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Abstract

:

The sustainable development of an organisation requires a holistic approach to the evaluation of an enterprise’s goals and activities. The essential means enabling an organisation to achieve goals are business processes. Properly managed, business processes are a source of revenue and become an implementation of business strategy. The critical elements in process management in an enterprise are process monitoring and control. It is therefore essential to identify the Key Performance Indicators (KPIs) that are relevant to the analysed processes. Process monitoring can be performed at various levels of management, as well as from different perspectives: operational, financial, security, or maintenance. Some of the indicators known from other fields (such as personnel management, finance, or lean manufacturing) can be used in mining. However, the operational mining processes require a definition of specific indicators, especially in the context of increasing the productivity of mining machines and the possibility of using sensor data from machines and devices. The article presents a list of efficiency indicators adjusted to the specifics and particular needs of the mining industry resulting from the Industry 4.0 concept, as well as sustainable business performance. Using the conducted research and analysis, a list of indicators has been developed concerning person groups, which may serve as a benchmark for mining industry entities. The presented proposal is a result of work conducted in the SmartHUB project, which aims to create an Industrial Internet of Things (IIoT) platform that will support process management in the mining industry.
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1. Introduction


In response to the constantly growing requirements of the business environment in terms of the quality of provided products and the necessity to increase their competitiveness, companies are seeking methods and techniques for the continuous improvement of their processes. Currently, organisations have the opportunity to develop and improve their performance through progressive technological development and the dissemination of computer devices [1,2]. The present technical conditions allow for the implementation of advanced technological solutions and provide more widespread access to the infrastructure that enables the acquisition of information directly from industrial equipment. Data collection is the starting point for a comprehensive understanding of the processes and specifics of the utilised machines and, consequently, the implementation of improvements at all levels of management in the organisation.



In the context of the current industrial and digital transformation, the widely discussed term of Industry 4.0 has a significant role to play. Industry 4.0 is a concept that involves a variety of technological solutions and covers activities and measures affecting the entire industrial ecosystem [3] and may improve the policy of sustainable business development. The main assumptions of the Industry 4.0 concept are exemplified in papers undertaken by [4,5,6,7,8]. An essential component of Industry 4.0 is the Internet of Things (IoT), which enables the integration of multiple devices into one integrated system, collecting data from the entire infrastructure and environment. The monitoring of various machines based on IoT systems is an invaluable source of knowledge about the process. With a view to the application of Industry 4.0 in mines, the concept of the Industrial Internet of Things (IIoT) is particularly important, bringing the assumptions of the Internet of Things to the field of industrial operations.



The implementation of the concept of Industry 4.0 marks the beginning of intensive industrial progress and enables a new approach to the development of sustainable knowledge-based management. Sustainable development is a key factor determining the selection and deployment of appropriate process evaluation indicators, which can significantly affect not only the performance of the conducted operations but also sustainable development from a business perspective. Technological development, enabling the acquisition of measurable process parameters, may be a starting point for making reasonable decisions; properly managing resources; increasing the level of safety; and, as a result, improving the overall sustainable business performance in the mining industry.



Nevertheless, despite the considerable benefits and opportunities arising from the implementation of Industry 4.0, the potential for implementing emerging technologies often remains unexploited, and sensor-based information is rarely fully used to support decision-making systems. These challenges are mainly rooted in the high costs of implementing new technologies, the demands for the appropriate qualifications of personnel, and the necessity to store and analyse large amounts of data. A prerequisite for the optimum use of existing infrastructure and the achievement of company goals is the formulation of appropriate measures and tools for evaluating the efficiency of industrial processes. Measurable and significant instruments in assessing the success of an organisation’s objectives are indicators defined by the term Key Performance Indicators (KPIs). The definition in the paper [9] states that “KPIs act as a set of measures focusing on those sides of organisational performance that are critical for the success of the organisation”.



The improvement of the mining processes has become increasingly noticeable in recent years. Mining companies are looking for new opportunities to optimise processes, implementing new policies for automation, using digital technologies [1,5,10,11,12,13], and utilising modern computer programmes to support technological processes [14]. Taking into account the progressive digitalisation of the mining industry, there is a need to identify mining KPIs which are suited to enable the comprehensive and sustainable management of mines. Increasing the efficiency of the conducted processes is invariably the major objective of mining companies. Efficient processes determine the efficiency of the entire organisation and are dependent on the established management system in the company. The crucial issue at this point is to know how to make use of the collected data to improve the performance of the work. By taking advantage of the opportunities offered by digital transformation, such as real-time process and machine monitoring, minimising equipment downtime, and reducing maintenance costs, companies are able to implement the required infrastructure and systems to collect and store process and machine data to improve performance and increase productivity. With the accurate and detailed processing and interpretation of the data, this is the basis for a monitoring and managing system for both individual machines and processes as a whole.



Performance indicators are widely used and highly beneficial in many economic sectors [15,16,17]. Mining process management may make use of KPIs established in other fields, however, we must bear in mind that operational mining processes require the formulation of reliable performance indicators to account for a range of different mining operations. In the literature, various examples may be found describing the applicability of indicators in the field of optimisation and, less commonly, concrete KPI classification. The literature references cover very different fields, most often discussing financial and human resources and operational KPI implementation [18,19,20,21]. The topics discussed are also to be found in publications from the mining domain [21,22,23]; however, these are often incomplete and do not reflect the possibilities offered by the use of sensor data. Thus, the main contribution of our article is a comprehensive list of indicators applicable at different management levels, taking into account the main perspectives of a process, such as work environment, machinery, and the human factor.



Our paper presents the results of research conducted in the SmartHUB project (financed by EIT Raw Materials), which aims to create an IIoT platform that will support process management in the mining industry.



The paper is organised as follows: Section 2 presents an introduction to process monitoring and the methodology of Systematic Literature Review (SLR). The obtained results from the SLR and the proposal of KPIs in the mining industry and their discussion are presented in Section 3. Finally, Section 4 concludes the paper and points out the value of KPI benchmarking in the effective management of mining processes, as well as indicating possible directions for future work based on a KPI survey.




2. Materials and Methods


In this section, we present selected materials and methods crucial for the paper’s content, such as process monitoring and control, as well as a systematic literature review plan, which are presented in Section 2.1 and Section 2.2, respectively.



2.1. Process Monitoring and Control


Process monitoring and control is one of the essential phases of Business Process Management (BPM). The main reasons why companies have to monitor and control their business activities and processes come from legal regulations or the need to find and correct errors in process execution and increase the process efficiency. An increase in process efficiency can be achieved by using monitoring data to optimise the process, as well as performing integrated planning based on the available process data. One possibility in this area is to identify important goals and success factors and use them to define KPIs [24]. Defined KPIs are monitored in order to find deviations from the reference values, enabling immediate reaction and the provision of corrections to process execution.



Process monitoring can be performed at various levels of management, as well as from different perspectives, including technical, operational, financial, safety, or maintenance perspectives. However, it should combine extensive knowledge about the process with available data sources providing up-to-date information on its performance.



Some of the indicators known from other fields (such as personnel management, finance, or lean manufacturing) can be used in mining (e.g., earnings before deducting interest and taxes (EBIT), the turnover per employee, value added per employee, health and environment incidents, Total Effective Equipment Performance (TEEP), loading time, cycle time, etc.). However, the operational mining processes require a definition of specific indicators, especially in the context of increasing the productivity of mining machines and the possibility of using sensor data from machines and devices.



As part of the current adoption of IIoT solutions in the mining industry, mines are equipped with various sensors enabling the monitoring of processes. Among them, one can find machinery sensors, environmental sensors, and human sensors (implemented, among others, in wearable devices such as smartwatches, smart eyewear, smart clothing, wearable cameras, and others [25]). Their application covers all aspects of process execution, such as machinery performance (i.e., statuses, payloads, energy consumption); environmental conditions (i.e., temperature, humidity, air quality, raw material quality); the monitoring of natural hazards [26]; and, last but not least, human performance (i.e., body readings, such as temperature, pulse, the monitoring of the brain activity, and the detection of worker fatigue levels or worker tracking).



These rather technical readings are the basis for conversion into more general KPIs (Figure 1).



The definition of KPIs has to take into consideration the following perspectives of a mining process, such as work environment (deposit, natural hazards, ventilation issues), machinery (becoming in recent years more advanced from the information technology point of view), and finally the human factor. These three perspectives decide the process performance and raise, at their cross-sections, important issues which should be monitored and managed in the process, such as maintenance issues, safety issues, and operational issues.



In our research, we investigated the most important indicators for a mining company related to all the mentioned perspectives. The collection of KPIs was initiated with the SLR approach, whose methodology is described in the next section.




2.2. Systematic Literature Review


The company’s efforts to improve their processes over the years resulted in significant progress in terms of the development of performance indicators and popularised the subject of KPIs among decision-makers. Taking these issues and the gap observed in the mining industry in the area of process performance assessment into consideration, the following research questions (RQ) were formulated:




	RQ1:

	
What are the main areas of the application of KPIs in an organisation?




	RQ2:

	
What are the most commonly used KPIs for data-based process optimisation in the mining industry?









RQ1 focuses on illustrating the areas of the organisation in which KPIs are applied. Organisations adopt different performance indicators depending on the industry in which they operate and the market where they compete. The measures of process evaluation are strictly related to the function of the decision-maker, as well as the scale of operation and strategy of the company. The process understanding and availability of data will also differentiate the indicators applied in a particular organisation. It is, therefore, important to consider the various examples of the use of KPIs as a basis for further analysis and define the main fields of KPI application.



RQ2 is dedicated to identifying KPIs that have been used in the raw materials industry. The searches in this area focus on the analysis of literature examples, discussing efficiency indicators dedicated to the mining industry and the optimisation of mining processes based on specific measurements and parameters.



To identify the primary literature references covering the issue of KPIs Web of Science (WoS) and Wiley Online Library (WOL) were investigated as the primary databases for research. Both databases were selected due to their broad thematic scope and interdisciplinary papers. The main steps used in the SLR are illustrated in Figure 2.



The first step primarily focuses on literature research to find papers from a wide range of fields, covering publications from a variety of sectors as benchmarks for the examination. The period covered by the analysis is 2010–2020 and it is deemed most relevant for the study. The literature review comprises research and review articles, conference papers, book chapters, as well as additional publications and the reports of leading mining companies published on their homepages. In order to increase the relevance of the conducted search, a list of criteria has been defined to help select the most appropriate literature positions.



The keyword used for the selection of articles was “Key Performance Indicator” in the article titles or abstracts. Only peer-reviewed articles written in English were selected. In the first step of the research, we obtained a total of 8640 results in Web of Science and 729,465 results in the Wiley Online Library.



In the second step, the literature review was focused on issues covering mining and raw materials. In this case, we used a selection of options according to scientific categories. Here, the following results were obtained in science categories:




	
For the WoS searching for “mining”, mineral”, “processing”, the results are 32 articles;



	
For the WOL searching for “key performance indicator” in keywords and “mining industry”, there were 26 articles.








In the last screening evaluation, the selection was based on the full text by examining the contents of 58 articles in depth (as presented in Figure 2). The main inclusion criteria used to identify the most relevant papers for the review were as follows: the item thematically corresponds to the main objective of the research—i.e., it proposes measurable parameters for process performance evaluation and provides a significant answer to the formulated research questions.





3. Results


3.1. SLR Results


In the first step, we aimed at presenting areas of the organisation in which KPIs are used. The yearly distribution of papers resulting from the first step of SLR is shown in Figure 3.



The most popular fields with KPIs in WOL were business and management, chemical and biochemical engineering, along with agriculture. The most common science categories for KPIs in WoS were engineering, electrical, and electronics, then management and telecommunications.



We indicated the following areas in an organisation where KPIs are most often used:




	
Finance [18];



	
Human resources [19,20];



	
Customer service [16];



	
Information technology [27,28];



	
Marketing and sales [29];



	
Logistics [17];



	
Technical/operational (differentiated by industry—e.g., manufacturing, quality [21], ergonomic [30]).








In presenting the wide range of use of KPIs in industrial applications, several examples can be given to creating a benchmark list in the selected areas:




	
Human resources: compensation cost, % of participants in communication training, % of training courses matching company requirements, consistent development of leadership skills, and the strengthening of the manager’s role as a coach and a mentor (leadership index) [20].



	
Finance: value added per employee, value added in relation to cost, turnover per employee, investment per employee, value added in relation to investments, and the share of investments to the total costs [18].



	
Operational: availability, utilisation, cycle time, flow time, corrective maintenance ratio, mean time to failure, mean time to repair, overall equipment effectiveness (OEE), production effectiveness, production process ratio, quality, % of available man hours used in proactive work, the number of work order requests, % of scheduled man hours over the total available man hours, the number of unplanned maintenance interventions, unscheduled maintenance downtime, health and environment incidents, and the number of unplanned maintenance interventions [31,32].








To answer RQ2, an overview of examples of KPIs used in the mining industry was created. This study was carried out in two stages. In the first stage, we analysed selected articles (32 in Web of Science and 26 in the Wiley Online Library), which can be further divided into papers related to KPIs in the raw materials in the following domains: financial, organisational, and transport. Most of the articles used in our research were published between 2017 and 2019. In the next stage, we made a list of publications (Table 1) which could be a benchmark for creating our proposal to the mining industry.



The results of the literature review were supplemented by reports and materials published by companies operating in the mining industry. The purpose of adding these supplementary sources was to draw attention to the indicators used in practice. We referred to the reports and data published by selected mining companies, taking into account the leading indicators used by these companies to assess the performance of the organisation.



The exemplary companies selected for the analysis are the mining companies which represent a significant position on the mineral resource market and constitute an essential benchmark for the mining industry as a whole. The following companies were selected for review: BHP Billiton, Rio Tinto, Glencore, Vale, Anglo American, Fortescue Metal, Fresnillo, Newmont, Boliden, and First Quantum Minerals. In addition, these companies regularly publish reports on sustainability performance which provide information on the indicators employed. Based on the information contained in the annual reports available on the companies’ websites (year 2019), the main performance indicators used by the selected companies were identified. The summary of the reported groups’ KPIs in the selected companies is presented in Table 2.



Table 2 presents aggregated and general groups of indicators used by companies to assess performance. For instance, indicators related to financial performance, such as payments, expenditures, dividends, etc., are classified in one group of economic performance indicators, and measurements including energy consumption, biodiversity, climate change, air emissions, and waste are integrated into one group called environment performance. Based on the data presented in the table above, one can observe that many of the indicators are frequently repeated among the analysed companies. The most commonly considered performance monitoring areas cover health and safety, environmental and climate change, community and employee-related performance, and economic performance. Less often, companies address issues such as community relationships and development, production, and society in their reports. The indicators least frequently considered by enterprises are the following: business ethics and transparency, equal opportunities, and the recovery of degraded areas.



For the selected companies, the reported KPI data mainly concern performance in the sustainability dimension, and the reports do not specify indicators focused on the operational measurement of activity in the selected companies. This leads to the conclusion that mining companies concentrate their activities significantly on aspects of sustainable development, bearing in mind that the management and sustainable exploitation of resources is a necessary requirement for companies consciously planning their development.



Some examples can be found in branchial reports and other sources—e.g., “Extraction in terms of efficiency” [67], where several KPIs referring to an excavator, electric shovel, hydraulic excavator, front loader, or mining cables could be found in [68,69], where more specific indicators for the mining sector are presented. Examples of additional indicators are included in Table 3.



Based on the conducted SLR, it may be noted that in the literature, many studies address the issue of KPIs at different levels of detail. On the grounds of the literature review, it can be stated that the most commonly used non-financial groups of indicators in the raw materials industry include safety and health, employees, corporate governance, footprint management, social investment, innovation research, manufacturing, and sales.



The analysis of the selected publications and detailed examination of the indicators presented in the literature leads to the conclusion that there are no comprehensive classifications and specific examples of indicators applicable in the area of process management taking into consideration the mentioned process perspectives. Only a few publications present grouped indicators—e.g., in [68] the proposed classification we include areas such as safety, quality, cost, delivery, and fleet management, and in [22] we can find KPI classification from -process and equipment point of view. Some publications from Table 1 and Table 2 include examples of KPIs, but in our opinion this sector needs a framework enabling a meaningful analysis and classification of KPIs related to the most important issues, such as operations, maintenance, and safety.



Moreover, the unexploited potential of the Industry 4.0 concept has been identified in the use of data from machine sensors for the evaluation of the efficiency of mining processes, with particular emphasis on the operation of machinery and equipment. In response to the lack of a defined classification for indicators relying on the possibilities of IIoT development in the field of monitoring the mining process at work, an attempt was undertaken to develop a comprehensive classification of mining KPIs that also covered this issue.




3.2. Classification and Definition of Mining KPIs for Process Monitoring


The results of the SLR presented in Section 3.1 reveal the variability of utilised KPIs based on the industry they have been defined for. A wide range of available indicators applied for many layers of operations in companies proves the significant potential of implementing KPI monitoring methods, as well as their versatility and the possibility to adapt these indicators to various industries, including mining. While there are several KPIs that overlap with similar industries (e.g., machine availability), the use of specific KPIs tailored to the mining industry is necessary to allow for the comprehensive monitoring of all the involved processes and parameters. This procedure is recommended, as the application of an excessive number of indicators to the process assessment may diminish the focus on the company’s main objectives and result in the lower efficiency of planned improvements [9].



Taking into account the findings above, to support decision-making processes in the mining industry effectively a classification of KPIs adapted to the specificity of the mining process and machinery is necessary. In the scope of this research, KPIs directly contributing to the economic viability of a mining operation are defined and classified. Special consideration is given to the underlying raw material production process and the maintenance works that enable interruption-free machine operation. The selection of indicators for process monitoring should also reflect the objectives of the company, which may require support in decision-making processes in different areas of operation. A particularly beneficial opportunity for mining companies to automate their processes and generate insights from machines is the use of indicators and measures based on real-time data obtained from the machines of the mining operation. The undertaken research was initiated by identifying the main components of performance in mines. From a process perspective, an essential viewpoint in determining KPIs for monitoring a mine’s production performance is the classification of indicators into groups related to the operational perspective, including the technical, temporal, and spatial dimensions of the machines involved in the process (Figure 4).



When considering the KPIs introduced in Figure 4, the technical KPIs are based on sensor measurements on individual machines. As those KPIs can be measured with a high frequency and level of detail, they are directly applicable for the technical monitoring of a machine’s performance. The categories of temporal and spatial KPIs, however, require analyses of machine activities and their surrounding environment, as well as additional information on the ways of working of a machine, increasing the complexity of value collection for these indicators. When looking at the use of a machine, it is relevant to consider at which step within the production process a machine is working and if it is interacting with other machines. Disregarding the required data transmission efforts, the computational effort is necessary to establish the activity and cycle classifications of individual and interacting machines.



It should be noted that, depending on the type of machine, several KPIs may be inapplicable or refer to different ways of working—e.g., while both wheel loaders and dump trucks perform cycles and can carry a payload, their cycles consist of different steps and serve different purposes in the production process. Most of the technical KPIs derived from sensors regarding the inner workings of a machine are independent of the production process and can be compared throughout a multitude of machines (Table 4). The presented technical KPIs are exemplary and can differ from machine to machine, depending on the type of sensor hardware installed on the machine.



Since most of the introduced KPIs in Table 4 only give specific insights on a single machine, they have to be collected on every machine individually. In order to provide KPIs that are representative of multiple machines and shifts or for the complete machine fleet of a mine, the data and KPIs of individual machines need to be aggregated. The most common type of aggregation is the averaging of values, as it allows for comparison with other time frames or machines. This type of aggregation is especially suitable for temporal KPIs, such as operating and idle time or cycle durations, as well as technical KPIs for other machines of the same type and/or model. When KPIs are aggregated, the level of detail decreases, while the considered time span or number of machines increases, allowing the use of KPIs for different use cases. Assigning KPIs to the groups introduced in Figure 4 allows for a segmentation based on the requirements of the different parties working with the data gathered. The different parties or persons are defined to be representative for most mining operations. In the scope of this work, the following persons have been identified and related to KPIs and monitoring requirements: superintendent, shift supervisor, operator, and maintenance manager. Depending on the size of an operation, the types of applicable persons can vary—e.g., multiple management levels can be required when a corporation runs several mine sites. Generally, the interests of these persons are the production performance of one or multiple machines, machine health, or both (Figure 5).



Similar to the hierarchical structure of the persons within a mining operation, their interests are on different levels of detail. Whereas a superintendent is interested in the production performance of the mine as a whole, a shift supervisor’s aim is to reach the production targets of his/her jurisdiction. At the same time, an operator is merely interested in his/her individual work performance. This hierarchical structure expresses an inverse relationship between the level of management and the level of detail. When considering the aspect of machine health, the interested persons are reduced to the maintenance manager, with a responsibility towards the superintendent and shift supervisor persons of ensuring machine health throughout the mining operation, and the operator, whose interest it is to have a well-working machine in order to fulfil his/her work. By segmenting the KPIs based on persons, the potential of process improvements increases, as suitable KPIs for the different types of work to be carried out allow for the application of mitigating measures at the appropriate levels of responsibility and detail. Therefore, a KPI aggregation concept, as previously introduced, can be applied to the areas of responsibility and the scope of tasks performed by a person.



In Table 5, we present our proposal of the most important KPIs concerning the introduced person groups. A discussion of the concept is presented in the next section.




3.3. Discussion of the Presented Concept


The KPIs in Table 5 are mostly in the area of interest of multiple persons. In fact, the associated tasks regarding these KPIs vary significantly for the people involved. For instance, a machine operator recognises the trend of fuel/energy consumption, payload, temperature, engine load, and speed using IIoT solutions. Machine operators inform maintenance managers of any presence of abnormality of temperature, payload, or engine speed, and accordingly receive required directions for troubleshooting. The payload and fuel consumption data are tracked by machine operators, shift engineers, and the mine superintendent. Since the machine operators track the payload and fuel consumption data to evaluate individual performance, the shift engineers and mine superintendents analyse mostly the overall sum for specific time frames, such as shifts, days, weeks, months, or quarters.



The temporal KPIs in Table 5 constitute the combination of the design, operation, and maintenance parameters of a mine. The loading and dumping, queueing and spotting, and relocation durations of a dump truck are the components of its cycle. For a number of operating machines in the mine, the operational quality of the loading machine operator and dump truck operator; machine health; and length, inclination, and quality of the haul road are the deciding factors in these KPIs. Machine operators focus on optimising the durations associated with the cycle, while shift supervisors analyse the overall pit structure, interview the machine operators and maintenance managers regarding the temporal KPIs, and identify the potential bottlenecks in the operation to report all the factors decreasing the efficiency and increasing the cycle durations to the mine superintendents. Mine superintendents analyse all these inputs and take action regarding the mine design and operational workflows based on the temporal KPIs.



The spatial KPIs in Table 5 constitute the mine design factors discussed for spatial KPIs, excluding the KPI “geolocation” of a machine. These KPIs are the responsibility of the mine superintendents and shift supervisors, and directly correlate to the efficiency of the mine design approved by the mine superintendents and the execution quality of these plans. The geolocation of the machine is required for ensuring safety measures—for instance, to identify any machine activity or motion in forbidden areas during a blasting event.



Occupational health and safety (OHS) measures are over-hierarchical measures where compliance to the safety measures is an obligation for each person in the mining environment. The persons share the same aim to reduce the incident rate, Lost Time Injuries (LTI), and Lost Time Injury Frequency Rate (LTIFR). Refresher training is arranged by mine superintendents regularly or depending on an unexpected incident, and each mining person’s participation is mandatory. Mine superintendents collect the reports of incidents or accidents occurring in the operation from the shift supervisor to improve OHS practices and update the guidelines to avoid them in the future. Except for the financial safety indicators, the organisation involves people actively to provide further input for all safety indicators. The worker compensation costs must be tracked by the mine superintendents and included in the financial plans of the mine.



Machine failures and downtime are significant factors impacting the efficiency of a mine operation. Since they have a direct influence on the overall machine availability, the maintenance indicators in Table 5 are tracked by all the people covered in this study. Machine operators record the number of failures to track their performance and evaluate their operational excellence in order to not cause any further faults or failures. The frequency of failures and the duration of the repair works induces financial and temporal stress on the mine, as well as procurement planning and spare part stock management. Therefore, maintenance managers must report the mean time between failures, the distribution of failure types, the man-hours needed for the maintenance practices, and the other KPIs covered in Table 5. These reports must be evaluated by shift supervisors, mine superintendents, and maintenance managers to identify the cause of a machine failure. These causes can be classified as follows: poor pit conditions, low operational quality, inefficient mine design, not-fit-for-purpose machine fleet. For instance, a bumpy haul road might lead to damaged tires on a dump-truck, which then leads to suspension failure or a flat tire, where the shift supervisor is the person responsible to ensure the haul road quality of the mine. On the other hand, poor maintenance practices can cause long maintenance man-hours (MMH), mean time to restore/repair (MTTR), and mean downtime (MDT), as well as decreased mean time between failures (MTBF) and mean time between shutdowns (MTBS).



In this research, we also want to introduce the concept of a chain of causality to detail the interdependencies of different persons, their works, and their KPIs of interest within a hierarchically structured operation such as a mine (Figure 6).



The chain of causality links the tasks of various people, allowing for the analysis of the KPI’s contextual integrity along with the hierarchical levels. For example, the effective basic indicator monitoring of parameters such as hydraulic pressures or cooling water temperatures represented in Table 4 of the basic machine indicators and overall mine efficiency can be correlated using a chain of causality. A failure of a hydraulic system or exceeding safe cooling water temperatures might result in irreversible equipment failure and a decrease in uptime. As a result, the overall availability decreases and, ultimately, so does the overall efficiency. Similarly, the wrong selected gear during uphill drives of a dump truck can lead to excessive fuel consumption and the rapid wear of the equipment. This leads to eventual machine failure, reducing uptime, as well as elevated fuel consumption and time costs regarding fuel procurement. Therefore, it is recommended to group KPIs based on person groups, as well as to link them in a chain of causality to understand the process schemes and potential bottlenecks or inefficiencies of a mining operation.



The strategies developed and decisions taken by mine superintendents to improve overall efficiency are distributed to the workflow, and the other persons working in the lower hierarchical levels align themselves to the new work order in a chain of causality. As discussed above, not all the KPIs are of interest for all persons. Each person evaluates their performance and aims to achieve sufficient values for the corresponding KPIs within their field of responsibility. For example, the commitment of mine superintendents to increase the overall availability is strongly dependent on the uptime of the fleet. The monitoring and reporting of the uptime are the responsibilities of the shift supervisor. Shift supervisors try to identify factors leading to a reduction in the uptime, where the machine condition and maintenance practices are the determining factors of uptime. The commitment of a mine superintendent to increase the machine availability results in decisions which target maintenance practices. They can be exemplified by the improvement or optimisation of spare part procurement based on the feedback of the maintenance manager or the improvement of operational quality of a machine driver based on the engine load KPI. This corresponds to an increased level of detail among the downstream movement of hierarchy and different KPIs to be tracked in the chain of causality (Figure 6). As another example, commitment to increasing performance might result in strict tracking of truck cycle times of the machine operators, whereas the machine operator might aim to optimise the loading and unloading times by increasing the communication with the operator of a loading machine to reduce the queueing times or the positioning nearby of the loading machine. Furthermore, the overall efficiency of a mine can be tracked down to the KPIs of technical, temporal, and spatial dimensions, as shown in Figure 4, in the chain of causality. At the highest level of detail, the basic indicators of machinery are analysed to understand their impact on the dimensions.



By establishing a chain of causality, hierarchical dependencies and KPIs of interest can be analysed from different perspectives to provide additional insights into mining operations. This concept combines the need for KPIs tailored to the application in mining as well as the possibility to represent varying levels of detail by aggregation. Formerly difficult data acquisition on the most detailed level, as in individual machines, is becoming significantly more accessible with the use of IIoT in the mining industry. This makes it possible to base management-level KPIs on aggregated information of the underlying levels within the chain of causality. From the perspective of operational and economic performance, this concept enables different persons to draw customised insights from the same underlying data sources to address problems at the appropriate level and scope. Therefore, an aligned operational optimisation among the whole operation can be achieved by utilising state-of-the-art IIoT data logging solutions and the analysis of real-time data. The application of a chain of causality in a bottom-up approach allows us to transform high-detail, continuously collected data into KPIs with an adjustable level of detail while providing transparency for the processes involved.





4. Conclusions


The progressive development of information technology, the requirements of Industry 4.0, and the pursuit of sustainable development raise new challenges for companies currently operating on the market. One of the possibilities of addressing the emerging requirements is an in-depth understanding of the processes conducted in a company, which is enabled by the use of appropriately selected KPIs, adopted for the specific needs of a given industry. Identifying KPIs as measures and metrics tailored to the specificity of the mining industry to monitor processes and make decisions based on reliable data collection is the basis for the sustainable development of the entire company. The analysis of industry reports showed that mining companies assign considerable importance to the aspect of sustainable development, taking into account both operational issues and environmental aspects in their activities, with the intent to improve the overall sustainability of the system.



Our article aimed at filling an identified lack of a unified and comprehensive KPI list in the area of mining process monitoring for essential process perspectives such as machinery, work environment, and the human factor. In view of achieving this result, the main research questions for the SLR were formulated, and several dimensions where KPIs can be applied were defined.



The literature review investigated two research questions—what are the main areas of the application of KPIs in an organisation, and what are the most commonly used KPIs for data-based process optimisation in the mining industry. The result of the literature research was a substantial number of publications covering the subject matter of the KPIs, on the basis of which specific indicators for application in mining process management have been identified. However, we could not find comprehensive classification covering all the mentioned process perspectives, also taking into consideration the opportunities raised by the use of sensor data.



Our paper proposes an original classification of KPIs, covering the main vital issues in process monitoring, such as operational issues (divided into technical, temporal, and spatial indicators), safety, and maintenance. In addition, we also pointed out the main interest groups using the indicators in the decision-making processes. We defined the following persons, superintendent, shift supervisor, operator, and maintenance manager, and assigned them KPIs from the identified groups. In this study, we have also demonstrated the interdependencies between persons by using a chain of causality. Furthermore, we have clarified the point of view of persons on KPIs based on their area of responsibility.



When looking at the available data sources for KPIs, it becomes apparent that summarising and abstracting is required to meet the expected levels of detail for the different people. During the third industrial epoch, the acquisition and evaluation of operational data took place in a high level of aggregation based on observation and paper reports, leading to a loss of detailed operational information and relevant optimisation possibilities. The application of IIoT in mining operations reveals the influences of decisions by the mine management on the other levels of hierarchy in an organisation, as well as indicating the multiple dimensions of solving a specific problem depending on the perspective of the person being tasked with this problem.



As part of further research, we have developed a questionnaire for the evaluation of the most critical performance indicators that can be used in the mining industry. The study was prepared involving mixed methods of research to collect both qualitative and quantitative data [70] and will be distributed among mining practitioners. The survey is part of a research work carried out in the SmartHUB project, and its results will be used to select the most important indicators to be included in the SmartHUB IIoT platform for process monitoring. The study was constructed with the assumption that practitioners and people directly related to the mining industry are the best sources of information for complementing and confirming the results of the literature research on the determination of KPIs for the monitoring of mining processes. Moreover, a valuable aspect of further work will be the analysis and evaluation of the effectiveness of applying the proposed indicators in the area of process monitoring based on data from the released smartHUB platform.
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Figure 1. Background of Key Performance Indicators definition regarding the process perspectives (own development). 
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Figure 2. Selection of papers for Systematic Literature Review. 
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Figure 3. Number of papers from selected databases by year (WOL—Wiley Online Library; WoS—Web of Science). 
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Figure 4. Mining KPIs from technical, temporal, and spatial dimensions. 
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Figure 5. Interests of persons in a mining operation. 
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Figure 6. Exemplary chain of causality representing availability and performance optimisation in a mining organisation. 
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Table 1. Types of indicators in the selected publications.
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	Author (s)
	Year
	Field of Application
	Examples of KPIs

Provided by Article
	KPI Types Used





	[33]
	2020
	Mining and mineral processing
	Yes
	Indicators related to a mine’s organisation.



	[34]
	2020
	Potash
	Yes
	Degree of blockage or degree of starvation.



	[22]
	2020
	Rock raw materials
	Yes
	Measurement of performance in an aggregate production process—simulation in real time.



	[35]
	2019
	Geometallurgy
	No
	x



	[36]
	2019
	Iron ore
	Yes
	Mining process planning—NPV (net present value) and LOM (life of mine).



	[21]
	2019
	Coal
	Yes
	Quality indicator set.



	[23]
	2019
	Minerals
	Yes
	Indicators related to loading and transport systems.



	[37]
	2019
	Cement plant
	Yes
	Energy consumption, carbon footprint, specific water consumption, effectiveness.



	[38]
	2018
	Mining industry
	Yes
	Effectiveness, maintenance, and operations management indicators.



	[39]
	2018
	Coal
	Yes
	Productivity improvement (e.g., bucket fill factor, loading conditions, cycle time).



	[40]
	2018
	Gravel
	Yes
	Employees’ working time, time of running machines, fuel consumption, and electricity consumption.



	[41]
	2018
	Mineral
	Yes
	Key flotation performance indicators: froth height above the recovery and silica recovery.



	[42]
	2017
	Rock in oil well
	Yes
	Rate of penetration.



	[43]
	2017
	Platinum
	Yes
	Production (e.g., face length mined, achieved blasts, development to mill).



	[44]
	2016
	Rock
	No
	x



	[45]
	2016
	Platinum
	Yes
	Improvement in the overall efficiency of mining equipment at levels of availability, utilisation, productivity, and quality.



	[46]
	2016
	Platinum
	Yes
	Financial.



	[47]
	2016
	Coal
	No
	x



	[48]
	2016
	Copper
	No
	x



	[49]
	2015
	Coal
	Yes
	Predicting the performance of surface miner production.



	[50]
	2015
	Coal hauling
	Yes
	Optimisation of shuttle car utilisation (e.g., analysing the away time and safety).



	[30]
	2015
	Coal
	Yes
	Ergonomic.



	[51]
	2015
	Coal
	Yes
	Environmental and economic.



	[52]
	2014
	Coal
	Yes
	Transport (e.g., time to repair, time to reach a person).



	[53]
	2012
	Hard rock
	No
	x



	[54]
	2011
	Copper
	Yes
	Production (e.g., maximising settle time, no slag skimming when tap hole is open to the vessel).



	[55]
	2011
	Load haul dump machinery
	Yes
	Machine availability and utilisation.



	[56]
	2011
	Platinum flotation grade
	No
	x
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Table 2. KPIs monitored by the selected mining companies.
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Mining Companies

	
BHP Billiton

	
Rio Tinto

	
Glencore

	
Vale

	
Anglo American

	
Fortescue Metal

	
Fresnillo

	
Newmont

	
Boliden

	
First Quantum Minerals




	
Main Groups of KPIs

	






	
Business ethics and transparency

	
x

	

	

	

	

	

	

	
x

	

	




	
Community relationships and development

	

	
x

	
x

	
x

	

	

	
x

	

	

	
x




	
Economic performance

	

	
x

	
x

	
x

	
x

	
x

	

	
x

	
x

	




	
Environment

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Equal opportunities

	

	

	

	

	

	

	

	

	
x

	




	
Health and safety

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
People/employees

	
x

	
x

	

	

	
x

	

	
x

	
x

	

	




	
Production

	

	

	

	

	
x

	
x

	

	

	

	




	
Recovery of degraded areas

	

	

	

	
x

	

	

	

	

	

	




	
Society

	
x

	

	

	

	

	
x

	

	

	
x

	




	
Socio-political performance

	

	

	

	

	
x

	

	

	

	

	








Source: based on [57,58,59,60,61,62,63,64,65,66].
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Table 3. Examples of KPIs in the selected fields.
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	Field
	Exemplary KPIs





	Maintenance
	Average bucket weight, average fuel use per machine, average number of loads per hour/day/week/month, average loading time, average swing time, average number of dumps per hour/day/week/month, dump time, total minutes lost per shift due to breaks, average payload, overall equipment effectiveness (OEE).



	Financial
	Cash operating costs per unit produced, lifting costs, unit variable costs, utilisation.



	Temporal
	Change time (time between cycles), empty travel time, lost time incident frequency rate, cycle distance, loaded travel time, tons of ore feed, cycle time, loaded stop time, tons per load, tons per hour, empty stop time.



	Safety
	Fatality frequency rate, incident rate (accidents, etc.) per hour.



	Physical characteristic
	Degree of purity and physical characteristics, raw material substitution rate (percentage), dilution of ore, reserve and resource replacement, the efficiency of metallurgical recovery, fuel consumption (e.g., litres/hour), waste volume, waste per ton, waste recycling (e.g., tons per time unit).







Source: based on [68,69].
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Table 4. Basic technical indicators for machinery.
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	Engine
	Transmission
	Hydraulic Systems
	Tires and Suspensions
	Exhaust Aftertreatment





	Engine speed
	Retarder oil temperature
	Oil pressure
	Pressure
	Filter regeneration



	Torque
	Retarder oil pressure
	Oil temperature
	Temperature
	Exhaust temperatures



	Coolant temperature
	Shaft gear
	Power supply
	Strain
	AdBlue consumption



	Oil temperature
	Oil level
	
	
	Gas mass flow rate



	Oil pressure
	
	
	
	



	Engine fuel rate
	
	
	
	



	Throttle
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Table 5. The most important KPIs for different person groups.
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Decision-Makers

	
Superintendent

	
Shift Supervisor

	
Operator

	
Maintenance Manager




	
KPIs

	






	
Technical KPIs




	
Fuel/energy consumption

	
x

	
x

	
x

	




	
Payload

	
x

	
x

	
x

	




	
Temperatures

	

	

	
x

	
x




	
Pressures

	

	

	
x

	
x




	
Engine load and speed

	

	

	
x

	
x




	
Errors and warnings

	

	
x

	
x

	
x




	
Hydraulic systems

	

	

	

	
x




	
Tires and suspensions

	

	

	

	
x




	
Exhaust after-treatment

	

	

	

	
x




	
Temporal KPIs




	
Operating and idle time

	
x

	
x

	
x

	
x




	
Cycle duration

	
x

	
x

	
x

	




	
Loading and dumping times

	

	
x

	
x

	




	
Queuing and spotting times

	

	
x

	
x

	




	
Relocation times

	

	
x

	
x

	




	
Downtimes

	

	
x

	
x

	
x




	
Maintenance durations

	
x

	
x

	
x

	
x




	
Spatial KPIs




	
Geolocation of machine

	

	
x

	
x

	
x




	
Cycle distance

	

	
x

	
x

	




	
Loaded/empty travel distance

	

	
x

	

	




	
Travel distance at beginning/end of shift

	

	
x

	
x

	




	
Slope angle and inclination

	

	
x

	

	
x




	
Safety KPIs




	
Lost Time Injuries (LTI)

	
x

	
x

	

	




	
Lost Time Injury Frequency Rate (LTIFR)

	
x

	
x

	

	




	
Frequency of refresher training

	
x

	
x

	
x

	
x




	
Planned routine safety checks versus completed routine safety checks

	
x

	
x

	

	
x




	
Percentage reduction in exposure hours to hazardous materials/activities

	
x

	
x

	
x

	
x




	
Worker compensation costs

	
x

	
x

	

	




	
Incident rate (accidents, etc.) per x hours

	
x

	
x

	

	




	
Maintenance KPIs




	
Number of equipment failures per day/week/month/year)

	
x

	
x

	
x

	
x




	
Total minutes lost per shift due to breaks

	
x

	
x

	
x

	
x




	
Mean time between failures (MTBF)

	
x

	
x

	
x

	
x




	
Maintenance man-hours (MMH)

	
x

	
x

	

	
x




	
Mean time between shutdowns (MTBS)

	
x

	

	

	
x




	
Mean time to restore/repair (MTTR)

	
x

	
x

	
x

	
x




	
Mean downtime (MDT)

	
x

	
x

	
x

	
x




	
Maintenance ratio (MR = maintenance man-hours/equipment operating hours)

	
x

	
x

	

	
x




	
Availability

	
x

	
x

	

	
x








Source: own development.
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