deviation

Tool Assessments

a Me D R S
m

5S 14 9.2 9 10 3 0.9
TPM 14 9.1 9 10 3 1.0
Ishikawa diagram 14 8.4 9 8 5 1.4
Spaghetti diagram 14 7.4 8 9 6 1.9
JIT 14 6.6 7 5 10 25
Kanban 14 5.7 6 9 10 2.9
VSM 14 6.2 7 9 8 24
Poka-yoke 14 6.1 8 8 10 3.5
Kaizen 14 6.8 8 10 9 3.2
OPF 14 4.4 5 0 9 2.9
SMED 14 5.6 6 7 9 2.8
VM 14 7.1 8 10 9 2.9

Table 15. Distributions of empirically obtained expert evaluations (each bar represents the number of
evaluations obtained, and the horizontal axis represents the rating on a scale from 0 to 10).

Tool Accessibility Preparatory Exploitation of Logistics Hard Coal
Works Works the Deposit & Preparation

8 8 8 8 8 9

7 7 A 7 7 7 A

6 6 6 6 6

i i H 3 7]

55 3] I 31 3 3 31

14 14 1 1 14

0 - 0 - 0 4 0 4 0

012345678910 012345678910 012345678910 012345678910 012345678910

8 8 8 9 8 4 8 9

7 7 74 74 7 A

6 6 6 6 6

H 7] i i i

TPM 3 31 .I 31 3] 3
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0 4 0 - 0 - 0 - 0+

012345678910 012345678910 012345678910 012345678910 012345678910
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Table 15. Cont.

Accessibility Preparatory Exploitation of . Hard Coal
Tool . Logistics .
Works Works the Deposit Preparation
8 9 8 9 8 8 9 8
7 4 74 7 7 4 7
6 6 6 1
i i i i ;
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14 14 1 1
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4. Discussion and Conclusions

The literature examples cited in the paper indicating the applicability of individual
elements of the Lean Management method in mining conditions are mainly based on
the opinions and experience of the authors of the individual publications cited and on
individual practical implementations by some mining companies. However, there is
certainly a lack of articles presenting the results of empirical studies of this issue, going in
the direction of systematising knowledge on the usability as well as the implementation
algorithm of individual Lean tools in mining. For this reason, the following article presents
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the course and results of the author’s expert-mathematical study on the assessment of the
usefulness of individual Lean Management tools and techniques in a coal mine. The study
made use of the knowledge obtained from selected, competent experts, who showed a high
level of agreement in their assessments.

They indicated the highest usefulness of the 55, Total Productive Maintenance (TPM),
and Ishikawa Diagram tools. It is worth noting that the experts highlighted the high utility
of these tools in all areas of the mine’s operation, with slightly (a few per cent) lower relative
levels compared to providing works. If we consider the methodological guidance of Lean
Manufacturing, it should be noted that both 55 and TPM belong to tools used for managing
production factors, specifically, space and equipment and machinery, respectively. This
points to the greatest utility of such Lean tools, as well as production factors themselves,
in the coal mining industry. Directly following the Lean tools used for standardisation
and optimisation of production factors, experts identified, in terms of the highest utility,
the Ishikawa Diagram. This tool is used for identifying the root causes of problems and
is one of the quality tools belonging to the group of problem-solving tools. According to
the authors of this publication, this indicates a high need for the application of solutions
related to identifying the causes of defects and subsequently eliminating them. This is an
evident reference to the third principle of Lean Manufacturing, which is the principle of
identifying root causes [23]. It may also be related, although it is not a final conclusion but
rather a supposition, to the connection of this tool with the previously mentioned 55 and
TPM. Especially in the case of the latter, it seems very likely, considering the approach to
error elimination through the identification and elimination of their causes, which takes
place in Step 4 and Step 5 of TPM [58].

Analyzing the values of assessments provided by experts regarding the other Lean
Manufacturing tools, it is noteworthy that their indicated level of usefulness is significantly
lower. It is approximately 25-30% lower in this regard compared to 5S, TPM, and the
Ishikawa Diagram. This is symptomatic considering the fact that among these tools are
those related to logistics, material flow, and the product stream itself. Significantly lower, by
over 40%, is the assessment of the usefulness of SMED, and over 70% lower is the usefulness
of OPE This is surprising, especially in the case of the SMED tool, which, like TPM, relates
to the machinery park, although it is focused on changeovers rather than maintenance. This
can be explained to some extent by the connection of SMED with maximising flow capacity.

Further interesting insights were provided by basic statistical calculations regarding
the usefulness of applying Lean tools. It is worth noting, in this regard, the relatively low
values of dispersion characteristics, especially the range, for the highest and lowest-rated
tools, as well as the highest levels of these characteristics for tools related to maximising the
operational efficiency of product flow, mainly JIT, Kanban, and Poka-Yoke. This indicates a
lack of consensus among experts regarding these tools.

The assessments on the usefulness of Lean tools presented in the previous chapter can
become a useful guideline for mine managers in the selection of methods to improve mine
production.

It is worth noting that, despite the good agreement shown between the experts, for
most of the surveyed tools, it is possible to observe a considerable variability in the ratings
obtained. In addition, it is important to recognise that the scores obtained are subjective—
for one expert, a 7 may mean high usefulness, while for another, it may mean medium
usefulness at best. On the basis of the research conducted so far, it is not possible to draw
a clear line of demarcation between tools of low usefulness and tools of medium or high
usefulness, as this boundary may run slightly differently for each expert.

The next step to consider seems to be the selection of an appropriate inference method
in order to determine the tools that should be applied in particular areas of the mine’s
operation in order to assist managers in deciding whether to implement a particular tool in
a particular area.
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Analysing the available methods of inference and decision support, it seems that a
method that can be used to solve the above research problem is the method of inference
using fuzzy logic rules.

The next planned stage of the research is to determine a theoretical, fuzzy model of
the inference system. Then, this model can be fed with the empirical results obtained in
the above study to build a model and algorithm for the application and implementation,
respectively, of the Lean Management method in coal mines.
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